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Preface 


This 65th volume of the TRANSACTIONS of the American Institute of Electrical En- 
gineers contains all approved technical program papers and related discussions 
presented at national conventions and District meetings during the calendar year, 
in accordance with the improved publication policy adopted in August 1940. 
Pages 1-482 and 521-860 comprise the papers published in the Transactions sec- 
tions of the monthly issues of ELECTRICAL ENGINEERING, and pages 483-520 and 
861-1196 contain papers and discussions that appeared in advance in the June 
and December 1946 ‘“‘Supplements to Electrical Engineering—Transactions Sec- 
tion,”’ respectively. 

The technical papers and discussions in the volume were presented at these meet- 
ings: 


1. 1946 winter convention, New York, N. Y., January 21-25, 1946. 

2. South West District meeting, San Antonio, Tex., April 16-18, 1946. 
3. North Eastern District meeting, Buffalo, N. Y., April 24-26, 1946. 

4. Southern District meeting, Asheville, N. C., May 14-16, 1946. 

5. Summer convention, Detroit, Mich., June 24-28, 1946. 

6. Pacific Coast convention, Seattle, Wash., August 26-30, 1946. 

7. Great Lakes District meeting, Indianapolis, Ind., October 9-11, 1946. 


In addition this volume contains: 


1. 1946 annual report of the board of directors. 
2. A complete listing of AIEE officers and committees for 1946-47. 


Full correlation of all material in this volume has been accomplished by means of 
the multientry index beginning on page 1223. Reference to any of the several 
subject entries for a technical paper will lead directly to the paper and to any pub- 
lished discussion on that paper. 


Statements and opinions given in papers and discussions published in TRANSAC- 
TIONS are the expressions of contributors for which the American Institute of 
Electrical Engineers assumes no responsibility. 


Errata 


Page 179, Figure 6. The numeral 2~’ should be 2. 
Page 179, column 3, line 18. The symbol a should be 


CS he Me — 


. Page 182. The first term of the second equation of 
the appendix should read B,,,. 


’ 4, Page 270, column 2, line 14. 440-ampere tests should 
be 550-ampere tests. 

5. Page 403, column 1. The fourth line from the bottom 
should read ‘‘within a limited range of temperature.” 

6. Page 404. Equation 3 should be Log W = A — B/T. 
7. Page 458, equation 2. The second term should read 
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All-Electric Gun Charging 


WILLIAM C. ROHN 


NONMEMBER AIEE 


UN-CHARGING DEVICES are 
used to actuate the mechanism of 
automatic machine guns and cannon. 
This is required initially in order to pre- 
pare the weapon for automatic operation, 
or when misfire, misfeed, or any such mal- 
function renders the gun inoperative. It 
should be noted that automatic guns de- 
pend upon the force of recoil, gas pressure 
generated by the exploding cartridge, or 
both, to perform the task of extracting 
and ejecting the spent cartridge and de- 
livering a live round into the chamber. 
The operation of charging consists of re- 
tracting the breech block for a stroke of 
from seven to ten inches, depending upon 
the caliber of gun, and then releasing it to 
return unimpeded to battery* under the 
force of the block-driving spring. Ex- 
traction, ejection, feeding, and cocking 
occur by means of cams, pawls, and levers 
actuated by movement of the breech 
block as in normal firing. 

When guns on pursuit airplanes were 
mounted in the fuselage or in manually 
operated turrets, it was possible for the 
pilot.or gunner to charge them by hand. 
As more guns were added, they were 
often mounted in remote positions in the 
wings. This and the advent of the re- 
mote-controlled turret made manual 
chargers impractical. 

Various types of automatic, semiauto- 
matic, and manually controlled power 
chargers have been introduced. These 
devices are hydraulically, pneumatically, 
or electrically powered and either manu- 
ally or electrically controlled. 

Both the hydraulic and pneumatic 


Paper 46-1, recommended by the AIKE committee 
on air transportation for presentation at the AIFE 
winter convention, New York, N. Y., January 21- 
25, 1946. Manuscript submitted June 11, 1945; 
made available for printing October 9, 1945. 


Wittram C. RouN was project engineer, aircraft 
armament department, Bendix Products Division, 
South Bend, Ind., at the time this manuscript was 
prepared. He is at present assistant chief engineer, 
Allied Control Valve Company, Inc., South Nor- 
walk, Conn. 


The author acknowledges the assistance of G. A. 
Goepfrich and J. M. Boshka. 

*A gun is in ‘‘battery’”’ when the breech is closed 
. and in firing position. 
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types of chargers are piston devices. A 
cylinder is placed parallel to the motion of 
the breech block, and a projection on the 
piston engages the block and actuates the 
mechanism of the gun. The driving 
force in the case of the hydraulic charger 
is oil pressure, tapped usually from the 
hydraulic system on the aircraft but 
occasionally from individual electrically 
driven snits. The pneumatic charger 
almost without exception requires a 
separate source of compressed air, as few 
fighter craft have pneumatic systems. 
Cylinders of compressed air or carbon 
dioxide are the usual provision, either 
with one tank supplying all of the charg- 
ers or with individual containers for each 
gun. Separate electrically driven com- 
pressor units have also been introduced. 

Either a hydraulic or pneumatic system 
necessitates piping and valving which are 
both bulky and vulnerable. Leakage of 
the fluid, especially at the charging cylin- 
der or at rotating glands in turret instal- 
lation, has always been a serious problem. 
It was only natural then that thought 
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CHARGING CABLE 


was directed toward the development of 
an all-electric charger. 

When the charger to be described was 
first contemplated, the following points 
were considered prerequisites of a good 
design that would overcome most of the 
known difficulties of electric chargers in 
existence. 


1. Adjustment should not be critical, and 
any charger should be readily transferable 
to any gun of similar type and model with- 
out readjustment. 


2. The unit should be adaptable to more 
than one type of gun with only minor 
changes. 


3. As much of the working parts of the 
charger should be detached from the gun as 
possible in order that these parts are not 
subjected to the high-acceleration loads 
that are normal to automatic weapons at a 
high rate of fire. 


4. Any attachments on the gun should pro- 
ject as little as possible into the area im- 
mediately around the gun, as this space is 
often limited in wing and turret installations. 


5, A means should be provided to apply re- 
peated charging efforts to a gun which does 
not respond to the initial force exerted on 
the breech block. 


6. Means should be incorporated in the 
charger to ‘safety’ the gun. This requires 
holding the breech block out of battery, 
which is a positive assurance that the weapon 
cannot fire. The principal uses of this 
feature are to stop a gun which has become 
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of speed reducer 
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Figure 2. Diagram of detent and sheave 
assembly 


overheated and is ‘‘cooking-off”’t ammunition 
out of control and also to prevent accidental 
discharge due to the impact of carrier land- 
ings. 


The resulting design consists of three 
basic units: 


1. An electric-motor-driven speed reducer 
coupled to a torque-limiting detent. 


2. An attachment to the body of the gun 
consisting of a sliding member which engages 
the breech block, and a guide for this mem- 
ber. Also two switches, one actuated by 
the sliding member of the charger and the 
other by the breech block of the gun. 


3. A control box, mounted for convenience 
on the motor. 


The motor is series wound, 24 volts 
‘direct current, developing approximately 
one-third horsepower at 15,000 rpm. 
This drives a four-stage spur-gear train 
(Figure 1) having a total reduction of 256 
tol. The last stage of the speed reducer 
is coupled by a spline shaft to the torque- 
limiting detent (Figure 2). This mecha- 
nism consists of a cage driven by the 
splined drive shaft. The detent plunger 
and spring are supported and guided by 
this member. The sheave or grooved 
drum upon which the charging cable 
winds straddles the detent cage and is 
supported by bearings in the sheave 
housing on either side. The detent cage 
is driven in the direction indicated and 
when the roller arrives at the position 
shown against the face of the internal 
cam in the sheave it forces the sheave to 
rotate with the cage. The cable being 
attached to the sheave therefore winds on 
its periphery, resulting in a linear pull. 
The magnitude of this pull is determined 
by the torque transmitted to the sheave, 
and this in turn is a function of the spring 
force and the angle of the face of the de- 
tent cam which the roller is forced to 
climb. The desired cable pull is trans- 


} Ammunition is said to ‘‘cook off”? when it is dis- 
charged by contact with an overheated firing cham- 
ber instead of being ignited by the primer. 
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lated in terms of torque, and the detent 
mechanism is adjusted to this figure. In 
operation then the roller engages the cam 
and rotates the sheave drawing in the 
cable. The other end of the cable is 
fixed to the sliding member of the attach- 
ment on the gun which engages the breech 
block (see Figure 3). The breech block is 
thereby forced rearward until its entire 
stroke is consumed and further move- 
ment is impossible. At this point, the 
torque transmitted to the sheave in- 
creases until it exceeds the setting of the 
detent mechanism and the roller is forced 
over the cam. The sheave is now free to 
rotate in the opposite direction urged by 
both the breech-block-driving spring and 
charger-return spring acting through the 
charger cable. The motor is stopped by 


dynamic braking, and the ratio of the 
charging stroke to the circumference of 
the sheave is arranged so that the cam 


Figure 3. 


comes to rest in a relationship to the de- 
tent roller convenient for the successive 
charging operation. The roller is in con- 
tact with the sheave brake surface during 
a portion of the return stroke to absorb the 
kinetic energy stored in the sheave mass. 

The flexible cable transmitting the 
charging force from the power unit to the 
sliding member of the attachment on the 
gun passes through a sheath that is 
flexible, but rigid in compression. 

The compressive load necessary to bal- 


ance the tension in the cable is taken 


through this sheath and thereby allows 
practically universal position relationship 
between the gun and the charger power 
unit (Figures 4 and 5). In order to in- 
crease further the versatility of position- 
ing, the sheave housing mounts sym- 
metrically on the speed-reducer housing 
to provide eight directions of cable orien- 
tation (Figures 6 and 7). 


Attachment to gun, including guide, slide, gun switch, and charger switch 


Figure 5. Two-gun 50-caliber semiautomatic electric charger installation; total weight, 
11.5 pounds 
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ELECTRICAL ENGINEERING 


The attachment on the gun consists of a 
bracket which supports the tube, serving 
as a guide for the member that engages 
the breech—block stud, and acts as a 
housing for the charging switch and the 
gun switch. The slide is also of steel tube 
construction (Figure 3), and is indexed 
by a slot in the guide tube so that the pro- 
jecting lug will engage the breech-block 
charging stud. The interior of the slide 
houses and pilots the charger-return 
spring. The switching arrangement is 
best seen in the diagram, Figure 8. The 
charging switch is actuated by the lug on 
the slide only, and the gun switch on the 
other hand is actuated by the charging 
stud of the breech block. The charging 
switch normally is closed, but is held open 
by the charger lug in its normal position 
under the influence of the charger-return 
spring. The gun switch is normally open 
and is closed by the breech-block stud at 
its extreme rear position which occurs 
during a normal firing or a charging cycle. 

The entire control apparatus is housed 
in a sheet-metal box supported on the 
motor. It may be mounted either above 
as shown or on the under side, depending 
upon the space characteristics of the in- 
stallation. Three relays, a capacitor, and 
a thermal circuit breaker constitute the 
control elements for a single-gun fully 
automatic installation. 

A brief description of the sequence of 
events in a fully automatic charging oper- 
ation is as follows: 

Refer to diagram, Figure 6, and con- 
sider first a normal charging cycle. With 
the control switch in the battery position 
and the circuit breaker closed, depress the 
trigger. This energizes the initiating re- 
lay, opens its normally closed contacts 
and removes from the capacitor and the 
time-delay relay one of the sources of 
positive potential. Continued firing of 
the gun now will maintain the other 
source intermittently through the gun 


Figure 6. Speed reducer, motor, and control- 
box assembly 
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switch actuated by the breech-block 
charging stud. Should the gun jam? or 
fail to fire, the gun switch will remain 
open, thus allowing the voltage across the 
capacitor and time-delay relay to fall as 
the capacitor slowly discharges through 
the relay. In about one third of a second 
this voltage will be low enough to cause 


Figure 7. Speed reducer, motor, and control- 
box assembly for two-gun installation 


the time-delay relay to close its contacts 
energizing the motor relay which starts 
the motor. The motor now will run until 
the breech-block stud actuates the gun 
switch which energizes the time-delay re- 
lay, opening the circuit to the motor re- 
lay. At this point the motor will stop 
unless some other means is provided to 
keep the motor relay energized until the 
charging cycle has been completed. Such 
means is provided by the action of the 
charging switch which closes a circuit to 
the motor relay as soon as the motor has 
drawn the charging lug slightly rearward. 
At the end of the charging cycle, the lug 
has returned to its forward position, open- 
ing the charging switch contacts and de- 
energizing the motor relay. The nor- 
mally closed contacts of the motor relay 


t A gun ‘“‘jam” includes any malfunction which pre- 
vents normal operation. 
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Figure 8. Schematic electric circuit, fully 
automatic charger 


provide a circuit for dynamically braking 
the charging mechanism to eliminate 
overtravel and position the detent prop- 
erly for the next charging cycle. It can 
readily be seen that, if the rearward 
movement of the breech block is impeded 
at any point by malfunction of the gun, 
the torque-limiting detent will trip as in 
normal charging. This returns the slide 
and lug to the forward position, and 
another charge will ensue. Thus, re- 
peated impacts will be delivered to the 
breech block, assuring a maximum possi- 
bility of correcting the malfunction and 
restoring proper operation of the weapon. 
The thermal circuit breaker is set to allow 
between six and ten charges before trip- 
ping and disconnecting the unit. 

In order to ‘‘safety”’ (design item 6) the 
gun, itis only necessary to initiate a charg- 
ing cycle and then stop the operation 
when the breech-block stud actuates the 
gun switch. By placing the control 
switch in the safety position, this is ac- 
complished. by the following sequence: 
Opening the circuit to the initiating relay 
contacts allows the capacitor to discharge, 
releasing the time-delay relay. This initi- 
ates a charging cycle the same as the nor- 
mal one previously described. The con- 
trol switch, however, also opens the cir- 
cuit to the charging switch which allows 
the motor relay to drop out as soon as the 
gun switch energizes the time-delay relay, 
opening its contacts. The control switch 
may now be moved to the ‘‘off”’ position 
and the gun and charger left in the safety 
position with all power disconnected. 
The gear train is prevented from running 
in reverse with this imposed load by a 
spring-type ratchet clutch in the speed 
reducer. Returning the control switch to 
battery position completes the circuit 
through the closed charging-switch con- 
tacts to the motor-relay coil. The motor 
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A Carbon-Pile Speed Governor 


C. T. BUTTON 


ASSOCIATE AIEE 


HE GOVERNOR described herein 

was designed for application on air- 
craft inverters, to hold the speed and, con- 
sequently, the output frequency substan- 
tially constant. While such a governor 
may be used on a variety of d-c motors, 
the discussion is confined to the operation 
of controlling the speed of a d-c motor 
which drives an a-c generator. 


Comparison With Carbon-Pile 
Voltage Regulator 


The problem of governing the speed 
of a d-c motor is not unlike that of con- 
trolling the voltage of an a-c generator— 
both involve sensitive variation of excita- 
tion of a d-c field in response to variation 
of the controlled quantity. By sensitive 
variation is meant a rapid or large change 
in excitation coincident with a small 
change in the controlled quantity. For 
example a two-per-cent change in either 
voltage or frequency of the generator 
output should produce perhaps 50-per- 
cent change in excitation of generator or 
motor field, respectively. Such a device 
may be regarded broadly as a rate-of- 
change amplifier with a high amplifica- 
tion ratio around the control point. 

A contact-making regulator is the 
simplest form of such a device and has 
been used widely for both voltage and 
speed regulation. The limitations of a 
contact-making regulator are well known; 


and the advantages of a carbon pile for 
frequency regulation are exactly the same 
as for voltage control. Briefly, the func- 
tional advantage of the carbon pile is that 
it varies field excitation by infinitesimal 
steps so as to achieve a point of stability 
on a smooth curve for any given condi- 
tion. A contact-making device on the 
other hand causes a more or less rapid 
fluctuation of field current by finite steps 
and thereby creates a modulation in out- 
put voltage. In the case of a speed gover- 
nor this modulation is minimized not 
only by field inductance but also by rotor 
inertia; yet this modulation still exists 
in some degree. Practical disadvantages 
of the contact-making devices are that 
contact-point deterioration may affect 
performance; and such devices may con- 
tribute to radio interference. The ordi- 
nary carbon-pile voltage regulator when 
viewed as an amplifier may be compared 
with a triode amplifying tube by drawing 
an analogy between carbon-pile resist- 
ance and cathode-to-plate impedance; 
and between solenoid voltage and grid 
voltage. 

The carbon-pile voltage regulator easily 
may be used to control speed by introduc- 
ing either an inductance ora tuned circuit 
in series combination with the solenoid of 
the carbon pile so that it will be sensitive 
to frequency change. It may be men- 
tioned incidentally that carbon-pile opera- 
tion for a voltage regulator is opposite to 


that of a speed regulator in that increasing 
voltage requires a drop in generator field 
excitation, whereas increasing frequency 
requires an increase in motor field cur- 
rent. 

While there are many ways of produc- 
ing varying pressure on a.carbon pile in 
response to change in frequency or speed, 
it may be stated without the burden of 
argument that probably the most direct 
and efficient way is to utilize thrust re- 
sulting from centrifugal force on rotating 
weights supported by springs. In this 
arrangement the spring is the basic refer- 
ence for control just as it is in the voltage 
regulator. Incidentally it is interesting to 
note that centrifugal force varies as the 
square of the speed; and the force acting 
on the armature of a voltage regulator for 
a constant gap varies as the square of the 
solenoid voltage. 

In the case of an armature moving in 
response to magnetic pull from a solenoid, 
ordinary simple construction results in 
this pull varying as a square function of 
the armature position. However, when 
weights move as a result of centrifugal 
force, the force varies only directly as the 
radius. Hence it is not necessary to pro- 
vide special spring forms to prevent in- 
stability in the speed regulator. 

Relatively large values of thrust are 
obtained easily with small weights at the 
speeds characteristic of aircraft inverters. 
No expenditure of energy is involved ex- 


Paper 46-4, recommended by the AIEE committee 
on air transportation for presentation at the AIEE 
winter convention, New York, N. Y., January 
21-25, 1946. Manuscript submitted September 10, 
1945; made available for printing October 16, 
1945. 


C. T. Button is sales manager, aircraft and elec- 
trical controls division, The Master Electric Com- 
pany, Dayton, Ohio. 


then will run until the return of the 
charging lug opens the charging switch, 
de-energizing the motor relay. 

Several units may be linked to the same 
trigger and control switch. It is only 
necessary to connect corresponding leads 
in parallel at a suitable junction box in 
such times. 

Variations of this circuit adapt the 
charger to different automatic weapons 
having approximately the same breech- 
block stroke. Another modification is 
the semiautomatic system which requires 
the charging operation be initiated by the 
gunner pressing a button and is then 
carried to completion automatically. 
With this system two guns may be 
charged simultaneously by one power unit 
containing two detent assemblies, pro- 
vided the force required to retract the 
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breech block does not exceed 250 pounds 
per gun (Figure 7). 

The charging cycle, when operating a 
50-caliber machine gun, is approx- 
imately one second, and the current drain 
is eight to nine amperes. Two 50- 
caliber guns require approximately 15 
amperes and charge in about 1!/2 seconds. 
These figures pertain to room-tempera- 
ture operation. The unit, however, will 
operate satisfactorily at 65 degrees 


‘Fahrenheit, at approximately twice the 


normal charging time. The unit will 
handle one weapon of 50-caliber or 20- 
millimeter size with fully automatic 
operation at a total apparatus weight of 
nine pounds. Two weapons of either 
size may be served semiautomatically at 
a total weight of 111/, pounds. 

Weight and dependability are the most 
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important considerations in selecting the 
type of gun charger to use in an installa- 
tion. If, for instance, an airplane has a 
hydraulic system of proper character- 
istics, a hydraulically powered charger 
electrically controlled may be the sim- 
plest and lightest type of installation. 
When an airplane has no hydraulic sys- 
tem and a considerable number of guns 
are to be used, a pneumatic charging sys- 
tem could have an advantage in weight 
since the weight of the compressor per gun 
may be comparatively small. 

In an installation where guns are few or 
difficulties are encountered in sealing 
hydraulic or pneumatic fluids, such as in 
turrets that require rotating glands or re- 
leasable package-gun containers, an all- 
electric gun charging system has definite 
advantages. 
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cept a minute amount of windage and 
friction in transmitting a light force from 
the rotating assembly to the carbon pile. 

While the centrifugal force varies as 
the square of the speed, the pressure on 
the carbon pile varies at a much higher 
rate. Just as in the case of the voltage 
regulator, the primary force is resisted by 
a spring, and the pressure on the carbon 
pile is a differential and may be referred 
to as a secondary force. Thus we may 
have a 10-pound thrust created by centri- 
fugal force resisted by 9 pounds and 15 
ounces from the spring and one ounce from 
the carbon pile. If the speed is increased 
one per cent, then the primary force be- 
comes nearly 10 pounds 31/4 ounces. If 
constant spring tension is assumed, this 
means that the force applied to the carbon 
pile increases from 1 ounce to 41/4 ounces 
for a one-per-cent speed change. 

For an inverter designed to operate at 
8,000 rpm, for example, the governor car- 
bon pile preferably should be subjected 
to not more than a light constant pressure 
to prevent sparking between disks until 
the speed is around 7,500 rpm. The pres- 
sure on the pile, as stated previously, 
should have its maximum rate of change 
at very close to the desired operating 
speed. In order to provide some shunt 
field for starting and accelerating, the 
carbon pile may have a light initial pres- 
sure provided by a spring, or have a fixed 
resistor connected in parallel with it, or 
both. 


Description of Rotating Assembly 


The physical construction of the 
governor may be explained in orderly 
manuet by starting with the part which at- 


-taches to the motor shaft and proceeding 


outward. At the left in Figure 1 is seen 
a split expanding plug which is placed 
in a hole in the motor shaft. There is a 
screw which enters a tapered thread in 
the plug for tightening. In order to make 


January 1946, VoLUME 65 


this screw accessible, the rotating yoke 
separates from the plug by removing two 
screws. When in place, the yoke is held 
in concentric position by a pilot which 
enters a counterbore in the head of the 
plug. 

The yoke carries a flat tension spring 
which lies substantially in a plane per- 
pendicular to the axis. This spring car- 
ries a weight at each end in the position 
shown by Figure 1. The weights are 
riveted not only to the tension spring but 
also to the ends of a compression or arch 
spring. The latter is parallel to the ten- 
sion spring and spaced from it by small 
separator blocks through which the weight 
rivets pass. The centers of gravity of the 
weights are on the inboard or plug side of 
the tension spring. The centrifugal force 
created by the rotating weights combines 
with a centripetal force in the tension 
spring to form a couple. This couple is 
balanced by a radial force in the arch 
spring acting as a column plus an addi- 
tional component of force in the tension 


STEEL! BALL 


Figure 2. Rotating unit, rotated 90 degrees 
from view of Figure 1 


spring. This simple balancing of radial 
forces is approximate only, as it is com- 
plicated by bending of the tension spring 
and the additional couples developed by 
the bending of the restrained ends of the 
arch spring. 

As the centrifugal force increases, the 
compressive force on the arch spring be- 
comes larger, so that the latter buckles 
and its center moves outward, The cen- 
trifugal force actually increases more 
rapidly than the square of the speed, 
since the centers of gravity of the weights 
are at an increasing radius. The force 
which a column will support is not linear 
with respect to displacement of its ends. 
As a matter of fact it is disclosed in the 
appendix that after a flat spring acting 
as a column starts to buckle, the force is 
substantially constant over a wide range 
of deflection. Also lateral displacement 
of the center of a column is not linear 
with respect to displacement of its ends. 
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The net result is that the curve of dis- 
placement of the center of the arch spring 
plotted against speed with the latter on 
the horizontal axis is concave upward for 
a considerable distance. (dy/dS increases 
rapidly with S where y and S are the two 
quantities just mentioned.) As speed 
continues to increase, the arch spring 
comes in contact with the steel ball, 
which in turn presses against the station- 
ary carbon-pile assembly. Thus there 
is a more or less abrupt stop to the 
change in configuration of the rotating 
weight and spring assembly resulting 
from increasing speed. 

Also mounted on the rotating yoke is a 
third thin spring in a plane parallel to the 
tension spring but with its length at right 
angles to it (Figure 2). For convenience 
this may be called a diaphragm spring. 
It is attached rigidly to the yoke at its 
ends by eyelet rivets. 

This diaphragm spring has two trans- 
verse corrugations near its ends so that 
it can stretch in length. Its center is 
required to move only a few thousandths 
of an inch, and it is made to be as flexible 
as possible consistent with maintaining 
concentricity of the small hardened steel 
ball which it carries in its center. This 
ball is held in a hole in the diaphragm 
which is cut after the diaphragm spring is 
assembled on the yoke and while the lat- 
ter is rotating. This procedure provides 
the maximum assurance that the hole for 
the ball will be on the center line of rota- 
tion. . 

Figure 3 is a view of the rotating unit 
from the end having the steel ball. 

The final operation in manufacturing 
the rotating unit is to drill a small hole 
in each weight as needed, more or less 
like a balancing operation, to insure that 
the arch spring will make contact with the 
ball at a speed just slightly below the 
operating point. The steel ball rotates 
without slip and transmits axial thrust 
from the arch spring to the contact button 


BALL 
RETAINER 


Figure 3. Rotating unit, view from outboard 
end 
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Figure 4. 


section 


CARBON WASHERS 


GLASS TUBE 


This construction 


of the carbon pile. 
makes it possible to preset the governor 
quite closely by bringing the stationary 
unit up to a point where it is just touching 
the ball. 


Description of Stationary Assembly 


Proceeding from the inboard end out- 
wardly as before, there is a small button 
of low-friction self-lubricating material 
(Figure 4) with which the rotating ball 
makes contact. The contact surface ini- 
tially is flat and perpendicular to the 
axis so that no particular care in align- 
ment is necessary. This low-friction 
contact button is not of hard material, and 
a small dimple appears from operation, 
since point contact is not possible in 
transmitting thrust. 

The contact button is held by a cup 
made of insulating material capable of 
withstanding high temperature. Back 
of this cup is a contact disk to which is 
fastened a flexible pigtail attaching to a 
terminal for connection of the motor field 
lead. 

The contact disk is held lightly against 
the pile of carbon washers by a small 
radial fingered disk spring, bearing against 
the insulating cup. A stack of carbon 
washers approximately one inch long is 
held in place by a glass tube placed in- 
side a metal cartridge. 

The cartridge has an ear on one side, 
with a tapped hole parallel to the axis. 
A screw held by the supporting housing 
enters this hole for adjustment of the 
longitudinal position of the carbon-pile 
assembly. 

The inboard end of the cartridge is 
threaded on the outside. A flange screws 
on at this point, for holding and adjusting 
the disk finger spring, which determines 
the maximum resistance of the carbon 
pile. 

The cylindrical hole for the cartridge 
in the supporting housing has a radial 
slot .or split with transverse screw for 
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Figure 5. 


Curve assumed by arch spring in 
compression 


clamping, after the longitudinal position 
of the carbon-pile cartridge assembly is 
set. 

The electric circuit of the carbon pile 
is from pigtail to contact disk, and 
through the pile to the inside of the closed 
outboard end of the cartridge which is 
grounded through the supporting housing. 


Operation of the Governor 


Typical resistance versus speed char- 
acteristic is shown by the curve of Figure 
6. In normal operation the resistance 
range is from one to 30 ohms. 

The permissible voltage across the pile 
is about 20 volts maximum. 

Maximum watt dissipation is of the 
order of 25 watts, but this figure is sub- 
ject to modification, depending upon the 
individual application requirements, am- 
bient conditions, and ventilation pro- 
vided. Limiting ratings have not been 
definitely fixed at this time inasmuch as 
life-test data under a variety of conditions 
have not been accumulated. 


Appendix. Calculations for the 
Rotating Weight-Spring 
Assembly 


Centrifugal force is given by 
F,= M(2rN)?R 
where 


M=weight in pounds divided by 32.16 
N =revolutions per second 
R=radius in feet 
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Station- 
ary unit assembly, in 


RESISTANCE — OHMS 


7300 7900 8000 8100 8200 8300 8400 8500 
SPEED REM 


Figure 6. Typical curve of governor charac- — 
teristic showing resistance versus speed, for one 
adjustment and a particular set of carbon rings 


The total weight at each end of the 
spring assembly is 0.0356 pound. The 
center of gravity is at a radius of 0.848 inch 
from the center of rotation. At 7;500 rpm 
where the arch spring just starts to push the 
steel ball, the centrifugal force will be 


0.0356/_ 7 
Fy= 2 
; mari Fi 


— 
60 12 8 pounds 


a) 0.843 

The center of gravity of the weight as- 
sembly is at a distance of 0.162 inch from 
the center line of the tension spring. Thus 
the couple about the latter due to centifugal 
force is 


480.162 =7.75 pound-inches 


This is balanced by the couple due to 
compressive force in the arch spring Fy 
with a lever arm of 0.137 inch (center-to- 
center distance between the two springs) 
plus the couple due to the bending at the 
ends of the arch spring. 

In order to determine the bending moment 
in the arch spring, the curve of Figure 5 is 
referred to. A and B are points of counter- 
flexure, with zero bending moment. The 
moment at the ends and the middle is Fp Y 
where 2Y is total deflection. 


F, Y +0.187 Fy =7.75 pound-inches 


whence 
sf Vaio ‘ 
* ¥ 46187 @) 


The curve from A to B is a sine curve, 
and is the same as that of a column with 
ends free to turn, having length AB and 
supporting the load F,. Incidentally, each 
half of the total curve is symmetrical so that 
the part from A to the center if rotated 
180 degrees about A would coincide with the 
part from A to the left end. 

Euler’s formula for a column of length L 
and with free ends indicates that the column 
will fail if the load is 


ae | - Q) 
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For a steel spring having dimensions of 
0.010 by 0.5 by 0.848 inch, the moment of 
inertia J would be 


i =6 
one. 
(guia oA 


If E is 830X108, then EJ would be 1.25, 
and the limiting load would be about 171/» 
pounds. Actual test on a steel spring of 
these dimensions resulted in a measured 
force of 21 pounds maximum, which was 
substantially constant over a wide range of 
deflection and up to the point where the 
spring took a permanent set. 

In Euler’s derivation of maximum load- 
ing for a column the shape of the curve 
formed by a column with free ends is given 
as 


: Fy 
y C, sin x EI (3) 
where x and y are co-ordinates of the curve 
with x measured along the length of the 
column. 

From equation 2, this is found to be 
equivalent to 


iy 
y=C, sin a (4) 


The constant C; is the maximum deflec- 
tion Y; and, as indicated, this is indeter- 
minate inasmuch as the force F) is prac- 
tically constant for a wide range of de- 
flection. 

It is interesting to note in passing that an 
oil-burner pump has been developed and 
patented utilizing the ‘‘Euler-column”’ 
spring acting on a piston. The oil pressure 
resulting is substantially constant for a con- 
siderable piston travel, eliminating the need 
for a by-pass pressure regulator. 

An approximation of column deflection 
may be obtained by using the formula for 
maximum deflection of a simple beam sup- 
ported at the two ends and with load in the 
center. 
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Y=—— (5) 


It will be assumed that the beam has the 
same dimensions as the column, and that 
the bending moment at the center of each is 
the same. 

The bending moment at the center of the 
arch spring is F2Y. The bending moment 
at the center of a beam with center load W, 
length L, and with supports at the free ends, 
is 1/4 WL. Equating these two moments, 
the beam load is found to be 


4 PF. Y 


=< 6) 
If L is 0.843 inch, this results in 
W=4.75Fi:Y (7) 
From equations 5 and 7, 
4.75 FL Y 0.848% 
<n (8) 


48 EI 
Formula 8 reveals two things: 


1. Since the deflection of a simple beam is directly 
proportional to the load W, which in turn was as- 
sumed proportional to the existing bending moment 
and a direct function of the deflection, /*2 is 
again shown to be a constant. 


2. This formula indicates F: to be about 21 pounds, 
which checks the experimental result more closely 
than does Euler. 


Formula 8 can be rewritten as - 


12EI 


(9) 


2 


This gives a larger value for F, than the 
Euler formula by the ratio of 12 to 7’. 
Thus there is the choice of the Euler formula 
which is theoretically more accurate, and 
the simple beam formula which more closely 
checks experimental observation, at least 
for the actual spring used in the governor in 
question. 

If F) is taken as 21 pounds, and substi- 
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tuted in formula 1, the total deflection 2Y 
is seen to be 0.466 inch, at 7,500 rpm. This 
is more than permitted by the physical 
construction of the rotating unit before the 
arch spring touches the steel ball. In pro- 
duction, the weights are drilled until the 
desired deflection is obtained. In other 
words, the initial construction provides for 
overtravel, so that the units can be adjusted 
individually by removing weight. 

In operation, the resisting pressure from 
the carbon pile acting through the contact 
button and the steel ball limits the deflection 
of the arch spring after contact is made. 
Thus the compression-spring column action 
is effective at low speeds, but, as speed 
increases above the point where contact is 
made with the carbon pile, the further de- 
flection of the arch spring is a matter of a 
few thousandths of an inch. It may be as- 
sumed that at operating speeds differentials 
in centrifugal force will be reflected solely 
in change in carbon-pile pressure as all other 
forces or moments are substantially con- 
stant. 


Recapitulation of Symbols Used 


F, =centrifugal force 
F, =compressive force on arch spring 
M=mass of weight assembly on one side of 
rotating unit, in pounds divided by 
32.16 
N =reyvolutions per second 
S=revolutions per minute 
R=radius from center of rotation to center 
of gravity of weight assembly 
x=distance measured along arch spring, 
from point A to point B, Figure 5 
y=deflection of arch spring at any point x 
Y=maximum deflection, measured from 
center of line AB 
E=modulus of elasticity 
J =moment of inertia 
L=length of column, in this case=AB 
W =load in center of beam, in pounds 
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Varying Currents 
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where it is necessary to measure cur- 
rent in the range of from 5 to 100 kilo- 
amperes, one must often resort to the use 
of shunts, because 


1. Addition of a current transformer may 
materially change the impedance of the cir- 
cuit. , 

2. Current transformers for large currents 
are unwieldy. 


8. The current may be pulsating direct 
current which would saturate a current 
transformer and render it useless. 


It is extremely important that the 
shunts used be carefully designed and so 
connected into the circuit that the meas- 
uring-circuit current is proportional to 
and in phase with the shunt current. 
There follows an analysis and a basis for 
the design of shunts for measuring these 
currents, so that there will be no voltage 
induced in the measuring circuit for any 
of the frequencies or harmonic compo- 
nents normally encounteredin themeasur- 
ing of currents of these magnitudes. 
Consequently, the measuring-circuit cur- 
rent will be a function only of a shunt 
current and the ratio of the resistance of 
the shunt to that of the measuring circuit. 


Physical Arrangement 


The shunts discussed herein are cylin- 
drical in shape because of the resultant 
simplification of the mathematical analy- 
sis and the relative ease of fabrication 
which that geometry affords. It is gener- 
ally desirable that the shunt be hollow so 
that the wall thickness can be made less 
than the skin depth at the rates of change 
of currents involved. Since it may be de- 
sirable to water-cool the shunts, there is 
an additional advantage in using a hollow 
cylinder. 

The current which flows in the measur- 
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ing circuit is a function, not only of the 
points of connection to the shunt, but 
also of the geometry of the leads from the 
point of connection to the indicating or 
recording instrument. 

There are four limiting geometries of 
measuring-circuit leads which are possible. 
These are shown in Figure 1. For the 
purpose of calculation in this paper, the 
shunt is assumed to consist of part of a 
long straight conductor, and the return 
conductor is assumed to be sufficiently far 
away as not to affect the field of the shunt 
current. Thus, the current produces a 
symmetrical field about the shunt. If 
this is not the case, the actual flux dis- 
tribution and the voltage induced in the 
leads can be calculated, but the process 
will be somewhat laborious. With the 
best arrangement (this will be shown later 
to be that illustrated in Figure 1D), the 
error resulting from the false assumption 
that the shunt is part of an infinitely long 
straight conductor is negligible. If the 
leads are connected as in Figure 1A, that 
is, parallel to each other and perpendicu- 
lar to the axis of the shunt for sufficient 
distance so as to be effectively out of its 
field, the voltage across the measuring 
circuit will be the actual voltage between 
the planes perpendicular to the axis of 
the shunt at the points of connection of 
the measuring circuit. 

Figure 1B is another case of Figure 1A 
where the distance s is considerably 
smaller (in practice this would be as small 
as physical limitations would permit). 
For both of these arrangements, the 
measuring-circuit current is shown in the 
appendix to be 
\ a0 Rg eS ADE il 1—3b? 
DS | 

Rm 2rRml0® di|_4(1—5b?) 

b4 1 1 
(Gaaae In fen ln | (1) 


where 


im = the measuring circuit current in amperes 
73=shunt current in amperes 
1=effective length of shunt between poten- 
tial connections in inches 
3 = effective resistance of shunt in ohms 
Rm=resistance of measuring circuit in ohms 
C=S/ ta 
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s=distance from the axis of the shunt to the 
point where measuring-circuit wire is 
parallel to the axis of the shunt 

r, = outside radius of the shunt 

ro = inside radius of the shunt 


b=no/n 
If we let 
[= 3e? 5 ame 1 1 
=e > fae ieee 
16" Gaba) a)? abe en ee 


g is a function only of ratios s/r, and 
ro/r, and has been plotted as a function of 
these ratios in Figure 2. 

The measuring-circuit current then be- 
comes 


GR, eae ai, 
The A et One dio 


(3) 


If measuring-circuit leads are connected 
as in Figure 1C, the net voltage induced in 
the measuring circuit is the difference be- 
tween the voltage induced in a wire in the 
center of the shunt and the voltage in- 
duced in the shunt itself. 

The current in the measuring circuit is 
shown in the appendix to be 


Hr eRe 3.19) aE b? in 

4 te Sr eva Se lee Sie 

eS Re Oat Rey dt 2 alee ae 
1—3b? bf 1 

————In-| (4 

4(1—b2)  (1—53)2 | (4) 

or 

R; ee re 

Tater : 

im=1s 2 Tor, 108 dt 2 (S) 

where 


-|} b? meat 1-3? 
9" |21-  b e) 


eer 
Gai a 


g¢ is a function only of b and is also plot- 
ted in Figure 2. ¢ 

Figure 3 is an oscillographic illustration 
of an exaggerated case of type of shunt 
connection in Figures 1A, B, and C. The 
measurements were made using a hollow 
copper pipe as a shunt and the shunt 
measurement compared to the current as 
measured by a current transformer. It 
is obvious that, with the geometry of the 
measuring circuit as in Figures 1A and B, 
the measuring-circuit current lags behind 
the main current. If the shunt connec- 
tion in Figure 1C is used, the measuring- . 
circuit current leads the main current. 
This is also apparent from equations 1 and 
4. Itisevident that by using some inter- 
mediate geometry the number of flux 
linkages can be so controlled as to result 
in no net induced voltage in the whole 
measuring circuit (including the shunt as 
part of the measuring circuit). Conse- 
quently, the only voltage is that due to 
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the JR drop in the shunt. The measur- 
ing-circuit current will therefore be pro- 
portional to the shunt current at every 
instant, for all rates of change of current 
for which the current density can be 
assumed to be approximately uniform. 

If the measuring circuit is arranged as 
in Figure 1D, the measuring circuit cur- 
rent is 


meee Re xo 191d, Ee 
ip ST, 
Rm 2r10°Rp di 4(1—b%) 
Sed ate bet ht a 
———- aes, ee Se a x 
Go 5 ae2a 0) 18 nf 7) 


By setting equal to zero that part of 
equation 7 which emanates from induced 
voltage, it is possible to obtain a geometry 
in terms of the ratios 70/7; and s/7 which 
will result in a balance of flux linkages so 
that the induced voltages are canceled. 
The relationships between the ratios a, b, 
and c and the magnitude of the permeance 
factors are shown in Figure 4. The 
values of these ratios necessary to make 
the permeance factors and hence the in- 
duced voltages equal to zero are given in 
Figures 5 and 6. 

For these geometries for which there is 
no net induced voltage, the measuring- 
circuit current obviously will be propor- 
tional to the shunt current. It is well to 
keep in mind that these equations are 
based on the assumption of a uniform cur- 
rent density across the section of the 
shunt. This assumption is valid only if 
the wall thickness is less than the skin 
depth at the greatest rate of change to be 
encountered. For rates of change for 
which this is not true, the tendency will 
be for more of the flux to link with the 
measuring-circuit wire embedded in the 
shunt, and the shunt will approach the 
condition of Figure 1C. This arrange- 
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Various arrangements of measuring- 
circuit leads 


Figure 1. 


By properly locating the leads the measuring- 

circuit current can be made to be proportional 

to the shunt resistance voltage at every instant 
X—To measuring circuit 


ment itself is reasonably good and pro- 
duces an almost negligible error insofar as 
induced voltage is concerned, as is shown 
by the oscillograms in Figure 7. Under 
these conditions, the effective resistance 
of the shunt will not be constant. It is 
advisable, however, to locate the measur- 
ing-circuit wires as near as possible to the 
ideal position, since this will result in the 
most accurate shunt and also does not re- 


FACTOR 


PERMEANCE 


q = 


Figure 2. Permeance factors for shunts A 
and B 


See equations 1 and 6 
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quire that the measuring wires enter the 
hollow center of the shunt with the con- 
sequential difficulty of getting the wires 
out and keeping the water in. 


Thermal Considerations ~ 


It is generally advisable to water-cool 
shunts of the type described herein. 
Such shunts are usually used on low- 
voltage circuits, and the only precaution 
necessary is that rubber hose be used for 
the water connections to the shunt. The 
heat generated in the shunt is 60/?R/1,055 
Btu per minute where R is not the efiec- 
tive resistance of the shunt between 
potential connections, but the entire ter- 
minal to terminal resistance. The heat 
removed will be 8.35 Btu per gallon per 
degree Fahrenheit water temperature 
rise. The dissipation to air and to the 
connected conductors can be neglected. 
If the shunt is to be used for the measure- 
ments of impulses, as for example for the 
measurement of spot-welding currents, 
it may not be necessary to water-cool it, 
unless it is part of a production set up. 
If t is the duration of the impulse (sec- 
onds), the heat generated will be [?Rt/- 
1,055 Btu. If we assume that no heat is 
dissipated, the temperature rise will be 


AL IPRt 
~ 1,055we 
where 


w=weight of the shunt in pounds 

c=thermal capacity of shunt material in 
British thermal units per pound per 
degree Fahrenheit 


(8) 


If the shunt is to be air cooled and used 
continuously, the rate of heat dissipation 
to the surrounding air can be safely 
assumed to be approximately 0.005 watt 
per OC per square inch of exposed surface. 
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Figure 3. Oscillogram of measuring-circuit 
currents for different arrangements of potential 
leads 


Traces D and E are current-transformer second- 

ary currents. Trace C corresponds to shunt 

type C and leads the shunt current. Traces A 

and B correspond to shunt type A and B and 
lag the shunt current 


Conclusions 


It is theoretically and practically possi- 
ble to construct shunts for the measure- 
ment of large varying currents, so that 
measuring-circuit current is proportional 
to the shunt current at each instant. 
The author has successfully used such 
shunts for measurement where rates of 
change of the order of 2x10® amperes per 
second were involved. 

The simplest form for these shunts is 
that of a hollow cylinder which may or 
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Figure 4. Permeance factor for equation 7 as 
a function of the ratios a, 6, and c, correspond- 
ing to shunt D 
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Figure 5. Geome- 
tries for which per- 
meance factor in 
equation 7 is zero 


For the geometries 
corresponding to 


these ratios the meas- uv 
uring-circuit current 


is proportional to 
the shunt current at 
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each instant | 


Figure 6. Geome- 1.0 

tries for which per- + | 
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equation 7 is zero 
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the shunt current at 6 

each instant 2 3 4 5 & 7 8 3 
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may not be water cooled depending upon 
the type of service to which it is to be put. 


Appendix 


Calculation of Measuring-Circuit 
Current for Shunts A and B 


The shunt is assumed to be part of a long 
straight conductor. The total voltage in- 
duced in the shunt per inch length is (see 
Figure 1B) 


oe. ais a UP 
LE Bac ED) NT See RL Asay A SRE 8 OS: 
oe Tee, EP aay eae 

(9) 


where 


L,'’=that part of the inductance of the shunt 
due to the linkage of flux within the 
radius 71, with the shunt current 7; 

Lo'’=that part of the inductance due to the 
linkage of flux between r=r, and 
7=S, with the shunt current 

L;/’=that part of the inductance due to the 
linkage of flux outside of r=s 

L,''=that part of the inductance due to the 
linkage of flux produced by the cur- 
rent J; in the return conductor, with 
the current in the shunt 


The voltage L3’’(dis/dt) is induced in both 
the shunt and the measuring-circuit wire, 
and cancels when voltages are added around. 
the measuring circuit. 

If d is large, the voltage L,’’(dis/dt) also is 
induced in the shunt and measuring-circuit 
wire, and hence also cancels. 

Ly/’=y''/108 where w’’ is the flux link- 
age per ampere-inch. 

The flux dq; in an increment, dr in thick- 
ness, at a radius 7 inside the radius 7; is 


eee we leh 
dg are ty— (10) 
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where 7; is the ratio of the current inside the 
radius 7, to the total current 7s, the flux per 
ampere is 


dg!’ 3.19 (1d 
a vA Past (11) 
ts 27 ft ; 


and the flux linkage per ampere is 


des!" 319 fad 
fe aya feet (12) 
4s 2Qr if 


If we assume that the current density is uni- 
form throughout the conductor cross sec- 
tion, 


wt 


_ 3.197 1-302 bt 
"Qe | 4(1—b)2 (1—52)2 


where 


1 

In = 13 
5 (13) 

b=Pro/n 

since 

yy" 

108 

therefore 

i Aree pap Sha 
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(14) 


= 


1 


The same analysis will yield Ly. Since all 
of the current produces and is linked by the 
flux, 72=1, hence 


3.19 Sd role) s 
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ve 2Qr af Y 27 e val GS) 
and 
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Figure 7. Oscillograms of the same current 


Traces A show currents in measuring circuit of 

shunt B. Traces B show currents in measuring 

circuit of shunt D. Trace C is current-trans- 

former secondary current. The capacitor dis- 

charge current reached a peak value of 40,000 
amperes in 0.002 second 


where 
C= Siri 


The voltage induced in the measuring-cir- 
cuit wire per inch length is 


dis dis 
Cy! = SRS Si 


i 
dt dt a2 


if the field of the measuring-circuit current is 
neglected. The sum of the voltage drops 
in the measuring circuit is 


—isRs— es tly ttmRm=90 
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Calculation of Measuring-Circuit 
Current for Shunt C 


In this case, all of the flux outside of 1 
links with the shunt and with the measuring- 
circuit wire. The voltages thus induced by 
this flux cancel when voltages are added 
around the measuring circuit. If those 
terms which ultimately cancel are omitted 


dig 
dt (19) 


ea = ot 
and 
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where ZL, has the same meaning as for shunt 
A and ¢i, is the total flux surrounding the 
measuring-circuit wire, and inside of 7“. 
Hence 

per ,dis_ 3.191" dig 


dt 2108 dt 
= ss b4 ' 1 
4i—b) | —622 6 
ABO (dr v S10, of 172 retidr 
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If the voltage drops are added around the 
measuring circuit, 


isRs+ImRm — es tlw =0 
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Calculation of Measuring-Circuit 
Current for Shunt D 


The correction factors for induced voltage 
in the final equations for 7 for shunts A, B, 
and C have been arranged so that the abso- 
lute value of the correction is positive. 
Since these correction factors appear in the 
two equations with opposite signs, it is 
reasonable to expect that for some inter- 
mediate geometry the correction factor will 
be zero. Hence, if the measuring-circuit 
wire is placed in a slot in the wall of the 
shunt, the depth of the slot can be deter- 
mined by finding the equation for the 
measuring-circuit current, and setting the 
correction factor equal to zero. As before, 
if we omit those terms which produce can- 
celing voltages: 
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The voltage ey» induced in the measuring- 
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circuit wire is due to the flux between s and 
Ti. 
The flux d¢2 in the increment 7 is produced 


_ by all of the current inside radius s plus that 


current between s and 7: that is, by all of 
the current inside radius 7. This currentis 
igh, where 4 = (72— 10?) (112 — 107) 
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In order to find the correct position of the 
measuring-circuit wire, set 
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Since this equation is not analytically solu- 
ble the permeance factor 
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has been plotted in Figure 4 against b for 
different values of a. As expected, there is 
a value of b for each value of a which makes 
the expression and hence the induced volt- 
age equal to zero. The values of a or ¢ which 
will result in zero correction are plotted in 
Figures 5 and 6 against b. 

Hence, for ratios as determined from these 
two curves, 


Lag UKs 
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which is the desired relationship for any 
shunt. This relationship is independent of 
frequency so long as the wall thickness is 
less than the skin depth. As the frequency 
is increased, this shunt will approach that 
shown in Figure 1C. Even this latter type 
has been used without appreciable error for 
measurements involving rates of change of 
currents of 1.8x108 amperes per second. 
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Basic Design Principles for A-C Electric- 
Power Systems in Large Military Aircraft 


C. K. CHAPPUIS 


MEMBER AIEE 


HE ELECTRIC LOADS of early air- 

craft were small and the electric sys- 
tems resembled those commonly used in 
automobiles. As the design of aircraft 
progressed, however, additional demands 
upon the electric system exceeded the 
capacity of the 14-volt d-c system, and a 
28-volt d-c system was developed. Con- 
tinued increases in electrical demands 
were met by increased generator ratings 
and parallel operation of generators at 28 
volts direct current. As loads and air- 
craft sizes increased, the 28-volt d-c sys- 
tem became increasingly heavy to the 
point where it was obvious that a more 
economical generating and distributing 
system would be required. 

Two methods of attaining increased 
electrical capacity were selected as hav- 
ing promise. The 115-volt d-c system 
was proposed and incorporated into a 
large cargo airplane. Owing to the 
limited development personnel available, 
there has not been sufficient work on 
this system to obtain complete informa- 
tion on its potentialities. However, it 
would appear that the anticipated diffi- 
culties of commutation and switching of 
higher direct voltages at high altitudes 
may not be so serious as anticipated and 
that switching may actually be somewhat 
improved. The second method was 
based on the fact that a similar distribu- 
tion problem had been solved many 
years ago by the utilities with the 115/ 
200-volt three-phase system and it 
seemed reasonable to consider a similar 
system for several large aircraft.},? 

The commercial frequency of 60 cycles 
proved undesirable, because it limited 
three-phase motor speeds to 3,600 rpm 
and required excessive weight in the 
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rotating equipment. Motor speeds up to 
10,000 rpm already had proved desirable 
and analyses indicated the optimum fre- 
quency for motor designs to be at least 
250 cycles. Similar analyses of electronic 
equipment indicated an optimum fre- 
quency of approximately 800 cycles. 
The selection of 400 cycles for aircraft is a 
compromise between these considerations, 
giving a choice of 6,000, 8,000, 12,000, 
and 24,000 rpm for motor speeds and fall- 
ing between the optimum values for motor 
design and electronic-equipment design. 

The use of single-phase and three-phase 
variable-frequency alternating current 
has been proposed for power supply to 
certain electronic equipment, and some 
installations have been made. Fre- 
quency varying over the range involved 
in main-engine-driven alternators cannot 
be considered satisfactory for motor 
operation, however, unless accompanied 
by a compensating change in voltage 
which cannot be tolerated by the con- 
stant-voltage electronic equipment. 
Likewise, it does not satisfy the require- 
ment of certain navigation and servo 
devices for fixed frequency. The princi- 
ple reason for considering variable-fre- 
quency alternating current has been the 
difficulties in developing satisfactory con- 
stant-speed drives at minimum weight. 

Certain radio, navigation, radar, radar 
countermeasure, and similar equipment 
already in service operates on 115-volt 
single-phase 400-cycle power supply. 
This power is supplied on present d-c air- 
craft by use of inverters, which are heavy 
and extremely inefficient with over-all 
weight of 50 to 60 pounds per kilovolt- 
ampere of 400-cycle output. The pro- 
posed 115/200-volt system permits this 
type of load to be supplied single phase, 
from the three-phase system, without 
conversion, or such equipment can be 
redesigned to operate three phase, within 
certain limitations, at lesser weights or 
increased performance. 

A review of the electric systems in use 
or proposed for military aircraft includes 
the following: 


1. 14-volt direct current. 
2. 28-volt direct current. 


38. 115-volt direct current. 


4. 115/200-volt 
alternating current. 


5. 115/200-volt three-phase variable-fre- 
quency alternating current. 


three-phase 400-cycle 


6. 115-volt single-phase variable-frequency 
alternating current. 


7. 115-volt single-phase 400-cycle alternat- 
ing current. 


Certain of these systems are not complete 
in themselves but must be used in com- 
bination with others. This paper applies 
specifically to the design of 115/200-volt 
three-phase 400-cycle systems for large 
aircraft, although some portions may be 
applicable to several of the other systems. 


Basic A-C System 
Design Requirements 


The electric system must provide the 
utmost possible reliability in order that 
the aircraft may retain maximum effec- 
tiveness on its missions as well as the 
ability to return to its base in spite of 
damage. The reliability for the condi- 
tions of aircraft operation must compare 
favorably with the reliability of public 
power systems, with the exception that 
the expected life for aircraft equipment is 
500 to 1,000 hours, instead of 15 to 25 
years as in utility requirements. All of 
this must be accomplished with a mini- 
mum of weight. The generating and dis- 
tribution system must retain its ability 
to supply satisfactory power to the using 
equipment as long as that equipment is 
capable of operation. From this it is 
apparent that such equipment as motors 
must remain on the line until the motor 
has reached a temperature beyond which 
immediate and permanent damage will 
occur. In order to supply power to all 
equipment until this point is reached, it is 
necessary to insure that the distribution 
and circuit protection system shall not 
fail earlier. This requires temperature- 
actuated protective devices built into the 
using equipment and system protection 
co-ordinated to avoid cutting off power to 
any load still in operating condition. 

It is considered necessary to have at 
least one alternator and preferably two, 
as stand-by power. This is due not only 
to possible failure of an alternator but 
also to expected incidence of engine fail- 
ures on long flights. The most effective 
use of the system requires parallel opera- 
tion for best voltage and frequency regu- 
lation, which also makes available the 
maximum stand-by power with the least 
attention from the flight personnel. 
Since the equipment developed for three- 
phase 400-cycle aircraft electric systems 
is untried and had to be designed, built, 
and tested in a comparatively short period 
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of time, it is felt that parallel operation 
cannot be guaranteed. Certainly during 
combat conditions it is impossible to in- 
sure that battle damage will not prevent 
parallel operation of alternators. There- 
fore, the system must be so designed that 
isolated operation is feasible even though 
not the desired operating condition. The 
main-power panel is somewhat compli- 
cated by this requirement, as circuit 
breakers are necessary to sectionalize the 
ring bus and load-transfer switches may 
be required to balance the loads for satis- 
factory isolated operation. 

Good voltage control is essential, as 
many of the load devices require sub- 
stantially normal voltage for satisfactory 
operation and life. Voltage control is 
accomplished at present by use of a con- 
ventional aircraft carbon-pile regulator 
actuated by rectified a-c system voltage 
and controlling the exciter field. The 
alternator is rated 120/208 volts and with 
the regulator is capable of regulation 
within +2 percent atits terminals. The 
excitation of the alternator will go from 
no load to ceiling current in approximately 
0.1 second including regulator time. The 
system is normally considered as a subsvi 
200-volt system inasmuch as this is 
approximately the normal full-load volt- 
age at the main-power panel; the motors 
are designed for this voltage +10 per 
cent. Design calculations indicate that 
with 75 per cent of the transmission 
capacity available and with the largest 
motor in locked-rotor condition, the volt- 
age will not drop below 115/200 volts on 
the main-power panel and 90 per cent of 
this value at the most distant load bus. 
Thus it is apparent that the system 
regulation is satisfactory for motor opera- 
tion. Electronic equipment, which in- 


cludes radio and radar, is in a different 
classification as to voltage regulation re- 
quirements. Most radio equipment with- 
in the medium-, high-, and very high-fre- 
quency bands will operate satisfactorily 
with +5 per cent voltage regulation. 
However, present radar equipment re- 
quires +2 per cent regulation for satis- 
factory operation, and this problem is 
now being thoroughly investigated so 
that the characteristics of radar require- 
ments and power supply can be recon- 
ciled. 

It was necessary to develop new 
meters!4 inasmuch as no aircraft systems 
of this type were in use and consequently 
no suitable meters were available which 
were sufficiently light in weight and 
sufficiently reliable for the conditions of 
temperature and altitude encountered in 
aircraft operation. Wattmeters pre- 
sented a design problem, but this has 
been solved satisfactorily, and the same 
meter is used to measure vars by means 
of a selector switch. Hermetically 
sealed meters would be a great im- 
provement. } 

The distribution system serving this 
equipment likewise required extensive de- 
sign effort in order that it might meet the 
difficult requirements of reliability, light 
weight, and voltage regulation. Com- 
mercial 120/208-volt systems are largely 
of the network type, with numerous feed- 
ing transformers located adjacent to the 
more concentrated loads to convert from 
the high-voltage primary system to 
utilization voltage. This type of system 
definitely requires parallel operation of 
power sources with strong ties to control 
the sharing of the load. It was obvious 
that such a system could not be used un- 
til successful parallel operation of alter- 
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nators had been accomplished; attention 
was directed to developing an alternative 
type of system which would retain as 
many of the advantages as possible and 
still permit sectionalized operation from 
power sources out of parallel. 

Operation of the system must require a 
minimum of attention by the flight 
crew. Many functions may be made 
automatic or partially so, and these por- 
tions of the system which are installed in 
multiple can be arranged to protect them- 
selves. Every effort must be exercised to 
provide a system which will require the 
least possible specialized training for 
crew personnel. 

Maintenance requirements must be 
simple enough to be handled with a 
minimum of special equipment and with- 
out excessive specialized training of per- 
sonnel. Replacements must be conveni- 
ent and require the smallest possible 
number of new stock items. 


Power Source 


Two common means are available for 
generating the a-c power, namely : 


1. Auxiliary power plant. 
2. Main-engine-driven alternators. 


The first method involves electrical prob- 
lems generally similar to central-station 
practice in that the electric system deter- 
mines the size and speed of the prime 
mover and has sufficient capacity to assist 
in maintaining synchronism among sev- 
eral such auxiliary power units operating 
in parallel. The second method, while 
complicated by the fact that the size and 
speed of the prime movers are regulated 
by aircraft propulsion requirements, had 
definite advantages in savings of weight 
and useful space, over-all fuel economy, 
and availability of full-power output at 
all altitudes from the supercharged main 
engines. The main engines have been 
selected as the preferable power source, re- 
quiring that a power take-off be provided 
which converts engine speeds of 700 to 
3,000 rpm to a constant speed for the 
alternator shaft drive. Since 400-cycle 
alternating current will be required to 
start the main engines, however, an 
auxiliary power unit must be provided 
either as a ground power source or as a 
supplement to the aircraft electric sys- 
tem. 

The alternators? are designed for high 
speed and forced-air cooling to secure 
maximum output with minimum weight. 
Exciters are built into the alternator 
frames and directly connected to the 
alternator field, thereby assuring excita- 
tion to the alternator, regardless of dis- 
turbances on the a-c system. Adequate 
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capacity is provided for short overloads 
up to 200 per cent of rated output for five 
seconds without appreciable drop in ter- 
minal voltage, to facilitate the starting of 
large motors and the clearing of system 
faults. Typical characteristics of such 
an alternator are as follows: 


Rating: 40 kva at 75-per-cent power fac- 
tor, 120/208 volts, three phase 

Speed: 6,000 rpm 
Weight with exciter: 
pounds 


Substransient reactance Xqg’’ =0.186 per unit 
Transient reactance Xg’=0.191 per unit 
Synchronous reactance X¥g=1.350 per unit 
Negative-sequence reactance X,=0.186 per 
unit ' 

Zero-sequence reactance X9=0.087 per unit 
Armature resistance (25 C) rg=0.0215 per 
unit 

Field resistance (25 C) ry=0.328 ohm 
Short-circuit time constant Tg’ =0.01 second 
Substransient time constant TJ q’’=0.0022 
second 

D-c-component time constant Z7_,=0.002 
second 
No-load 
amperes 
No-load air-gap excitation =15.6 amperes 
Rated load, rated voltage excitation =41.0 
amperes 

150-per-cent load, rated voltage excitation = 
55.0 amperes 

200-per-cent load, 203 volts excitation =68.0 
amperes 


Ri=Ry:=Ry=Ry 


rated voltage excitation =17.6 


Voltage is regulated by means of a 
solenoid-actuated carbon pile in the shunt 
field circuit of the exciter. The solenoid 
is connected to the 120/208-volt alter- 
nator terminals through transformers and 
rectifiers to measure the average of the 
three-phase voltages. The regulator cir- 
cuit includes temperature compensation, 
back feed from the exciter terminals to 
provide antihunting features, and a con- 
nection to bias the solenoid current with 
reactive current. 

Frequency is controlled by means of a 
governor in the constant-speed-drive sys- 
tem. This governor is actuated by alter- 
nator drive-shaft speed, biased by the 
electric-power output of the alternator to 
give a slight droop in speed at full load.4 
This characteristic permits a heavily 
loaded alternator momentarily to drop 
frequency slightly, thereby assuming an 
electrical angle somewhat behind other 
alternators carrying less load. 

Parallel operation of alternators® re- 
quires identical shaft speeds with proper 
sharing of power output and reactive cur- 
rent. The governor itself holds reason- 
ably uniform shaft speed, and the kilo- 
watt sensing function of the governor 
control circuit tends to correct small 


14. TRANSACTIONS 


Approximately 80 | 


5 v ¥ 5 Ss °o S\E'WNG\B \ONS Is wala Wy ny) Ay) ay Ny) ir 9 
ox ) 
o = & 
fo) 
£5 Ay 
20 
2 Ao) 
“oo 
Ns 
1 A 
0.5 
ica =F he ai 
i i) \ 2 3 4 
| VOLTAGE REGULATION a PER CENT 
{= GO) Bi a: oy: 
6) ; 
re 
ras) 
Sin tome eo) a aheee tH—MIre hie ‘ata 
a (Ace ie pa ot eg 
Zz Ww 2 2 ie 4 
ee Ola sc < <j— <f-< + t 
& 
+— 60 + T 7 


differences in speed by introducing a 
slight droop in speed as load is applied to 
the alternator. Kilowatt division and 
shaft speed thus are controlled by the 
governor and constant-speed drive. Re- 
active-current division between alter- 
nators operating in parallel is controlled 
by the excitation; an overexcited alter- 
nator tends to supply excessive reactive 
current with but slight increase in system 
voltage, whereas an underexcited alterna- 
tor shirks reactive current. Differentially 
connected current transformers on the al- 
ternator leads isolate the differences in 
distribution of reactive current, which are 
used to bias the voltage regulators and 
thereby to shift the excitation as required 
to correct the distribution of reactive 
current. 

Protection in the power source is de- 
signed to isolate the power source and cut 
off its excitation for any of three abnormal 
conditions, namely: 


1. Excitation at ceiling current for more 
than five seconds. 


2. Frequency below 360 cycles. 


3. Faults in the alternator armature wind- 
ing or connections. 


The first protects the exciter and alter- 
nator field against overheating but 
serves indirectly as protection for the 
power source against sustained heavy 
overload or failure to clear a fault on the 
system. The second protects magnetic 
devices on the system against excessive 
magnetizing currents permitted by low 
frequency at normal voltage. The third 
removes a damaged alternator from the 
system before the distribution system is 
impaired by fuse operations. This pro- 
tection is accomplished by means of a 
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Figure 2. Woltage regulation chart—120/ 
208 volts, 400 cycles, three phase, wires tied 
in close configuration 


ceiling-field relay actuated by the exciter 
field current, a frequency relay actuated 
by the alternator terminal voltage, and a 
differential relay actuated by unbalanced 
current in the alternator phase leads. All 
three relays energize the trip coil of the 
alternator circuit breaker which has an 
auxiliary contact to open the exciter field 
circuit. Tripping power is supplied from 
either rectified a-c terminal voltage or 
exciter armature voltage, one or the other 
of which can be expected to provide 
sufficient voltage under all normal and 


abnormal conditions. 


Power-Distribution System 


Although d-c power systems have been 
used on aircraft for many years, few if 
any data from these systems have value in 
a-c system design. D-c networks pro- 
posed for certain very heavy bombers’ 
have been analyzed on calculating boards, 
but the difference in characteristics due to 
the d-c generators and storage batteries 
makes these data inapplicable. A con- 
ference of engineers, called to discuss de- 
sign requirements of the 115/200-volt 
three-phase 400-cycle a-c system, agreed 
upon the following design objectives: 


1. Provide multiple power paths to all im- 
portant loads as a means of protection 
against faulted conductors. 


2. Design a system which will clear at least 
one fault in any section of a feeder without 
interruption of power to any load, unless the 
fault is on a load bus. The fuses adjacent 
to the fault shall clear the faulted section in 
such time that no other fuses shall lose their 
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Figure 3. Voltage regulation chart—120/ 
208 volts, 400 cycles, three phase, wires at 
0.5 inch flat spacing 


original ability to carry current or fail to co- 
ordinate in accordance with their design 
characteristics. 


3. Be able to clear a second feeder fault in 
any designated load area without loss of 
power to the load. Damage to adjacent 
fuses in this case is undesirable but may be 
tolerated; co-ordination is essential. 


4. Faults on load busses should be recog- 
nized as a secondary possibility, owing to 
the small area of conductor involved. Load 
Jost should be limited to the load on the 
faulted bus. 


5. . The system should be designed to pro- 
vide rapid clearing (maximum 0.1 second) 
to prevent motor stalling during faults with 
two or more alternators in parallel. Such 
clearing time is desirable, of course, with 
isolated operation but may be unattainable. 


6, Any circuit must carry locked-rotor cur- 
rent for at least 30 seconds without damage 
to fuses, after the first fault has been cleared 
in any feeder. An exception may be neces- 
sary for motor-generator sets and hydro- 
pump motors. 


7. Motors shall be able to start after a 
second fault in any feeder has been cleared. 


8. Faults on the alternator terminals or 
the main bus should be recognized as a 
secondary possibility, and some means 
found to limit the portion of the circuit 
affected. Design of busses should provide 
mechanical features to minimize damage by 
gunfire. : 


9, The total number of fuses and range of 
sizes of fuses should be held as low as possi- 
ble, consistent with good design. 


10. The current distribution in each sec- 
tion, for load or fault conditions, must be 
balanced. 


11. The system should be designed to oper- 
ate in parallel or isolated. However, if the 
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system operates isolated, the requirements 
of fast clearing must be somewhat relaxed. 


The argument as to whether single or 
multiple circuits should be used depends 
for an answer upon the following: de- 
gree of reliability required, decrease in 
weight due to better cooling of smaller 
conductors, type of protection to be used 
and its weight, and characteristics of 
load. In general, it is found that more 
current can be carried in four wires than 
in one wire of similar weight without ex- 
ceeding the maximum allowable operating 
temperature. Since maximum reliability 
is one of the prime requirements, it is 
necessary to provide alternate paths, so 
that remaining parallel circuits will oper- 
ate at full efficiency after damage which 
isolates any one. In public power sys- 
tems such reliability is obtained by a 
combination of loops, networks, compli- 
cated switching and protective devices, 
and continuous maintenance. The use 
of alternate paths for aircraft is feasible, 
provided a reliable lightweight method of 
insuring the continued operation of these 
circuits is available. It is obvious that 
complicated switching and protective 
systems, requiring balanced current, pilot 
wire, directional current, and similar 
methods of relaying which are very satis- 
factory for transmission lines, are in gen- 
eral too heavy and too complicated for 
aircraft. Such equipment probably 
would increase the vulnerability of the 
aircraft electric system, The use of prop- 
erly balanced multiple circuits allows 
one of two methods to be used to clear 
faults. The first method is to take ad- 
vantage of the small wires, allowing them 
to burn off and thus clear the fault. 
Much argument has been encountered on 
this method, but it appears to be rather 


uncertain, particularly where clearing 
time and co-ordination are important. 
The alternative is to use an accurate light- 
weight overcurrent device on each circuit 
at each bus to remove that portion of the 
circuit whichis faulted. The most logical 
device of this type appears to be a small 
accurate high-speed fuse using a high- 
temperature fusing element.® 

Radial, network, and loop circuits were 
examined for their applicability to large 
aircraft. It was found that none of these 
provided the most reliable, lowest weight, 
and best operating system. The final 
type of design, as shown in Figure 1, isa 
multiple-circuit radial system with alter- 
nators feeding to the main-power panel 
and also feeding loads located in the 
vicinity of the alternator. Thus the 
alternator leads to the main-power panel 
also serve as load feeders, and the alter- 
nator busses also serve as load busses. 
The output of the alternators is utilized 
in such a way that isolated operation is 
satisfactory whenever such operation is 
necessary. It is essential that all multi- 
ple paths between busses be equal in 
length, as otherwise the currents become 
unbalanced and make fuse co-ordination 
extremely difficult. One of the unbal- 
anced loop conditions which was ex- 
amined had an unbalanced current, under 
some fault conditions, of approximately 
200 per cent which was reflected in the 
fuse co-ordination as an effect of 400 per 
cent in clearing time, owing to the I Mine 
effect on the fuse link. The use of com- 
bination load circuits and feeders made 
it mandatory to keep each alternator bus 
in service even though the alternator 
failed. The solution of this problem de- 
pends upon differential protection and 
high-speed breakers to remove a faulted 
alternator from the bus. 

Three wire configurations were con- 
sidered: three wires laced together, flat 
with one-half-inch spacing between cen- 
ters, and flat with two-inch spacing be- 
tween centers. The impedance of these 
three types was discussed by the authors 
in “Impedance of 400-Cycle Three-Phase 
Power Circuits on Large Aircraft and Its 
Application to Fault Current Calcula- 
tions.” 7 In general the impedance de- 
creases with the decrease in separation. 
The ease of installation probably is in- 
creased when three wires can be placed 
together, but the vulnerability to gunfire 
and the difficulty of clearing trouble are 
greater. Where the wiring is easily ac- 
cessible, the flat arrangement is the most 
satisfactory with use of one-half-inch 
spacing to keep the reactance low. The 
final decision as to wire configuration 
must depend upon the space available for 
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the installation. Voltage regulation 
charts are shown in Figures 2, 3, and 4. 

Conductor sizes are determined by the 
allowable current-carrying capacities un- 
der specification AN-J-C-48 for a maxi- 
mum ambient temperature of 160 degrees 
Fahrenheit. Under temperature and 
pressures encountered at higher altitudes, 
it is anticipated that wire temperatures 
will not exceed 100 degrees centigrade 
when operating at full load on the circuit 
and with one of the multiple paths out of 
service. The maximum wire size used on 
multiple circuits will usually be number 
12 or smaller in present systems. The 
smallest sizes used will not be less than 
number 18 or number 20, owing to the 
mechanical weakness of smaller size. 

Protection of this electric system de- 
pends upon the following: fuses, break- 
ers, armor, and material protection. The 
ideal fuse characteristic for these circuits 
appears to be as shown by Figure 5. 
This is a high-speed fuse using a high- 
temperature link such as silver or copper 
to minimize the effect of differences in 
temperature. Owing to close co-ordina- 
tion requirements the fuse must be ex- 
tremely accurate, and it must also be 
explosion-proof with very short arcing 
time. The differential relays and cir- 
cuit breakers used to remove any faulted 
alternator from the system must be 
extremely fast, clearing the maximum 
alternator bus fault in 0.02 second or less, 
to leave the fuses at the alternator bus in- 
tact for operation of the load circuits. In 
addition to this the breaker must be able 
to interrupt fault currents up to 4,000 rms 
amperes and perform all normal switching 
operations, up to 120 amperes, incident 
to operation of the aircraft. All of these 
operations must be performed under 
temperatures and altitudes required by 
Army Air Force specifications. Inas- 
much as the requirements over wide 
ranges of altitude and temperature are so 
exacting, it is possible that development 
of sealed breakers may prove necessary. 

Protection of the fuses, breakers, and 
busses can be accomplished only by 
mechanical means. The inherent pro- 
tection of engines and heavy structural 
parts of the airplane can be used for part 
of the protection, and armor strips placed 
to protect vulnerable angles. The busses 
are so located that much natural protec- 
tion is available and can be so designed 
structurally to minimize the possibility of 
battle damage by use of hollow sections of 
high-strength material for bus conduc- 
tors. 

The co-ordination of fuses and breakers 
is determined by the maximum fault cur- 
rents, and the maximum clearing time is 
determined by the minimum fault cur- 
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rent. Much research and many calcula- 
tions were required to secure information 
on zero-sequence impedance for use in 
calculating line-to-ground fault currents.’ 
The maximum fault currents occur from 
line to ground with the four alternators in 
parallel, and the minimum fault currents 
occur with three-phase faults and isolated 
operation. The requirement of parallel 
normal operation but emergency isolated 
operation greatly complicates the protec- 
tion problem by causing a tremendous 
spread between maximum and minimum 
fault currents. The circuit arrangement 
and fault currents on one of these systems 
are shown in Figure 1. Under, minimum 
fault-current conditions the maximum 
clearing time must be sufficiently small so 
that the rotating equipment will not stop 
or slow down to a point which will cause 
excessive reaccelerating current. The 
wide range of fault currents, with rigid re- 
quirements for co-ordination and fault 
clearing, made it necessary to design a 
new fuse for system protection.® 

The alternator circuit breakers are re- 
quired to co-ordinate with fuses only for 
failure of the alternator winding or leads; 
under this condition, however, co-ordina- 
tion requires extremely fast differential- 
relay and breaker operation in order that 
the alternator bus fuses may remain un- 
damaged to carry the electric load con- 
nected to that bus.° The same breaker, 
arranged for remote or manual operation, 
is suitable for the tie breakers on the main 
power bus. 

The main power-panel bus is arranged 
as a ring bus of four sections tied with the 
same type of breaker as used for the 
alternators. By proper distribution of 
the load on the bus sections, it is possible 


to provide satisfactory load distribution 
for isolated operation with four alter- 
nators. By the use of two or three trans- 
fer switches, it is possible to provide ac- 
ceptable load distribution for isolated 
operation with three alternators. Opera- 
tion with two alternators whether isolated 
or parallel requires disconnection of some 
of the combat load. The load busses are 
so designed that the protective system 
can remove them from the system, in case 
of bus faults, without disturbance to the 
system. Loss of the main bus must be 
considered vital but sections can be lost 
without loss of the entire system. 

Selection of the 115/200-volt three- 
phase 400-cycle a-c system for large air- 
craft permitted the use of three-phase in- 
duction motors.°-12_ Brushes and com- 
mutator problems thus were eliminated, 
and the motors became substantially con- 
stant-speed devices capable of reliable 
operation through a wide range of condi- 
tions. Momentary high torque loads 
can be handled by methods already estab- 
lished in commercial design practice. 
Such motors are contemplated in sizes 
ranging from one-eighth to 16 horsepower 
and speeds of 6,000 to 12,000 rpm. The 
few drives requiring variable speed are 
equipped with d-c motors supplied 
through motor generator sets or trans- 
former-rectifiers. All motors are star- 
connected to permit emergency operation 
with reduced torque output after power 
supply to any one phase has failed, and 
the protective equipment must permit 
such operation. 


Figure 4. Voltage regulation chart—120/ 
208 volts, 400 cycles, three phase, wires at 
2.0 inches equivalent delta spacing 
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Provision for D-C Loads 


While the major portion of the electric 
devices is suited to operation by a-c 
motors or transformers, a number of 
smaller devices, such as contactors and 
relays, solenoids, and certain instru- 
ments, still require d-c power. The con- 
nected load of these d-c devices is approx- 
imately 20 per cent of the total connected 
electric load of the aircraft, but many of 
the devices operate extremely infre- 
quently with such diversity that their 
combined load probably is less than ten 
per cent of the total diversified load of the 
a-c power system. The need for this 
small amount of direct current adds 
complication to the a-c system, and there 
has been continuous effort to replace 
d-c devices with alternating current,, 
with the ultimate objective of complete 
elimination of direct current from the 
aircraft. Under these conditions, it is 
expedient to install conversion equip- 
ment at the d-c load center and supply 
this load from the a-c system. 

Both motor generator sets and trans- 
former-rectifier sets have been built to 
convert the 115/200-volt three-phase 
alternating current to 28-volt direct cur- 
rent. The transformer-rectifier is quiet 
in operation, lighter, and somewhat more 
efficient than the motor generator. It 
has the further advantage, particularly 
in small ratings, of supplying acceptable 
voltage to relatively steady loads without 
the use of a voltage regulator, and thereby 
becomes attractive as a means of supply- 
ing the d-c load at several isolated small 
load centers rather than the center of the 
combined load. 

Storage batteries appear to have little 
value on an electric system of this type 
and size. It is not practical to provide 
sufficient battery and conversion equip- 
ment to serve as reserve capacity for the 
a-c system supplying the major loads, 
and there is little advantage in backing up 
only the d-c system serving secondary 
loads. 

Very few of the d-c loads draw enough 
power to require multiple circuits for 
carrying capacity or voltage regulation. 
The method is still applicable, however, 
to those circuits where vulnerability to 
damage because of length or exposure 
indicates the need for more than a single 
circuit to serve any particular device. 


Future Trends 


There is a continuous trend to larger 
electrical requirements on aircraft, and 
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Figure 5. Time-current curve for 400-cycle 
120/208-volt aircraft fuses 


Solid lines—Average melting 
Dashed lines—Average clearing 


the trend is most pronounced in combat 
aircraft. Hydraulic lines are particularly 
susceptible to battle damage, inasmuch as 
damage to almost any part of the system 
may cause loss of pressure on the entire 
hydraulic system. Electric power for 
cabin supercharging would reduce air- 
duct requirements and weight and sim- 
plify installation of equipment. The use 
of electricity for propeller deicing and 
electric blowers to distribute heated air 
through small ducts at high velocities for 
wing and cabin deicing would reduce 
weight and simplify installations as well 
as provide positive air flow as required. 
Aircraft armament is increasing in size of 
gunsandnumberof turrets; as flying speeds 
are increased, the demand for higher tur- 
ret speeds and accurate split-second re- 
mote fire control is becoming more in- 
sistent; all of these add to the power re- 
quirements. With greater flying ranges 
and more complex tactical operations, the 
demand for additional communication 
equipment also is becoming greater. 
Radar and allied equipment are essential 
if aircraft operations are to be consist- 
ently effective in all weather conditions. 
Ten to 15 kva of electric power are re- 
quired for radar and countermeasures 
equipment for special installations and are 
anticipated for future aircraft. Static 
dischargers requiring electric power are 
under development. The use of tele- 
vision to transmit information to the pilot 
is a distinct possibility. The all-electric 


airplane using electric motors to drive the 
propellers is within the realm of possi- 
bility. All of the “Buck Rogers” items 
for aircraft, control of aircraft, or against 
which aircraft must be defended require 
electric power. 

Any attempt to restrict the amount of 
electric power available to combat air- 
craft for these uses places the designers at 
a severe disadvantage. This is particu- 
larly true of electronic equipment, much 
of which is comparatively new. The de- 
mand for radar and countermeasure 
equipment is often so insistent and im- 
mediate that engineers do not have time 
to design it for best performance with 
small amounts of power. Several air- 
craft now under design have 120 kw of 
generating capacity. This capacity may 
be compared with public power systems, 
where 120 kw normally would be ade- 
quate for 100 to 125 miles of rural distri- 
bution line. 
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Temperature Rise of Water-Cooled 
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Synopsis: This paper contains an analysis 
of the oil temperature rise of water- cooled 
power transformers. It is shown that by 
factoring the effect of viscosity oil tempera- 
tures can be calculated more accurately for 
a variety of conditions. Equations and 
curves are given with supporting test data 
for determining the temperature rise for 
different loads, ingoing water temperatures, 
and rates of water flow. The variations in 
temperature rise with load, water rate, and 
water temperature are appreciably different 
from published data on the subject. A dis- 
cussion of winding hot-spot temperature is 
included, although no new test data are 
given. 


ATER-COOLED transformers 

have ‘cooling coils located in the 
upper portion of the tank usually adjacent 
to the tank wall. Water flow through 
these coils carries away the heat generated 
in the core and windings. The top-oil 
temperature depends on the amount of 
cooling coil, the transformer losses, the 
water rate, and the ingoing water tem- 
perature. 

As the flow of oil through the windings 
of a water-cooled transformer is very 
similar to that in a self-cooled trans- 
former having external cooling radiators, 
the same general equations for winding 
rise over oil can be used. 

The purpose of this paper is to show 
how the transformer-top-oil temperature 
varies when the load, water rate, and in- 
going water temperature are changed and 
to give curves for estimating the effect on 
the winding hot-spot temperature. 


General Conclusions 


1. Oil temperature rise over ingoing water 
is not a simple function of the loss dissi- 
pated. However, oil rise varies approx- 
imately as (loss)?-® (see Figures 4 and 5). 


2. When the water rate is changed, the oil 
temperature rise varies 40 per cent as much 
as the change in water temperature rise (see 
Figure 5). 
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3. When the water temperature is lowered, 
the oil temperature rise over ingoing water 
increases 0.75 per cent for each degree the 
ingoing water temperature is below 25 de- 
grees centigrade (see Figure 4). 


4. Ina typical transformer the load can be 
increased 0.8 per cent for each degree the 
ingoing water temperature is below 25 de- 
grees centigrade (see Figure 8). 


In these general conclusions it is as- 
sumed that the radiation and convection 
losses from the tank surface are negligible. 
In a specific case the tank loss can be 
properly evaluated. 


Components of Oil Temperature 
Rise 


The heat generated in the windings and 
core of a water-cooled transformer is dis- 
sipated to the oil by free convection. 
The heated oil becomes less dense and 
flows upward to the top of the tank. The 
cooling coils in the upper portion of the 
tank receive heat from the oil by free 
convection. As the oil is cooled, it be- 
comes more dense and flows downward 
and into the windings again. (A small 
percentage, usually 10 per cent to 20 per 
cent of the heat is dissipated from the 
tank surface.) The water flowing 
through the cooling coils removes the heat 
by forced convection and, in the process, 
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Figure 1. Viscosity of oil in test transformer 
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the temperature of the water is raised. 
If the water temperature rise is measured 
carefully and the rate of flow is known, 
the watts loss carried away by the water 
can be calculated from the equation: 


Watts loss = 264 water rise, degrees centi- 
grade X gallons per minute. 


This thermal circuit is the basis for an 
equation of the following general form: 


Top-oil temperature =ingoing water tem- 

perature 

+1/, water temperature 
rise 

+water-film drop 
(water to tube) 

+oil-film drop (tube to 
oil) 

+top-oilincrement (1) 


Each of these components is known or 
can be determined by test. 

The top-oil increment is the difference 
in temperature between the top oil and 
the average oil surrounding the cooling 
coils (which is also approximately the 
average oil temperature in the windings). 
Experience has shown that in most water- 
cooled power transformers the top-oil in- 
crement is approximately two degrees 
centigrade over a wide range of condi- 
tions. 

The oil-film drop, which is the local 
temperature difference between the cool- 
ing-tube wall and the adjacent oil, can be 
expressed with good accuracy by an equa- 
tion of the following form: 


Oil-film drop, degrees centigrade = K wy 


where 


W,=watts per square inch outside surface 
of cooling coil. 

ur = viscosity of oil, in centipoise, at average 
temperature of oil film. (Average 


film temperature is tube temperature 
plus one half of oil-film drop) 
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Figure 2. Comparison between calculated 
and tested oil-film drop 
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K =a constant 
x, y=exponents to be determined 


The water-film drop is the local tem- 
perature difference between the cooling- 
tube wall and the adjacent water flowing 
through the cooling coil and can be ex- 
pressed with sufficient accuracy by the 
following equation: 


Water-film drop, degrees centigrade = 
KW 


V0.8 


where 


W;,=watts per square inch inside surface of 
cooling coil 

V=water velocity in feet per second 

Ai, =a constant 


The water-film drop is comparatively 
small and can be expressed simply by 
(0.37W,!°) in a normal power trans- 
former. 

The water temperature change enters 
into the equation for oil rise as water 
temperature rise/2. Though this is not 
theoretically exact, it is sufficiently 
accurate when the water rise is appreci- 
ably less than the oil rise. The error be- 
comes appreciable at small loads and very 
low water rates. 

Thus equation 1 can be written: 


Top oil temperature degrees centigrade =in- 
going water temperature degrees 
centigrade+!/. water temperature 
rise, degrees centigrade +0.37 W,1-0+ 


KW +2 degrees centigrade (2) 

The only unknowns in equation 2 are K, 
x,andy. These are determined from the 
tests given below. 


Test Data 


Table I contains heat-run results on a 
6,000-kva water-cooled transformer with 
13/s-inch-outside-diameter copper-cooling 
coils. The tabulated net watts loss dissi- 
pated by the cooling coils is the total loss 
held minus the estimated tank dissipa- 
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Figure 3. Comparison between calculated 
and tested top-oil rise over ingoing water 
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tion. This loss was varied from 21,740 
watts to 75,600 watts, the water rate from 
four gallons per minute to 35.3 gallons per 
minute and the ingoing water tempera- 
ture from 6.6 degrees centigrade to 40.5 
degrees centigrade. 

All tests were run until the top-oil rise 
over ingoing water was constant. 

Commercial test facilities were used 
throughout for these heat runs with no 
special precautions taken to obtain 
laboratory accuracy. 

Table I shows the calculated as well as 
the tested water temperature rises. The 
agreement is fair, usually within two de- 
grees centigrade. In analyzing the data 
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Figure .4. Effect of changing ingoing water 
temperature, holding ten degrees water rise 


A—Ingoing water temperature, degrees 
centigrade 

B—Design curve used since 1938 for 925- 

degree-centigrade ingoing water and ten- 


degree-centigrade water rise 


averages of the calculated and tested 
values were used. 


Analysis of Test Data 


By substituting these heat-run results 
into equation 2, a value of oil-film drop 
(tube to oil) is found for each test. By 
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Figure 6. Effect of 
changing ingoing 
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Figure 5. Effect of changing water tempera- 
ture rise, holding 25 degrees ingoing water 


A—Design curve used since 1938 for 25- 
degree-centigrade ingoing water and ten- 
degree-centigrade water rise 

B—Water rise, degrees centigrade 


analyzing these tests the unknowns K, x, 
and y in the oil-film-drop equation are © 
determined. The oil in this transformer 
has a viscosity—temperature relationship 
as shown in Figure 1. Its thermal prop- 
erties are essentially the same as other 
transformer oils used throughout the 
industry. 


s 


Oil film drop, degrees centigrade 
=7.AW,0-88y,9-28 (3) 


To show that these determinations are 
accurate, the test values are compared 
with those calculated from equation 3 in 
Figure 2. Equation 3 is in good agree- 
ment with published data! on free convec- 
tion in the range used in this paper. 

With this factor determined the final 
equation for oil temperature becomes: 


Top-oil temperature, degrees centigrade = 
ingoing water temperature degrees 
centigrade+1/. water temperature 
rise, degrees centigrade +0.37 W,!-°+ 
7.4W 0-58 ,9-8 +2 degrees centigrade 


(4) 


The heat-run results in Table I are 
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water temperature 
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ture rise on top-oil 
temperature 
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Water rise, degrees 

centigrade = watts + 

(264 X gallons per 
minute) 
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Table |. Heat Runs on 6,000-Kva Water-Cooled Transformer ~ 


ee aa 
Ingoing / 
Watts Water Water Top-Oil Water Rise, Degrees 
Dissipated Temperature, Rate, Temperature, Centigrade 
by Cooling Degrees Gallons per Degrees 
Test Coil Centigrade Minute Centigrade Test Calculated* 
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*Calculated water rise = watts/(264 X gallons per minute). 4 
The air temperature ranged from 17 degrees centigrade to 27 degrees centigrade during these tests. 


compared with calculations using equa- 
tion 4 in Figure 3. 


Curves for Top-Oil Temperature 
Rise 


From equation 4 curves of top-oil tem- 
perature rise versus loss are plotted in 
Figure 4 for ingoing water temperatures 
from 0 degrees centigrade to 37.5 degrees 
centigrade, holding a constant water 
temperature rise of 10 degrees centigrade. 

On Figure 5 similar curves are shown 
for water temperature rises from 0 degrees 
centigrade to 20 degrees centigrade, hold- 
ing a constant ingoing water temperature 
of 25 degrees centigrade. 

On both Figure 4 and Figure 5, a dotted 
line for 25 degrees centigrade ingoing 
water temperature and 10 degrees centi- 
grade water temperature rise is plotted. 
This curve was derived by the author in 
1938 for design use, and acceptance heat 
runs on dozens of transformers have 
shown it to be quite accurate. 

In order to make these heating curves 
more usable by the transformer operator, 
the double family of curves on Figure 6 
has been prepared. With these curves, 
if the transformer-oil temperature rise is 
known for any one condition of loss, water 
rate, and ingoing water temperature, then 
the temperature can be determined for 
any other set of conditions. As an ex- 
ample, for any known load and water 
temperature, the water rate can be pre- 
determined to hold a specified oil tem- 
perature. 

If a high degree of accuracy is required, 
the tank dissipation should be estimated. 
For each square foot of tank surface allow 
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one watt for each degree centigrade the 
oil temperature is above the air tempera- 
ture. For example, if the tank surface is 
500 square feet and the expected oil 
temperature is 30 degrees centigrade 
above the air, the tank dissipation will be 
15,000 watts. In a normal water-cooled 
power transformer the error in this simple 
calculation will affect temperature-rise 
calculations by less than one degree 
centigrade. 


Winding Hot-Spot Temperature 


This paper contains no new test data 
on winding hot-spot temperatures. It 
appears, however, that published infor- 
mation on self-cooled transformers can be 
used to estimate the hot-spot temperature 
in water-cooled transformers. 

There is a wealth of information on hot- 
spot temperatures in self-cooled trans- 
formers in reference paper.? The data 
have to be analyzed in a somewhat differ- 
ent manner, however, to be used in this 
paper. 

Reference paper 2 states that when the 
top-oil increment is relatively small, the 
winding hot-spot temperature rise over 
top oil varies as (loss)®8. An examina- 
tion of the tests shows this to be true if 
the increases in load are accompanied by 
an increase in oil temperature. In mak- 
ing normal short-time overload calcula- 
tions, this relation between hot-spot rise 
and loss is reasonably accurate, because 
an increase in loss increases the oil tem- 
perature. To use these data for other 
conditions of top-oil temperature varia- 
tion, the hot-spot temperature rise must 


be given a viscosity correction. Since 
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RELATIVE WINDING..LOSS.- 


Figure 7. Winding hot-spot temperature rise 
over top oil as a function of winding loss and 
oil temperature 


the hot-spot rise over top oil is largely an 
oil-film drop, such a correction should be 
legitimate. 

After analyzing the test data in refer- 
ence paper 2 and other data on oil-film 
drop, the writer has come to the conclu- 
sion that hot-spot rise over top oil can be 
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Figure 8. Effect of ingoing water temperature 
on permissible load, keeping constant hot- 
spot temperature 


At 100 per cent load: 
Water temperature=25 degrees centigrade 
Water rise =10 degrees centigrade 
Top-oil temperature=69 degrees centigrade 
Hot-spot temperature = 90 degrees centigrade 
Loss ratio=2:1 

A—For constant water rise 

B—For constant water rate 
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expressed approximately by the following 
equation: 


Hot spot over top oil, degrees centigrade 
= KeL°-%y508 (5) 


where 


K2,=a constant depending on the winding 
dimensions 

Z,=winding loss in watts 

uy = oil viscosity at film temperature in centi- 
poise 


The data supporting this conclusion are 
as follows. 


1. The oil-film drop on the water-cooling 
coil was found to vary as (loss)°-8§ and (vis- 
cosity)®%, 


2. Plate-to-oil tests shown in reference 
paper 3 can be correlated accurately by 
assuming the oil-film drop to vary as 
(loss)°-* and (viscosity)®*. 


8. The hot-spot data from the three trans- 
formers tested in reference paper 2 can be 
correlated in a similar fashion. Taking 
only those conditions having a relatively 
low top-oil increment and assuming the 
hot-spot rise to be an oil film drop gives the 
following relations: 


Oil-Film- 
Drop 
Transformer Correlation 
Pie OS 000 TEV 8 isso enece: iava tio, sie eyo se (L)99(w,)0+12 
IE ARO RANE AEG sono 5 Te oe Sete oo (L)%9(2-) 9% 46 
OAP=6028) ba KV A Ss eee Naiettent: oe ns (L) 0-9 (u, 0°25 


When all of the foregoing was taken 
into consideration, the use of (loss)®-9 and 
(viscosity)-* seemed to be the best aver- 
age to use until more reliable data are 
available. From study of other unpub- 
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Figure 9. Effect of water rate on permissible 
load, keeping constant hot-spot temperature 


At 100 per cent load: 

Water temperature =25 degrees centigrade 

Water rise =10 degrees centigrade 

Top-oil temperature=69 degrees centigrade 

Hot-spot temperature = 90 degrees centigrade 

Loss ratio=2:1 

A—For 25-degree-centigrade ingoing water 
temperature 
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lished data the author believes the use of 
these exponents for overload calculations 
will give conservative results. 

This viscosity effect is particularly im- 
portant for calculating permissible con- 
tinuous overloads at reduced ambient 
temperatures. Under this condition as 
the load goes up the oil temperature 
comes down. Thus, on overloads the oil 
viscosity is higher than at normal load in 
standard ambient. The effect is to in- 
crease the hot-spot over top oil as approx- 
imately (loss)!*°, This is fortunate since 
turn insulation and other solid insulation 
temperature drops also increase as 
(loss)!-°, 

To facilitate calculation, a family of 


‘curves has been plotted on Figure 7 


showing hot-spot variation with winding 

loss and oil temperature as plotted from 

equation 5. i 

Permissible Loading When Water 
Temperature and Water Rate Are 
Changed 


By the use of the curves in this paper, 
the effect of changing the water rate and 
the ingoing water temperature on a typi- 
cal water-cooled transformer can be cal- 
culated. Assume that a transformer has 
the following characteristics at 100 per 
cent load: 


Ingoing water temperature=25 degrees 


centigrade 

Water temperature rise=10 degrees centi- 
grade 

Hot-spot temperature=90 degrees centi- 
grade 


Top-oil temperature = 69 degrees centigrade 
Loss ratio=2:1 


By using Figure 6 and Figure 7 the per- 
missible loads that can be carried by this 
transformer with other ingoing water 
temperatures are shown on Figure 8. 
One curve is for a constant water rate, 
and the other applies if the water rate is 
changed with load to maintain ten de- 
grees centigrade water rise at all times. 
It is interesting to note that very little is 
gained by increasing the water rate at the 
higher loads. For either condition the 
load can be increased approximately 0.8 
per cent for each degree centigrade the 
water temperature is under 25 degrees 
centigrade and should be reduced approx- 
imately two per cent for each degree 
centigrade the water temperature is 
above 25 degrees centigrade. 

Similarly, Figure 9 shows how the load 
can be varied, if the water rate is changed, 
holding constant ingoing water tempera- 
tures. 

Figures 8 and 9 are drawn on the basis 
of maintaining a constant winding hot- 
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spot temperature except for loads less 
than 100 per cent, where the top oil tem- 
perature is kept constant on account of 
the core temperature being the limiting 
factor. 


Discussion 


Incrustations in the cooling coil will in- 
crease the temperature difference between 
the water and the cooling coil by adding a 
scale temperature drop and consequently 
will increase the oil temperature. 

It is apparent from the foregoing that 
the viscosity of the oil is a very important 
factor in water-cooled transformer calcu- 
lations. If the oil in a transformer does 
not have a viscosity—temperature relation 
similar to that shown in Figure 1, the 
curves given in this paper will not apply. 
In general, however, an appreciable differ- 
ence will be noted only when the ingoing 
water temperature is low. 

Additional test data must be obtained 
to permit a more precise calculation of 
winding hot-spot temperatures in water- 
cooled transformers. However, with the 
small difference in temperature between 
top oil and average oil that exists in most 
water-cooled transformers, hot-spot tem- 
peratures are usually not a problem to the 
designer. This is in contrast to some 
self-cooled transformers that have top-oil 
increments of as much as ten degrees 
centigrade, or even more where the aver- 
age winding rise must be reduced to meet 
the hot-spot limit. 

Even in a water-cooled transformer, 
where the oil encounters very little fric- 
tion in its path of flow, the top-oil incre- 
ment may be five degrees centigrade or six 
degrees centigrade instead of two degrees 
centigrade, if the oil level is only a small 
distance above the core and coils or if the 
cooling coi] extends down too far along 
the core and coils. For these cases the 
curves in this paper still can be used with 
little error to estimate the effect of chang- 
ing load, water temperature, and water 
rate. (The designer must know how 
much the oil temperature will increase to 
be sure that the hot-spot-temperature 
limit is not exceeded.) 
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Formulas for Conductor Size According 


to Cost of Resistance Loss 


HERBERT B. DWIGHT 


FELLOW AIEE 


N DESIGNING an electric-power line 
the choice of conductor depends on 
several factors such as mechanical 
strength, corona loss, reactance, and re- 
sistance. In the early years of electric- 
power transmission and distribution, a 
size of conductor was chosen which was 
considered the best in view of all the re- 
quirements. At present so many differ- 
ent types of line conductors are available 
that each feature can be provided for al- 
most independently. Thus, a core of 
steel or bronze may be specified to provide 
the required mechanical strength; a hol- 
low conductor may be chosen to avoid 
corona and to reduce the reactance; and 
the resistance, that is the current density, 
may be chosen according to the cost of re- 
sistance loss or according to temperature 
rise. 

In this paper are described formulas by 
which the conductor size, usually ex- 
pressed by the number of circular mils, 
can be computed conveniently according 
to the cost of resistance losses. 

The effect of the cost of resistance loss 
is such that in most cases where one is 
choosing a conductor for a power circuit 
that is to be built there is a certain current 
density at peak load that should not be 
exceeded. 

The cases are divided into two classes 
which are markedly different. Where 
the conductors are owned by the company 
which generates the power, conditions at 
peak load are predominant. On the 
other hand, where the losses in the con- 
ductor are paid for by the kilowatt-hour, a 
careful determination must be made of 
the ratio of the yearly average resistance 
loss to the maximum. This ratio may be 
very low on some branch circuits which 
may go practically unused for extended 
periods. In spite of the difference be- 
tween the two classes, the same formulas 
may be used for both. i 

Where the conductors are owned by the 
power company, the problem depends 
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almost entirely on conditions at peak 
load, and the work of choosing a conduc- 
tor size becomes comparatively simple. 
After the maximum advisable current 
density has been determined for a given 
location, it can be applied quickly for 
almost any case that might arise, and the 
length of line, voltage, and so forth, need 
not affect directly the choice of conductor 
cross section. After the maximum cur- 
rent density for uninsulated conductors 
has been determined, it is a simple rule to 
state that in specifying new conductors of 
that type at any voltage, this current 
density should not be exceeded unless 
there is an exceptional case. 

The simplest case will be taken up first, 
and details arising from various items will 
be added later. 

Let 


C=circular mils of a bare overhead copper 
conductor 

Cubic inches of copper per 1,000 feet =70 x 

10-*X 12,000 


Cost of copper at v dollars per pound, in- 
stalled, and 0.321 pound per cubic inch is 


0.321 X qlo-*x 12,000 Cv = 0.003083 Cv dollars 


per 1,000 feet 
Annual fixed charge at m, per cent 
=0.0000303 Cum, per year 


Resistance at 0.692 X 1076 ohm per inch cube 
at 25 degrees centigrade =0.692X10-&X 
10,600 


4 
12,000 x—a% iQ ohms per 1,000 feet 
Tv 


[? 
Resistance loss at J amperes 10.075 kilo- 


watts per 1,000 feet (1) 


The numerical coefficients would be 
different for aluminum conductors as 
shown by equations 13 and 14. 

Let power be supplied by a water- 
power station and an intervening power 
circuit whose first cost is s dollars per 
kilowatt and whose annual fixed charge is 
mz per cent, Let the station be enlarged 
enough to supply the resistance loss. Let 
I be the current in the conductor at the 
time of peak load on the station. The 
fixed charge for this enlargement of the 
station for 1,000 feet of conductor is 
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0 1062 25m 
; C 


dollars per year 


Total annual charge for the copper and 
its resistance loss is 


I’smy 
M =0.0000303 Cum +0. 106 C 


dollars per 


1,000 feet of conductor (2) 


The rate of change of M for a given 
current J, as C varies, is 


I?smz 
C2 


dM 
aon 0.0000303 vm, —0.106 (3) 


As long as this is negative, it pays to in- 
crease C. The most economical size is 
when dM/dC=0. Then 


Cis 0.106 sme 
I? 0.0000303 vm 


C [sma : 
==59 aie circular mils per ampere (4) 
I Um, 


Section of conductor is 


A= 71 O-* square inch 


Most economical current density is 
I 4X108 vy 

ita V5, 721-500 y™ 
A 590 SM SMs 


per square inch (5) 


amperes 


Thus, let 


v=0.25 dollar per pound, installed 

s=1650 dollars per kilowatt 

Mm, =m2=12 per cent 

temperature of conductor = 25 degrees centi- 


grade 
sm, 150 
=——=600 
vm, 0.25 


Circular mils per ampere =59 V/ 600 
= 1,450 by equation 4. 


Fuel Cost 


Let the ratio of average resistance loss 
to its value at the time of peak load on the 
generating station be b. This is less than 
the load factor. 

The kilowatt-hours of resistance loss 
per 1,000 feet of conductor per year are 


bf? bf? 
8,760 X 10.6——~ = 93,000— 
< C G 


Let the fuel cost per kilowatt-hour be g 


, dollars. 


b 2 
Aantal. ficheost = 93,0005 


Annual fixed charge on a portion of the gen- 
erating station to supply the line 
I? sme 


losses = 0.106 where s and mz 


have the meanings already described. 
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Annual charge for the conductor and its loss 
is 


2 
M =0.0000308 Conn +7 (0.106sm,+ 
93,0000g)  (@) 


M ES if 
Fie 0.0000303um, — i (0.106s712 


+93,000 bg) 


For the most economical current density, 
including fuel cost, 


Cc? ‘Y 0.106sm2+93,000b¢ 
0.000038030m, 


it 

G sil 

waahs 0.106sm2+93,000bg (7) 
mn vm, 


at 25 degrees centigrade. 

The cost of copper, » dollars per pound, 
should include the cost per pound for in- 
stallation and also the cost of any part of 
the supports whose cost varies directly 
with the weight of copper. 

If the energy is purchased at a certain 
amount per kilowatt-hour, this amount is 
to be taken as the value of g, and in such a 
case $ is to be taken as zero unless there is 
a further charge proportional to the peak 
or demand. In computing the saving 
from reduced resistance losses where a 
step rate is used, the lowest step should 
be taken as the value of g. In case of 
payment by the kilowatt-hour, J is to be 
the peak current in the conductor, and b 
is to be computed for peak load on the 
conductor instead of on the generating 
system. 


Varying Cost Per Pound of Insulated 
Copper 


When the cost per 1,000 feet of a given 
type of insulated conductor is plotted, it is 
found that the conductor cost does not in- 
crease so fast as the weight of copper. 
The insulation tends to be a rather con- 
stant part of the complete conductor. 

Let the rate of increase of conductor 
cost be h times the rate of increase of cop- 
per. Anaverage value of h may be about 
0.75, but it may be much less for small 
wire sizes. It usually may be taken as 
.one for bare transmission-line conductors. 

In order to find the value of h, the cost 
of various sizes of insulated conductor in 
dollars per 1,000 feet may be plotted 
against the number of circular mils of cop- 
per and a smooth curve drawn through 
the points. This curve usually is fairly 
straight. Suppose, for example, that 
two points which give the slope of the 
curve at a desired part of the range are 
$150 per 1,000 feet for 100,000 circular 
mils and $210 per 1,000 feet for 150,000 
circular mils. The percentage increase in 
cost is 60/150 X 100 = 40 per cent, and 
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the percentage increase in the copper is 50 
per cent. Then h=40/50=0.8 for. this 
example. 

Since equation 3 gives the rate of in- 
crease in cost with change of copper sec- 
tion, the factor / applies to the first term 
of equation 3 but not to the second. 
Thus equation 4 becomes 


= soy a 8) 
yet hom, ( 


and equation 5 becomes 


uf hum, 
— =21,500 4 — (9) 
A SM 
for water-power systems. 

Similarly, for insulated copper conduc- 
tors, equation 7 becomes 


C 
C399 \" 106sn12+93,000bg 


hum, 
circular mils per ampere (10) 


The current density is given by 


hum, 


I 
== zo004 
A 0.106sm2+93,000bg 
amperes per square inch (11) 


Formulas 6, 10, and 11 are the only ones 
that need to be put on record for copper 
conductors, as with bare conductors / 
may be put equal to one and in appropri- 
ate cases g, the fuel cost, may be put equal 
to zero. Where energy is purchased by 
the kilowatt-hour the quantity s may be 
put equal to zero. 

The change in resistance due to tem- 
perature or other cause is easily taken 
into account. For instance, where the 
temperature of the conductor at peak 
load is to be taken as 75 degrees centi- 
grade instead of 25 degrees centigrade, the 
resistance will be 19 per cent higher. An 
inspection of the derivation shows that 
the numbers 0.106 and 93,000 are propor- 
tional to the resistance and will be 19 per 
cent higher for 75 degrees centigrade. 
The most economical value of C?/J? will 
be 19 per cent larger, and that of C/I 
will be 9 per cent larger than given by the 
formulas. Similarly, if the conductors are 
hard drawn, the resistance will be about 
2 per cent higher, and the most economi- 
cal value of C/I will be 1 per cent larger. 


Formulas for Aluminum Conductors 


If the derivation of equation 1 is re- 
peated for aluminum instead of for cop- 
per, the cost of aluminum at v dollars 
per pound installed and 0.098 pound per 
cubic inch is 


0.098(r/4)10—-§ X 12,000 Cv =0.00092 
Cu dollars per 1,000 feet 
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Resistance at 1.1385 X 107° ohm per inch 
cube at 25 degrees centigrade is 


17,300 


ohms per 1,000 feet 


Resistance loss at J amperes=17.3(I?/C) 
kilowatts per 1,000 feet 


The kilowatt-hours of resistance loss per 
year are 


bf? bj? 
8,760 X17.83—~ = 152,000—— 
(63 Cc 


The annual charge for the aluminum con- 
ductor and its resistance loss is 


[? 
Mia) =0.0000092Com + (0.17351 
152,000bg) (12) 


For the most economical current density 


C?_0.173sm2+152,000bg 
I? 00000092 hom, 


C330 10.173 sm2+152,000 bg 
If hum, 


circular mils per ampere (13) 


and 


=3 200 ni 
Aiea} 0.173 sm2-+152,000 bg 
amperes per square inch (14) 


for aluminum conductors. 

The steel core scarcely needs to be con- 
sidered, as it may be taken to be similar 
to an equal weight of insulation, so far as 
this computation is concerned. 

In cases where the generating system is 
not fully loaded and has no prospect of 
being so for some years (the ownership of 
the conductors being the same as that of 
the generating system), then the equa- 
tions described in this paper should not be 
used, but the smallest possible conductors 
should be specified. 

The question of how heavily a conduc- 
tor should be loaded with current after it 
has been installed is not discussed in this 
paper. It is an entirely different ques- 
tion from that of choosing the size of a 
conductor that is not yet installed. After 
a line is built, it may be advisable to load 
it to a higher current density than the 
value for greatest economy used in an 
original design. 

The determination of conductor size 
according to cost of resistance loss is 
particularly appropriate for overhead con- 
ductors, as the heating limit is seldom 
approached and there is a considerable 
range of resistances that can be chosen 
without much effect on the reactance or 
mechanical strength. The calculation of 
the most economical conductor size is 
simple and definite, especially where it 


TRANSACTIONS 23 


depends mainly on the peak value of cur- 
rent rather than on the kilowatt-hours of 
resistance loss. 


List of Symbols 


A=area of conductor section in square 
inches 

b=ratio of average resistance loss to its 
value at the time of peak load 

C=area of conductor section in circular mils 

g=fuel cost in dollars per kilowatt-hour 

h=ratio of increase in conductor cost to in- 
crease in conductor section 

J=current in the conductor at time of peak 
load 

M=total annual charge for a copper con- 
ductor and its resistance loss 

M,=total annual charge for an aluminum 
conductor and its resistance loss 

™,=per cent, annual fixed charge on con- 
ductor 

m:=per cent, annual fixed charge on gener- 
ating system 

s=first cost of generating system, dollars 
per kilowatt 

v=cost, dollars per pound of copper or 
aluminum 


Example 1 


‘An example that shows clearly how 
losses in conductors can be balanced 
directly against a proportionate part of 
the cost of the entire generating system is 
that of the leads from the terminals of a 
water-wheel generator whose rating in 
amperes is 1,800 amperes. Take the 
following values (see list of symbols): 


I=1,800 amperes My =M2=15 

g=o0 s=$160 per kilowatt 

b= v=0.20 dollar per 
pound 


temperature of the annealed copper = 40 
degrees centigrade at rated load current 


hom, =0.20X15=3.0 


235+40 

Bus BOTT ig 

Ry 235+25 

1.058 X0.106 s72= 1.058 X0.106 X 160 X15 
=269 

By formula 11 

I wee Us 

7000 ge 

A 269 89.7 9.5 


=740 amperes per square inch 


=, =2.48 square inch, that is, a sec- 
tion of 0.4 by 6 inches may be used. 


It is seen that in this example one 
kilowatt of extra loss in the leads, whether 
they are long or short, would mean a re- 
duction by one kilowatt in the rated out- 
put of the generator and of the complete 
water-power plant. It is worth $160 to 
eliminate one kilowatt of loss in the gener- 
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ator leads. Even if the leads are only 20 
feet long, it is right that they should have, 
at least, a cross section of A = 2.43 square 
inches, 

A comparison is of interest with the 
design that might commonly be used 
based on current-carrying capacity and 
temperature-rise limit. 

A single copper strap, one-fourth by six 
inches, has a current-carrying capacity of 
1,800 amperes at about 35 degrees centi- 
grade rise. This is 63 per cent as much 
copper as the 0.4-by-6-inch size. 

The annual charge per 1,000 feet of con- 
ductor is given by equation 6. 

The circular mils of conductor of 2.43 
square inch section are 


4 
C=2.43 X- X10®=3,090,000 circular mils 
qT 


M =0.0000308 X 3,090,000 X0.20* 15+ 
1,800? 

3,090,000 

= 2814-281 =$562 per year 


1.058 X:0.106 X 160 15° 


Note that the two terms are equal, for 
minimum annual charge, when h=1. 

The circular mils of 1/4 by 6-inch con- 
ductor are 


1 4 
46x ~X10§=1,910,000 circular mils 
T 


M =0.00003083 X 1,910,000 X0.20 X15-+ 
1,800? 

1,910,000 

=174+456 = $630 per year 


1.058 X 0.106 X 160 15 


This is 12 per cent greater than the mini- 
mum, $562. Besides saving 12 per cent 
in annual charges, the heavy size of cop- 
per has the advantages of lower tempera- 
ture and less reactance. 

As in other cases of this application of 
Kelvin’s law, to specify heavier conduc- 
tors at improved economy does not neces- 
sarily mean a larger investment by power 
companies which have plant extensions in 
prospect. The matter is a choice in 
engineering design, whether a certain 
fraction of the investment be made in 
conductors or in generator-station capac- 
ity. See reference 1. 


Example 2 


A 70,000-kva hydroelectric station and 
a 35-mile 115-kv transmission line with 
350,000-circular-mil copper conductors 
were designed and built at the same time. 
The line carries the output of the station 
to a city, where the voltage is regulated 
by synchronous condensers. The cost 
data are taken to be the same as in ex- 
ample 1. 

The transmission line of 350,000-circu- 
lar-mil conductors has 3.1-per-cent resist- 
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ance drop and 14-per-cent reactance drop. 
The circular mils per ampere are 1,000, 
rated current being 350 amperes. 

By equation 10 the most economical 
value of circular mils per ampere is 


G 269 , 
—= 182 ¢— =1,730 circular mils per am- 
if V30 ere mR 


pere 
C=1,730 350 =600,000 circular mils 


By equation 6 the annual charges for 
1,000 feet of 600,000-circular-mil conduc- 
tor are 


M =0.0000303 X 600,000 X0.20 * 15+ 


350? 


600,000 
=55+55=$110 per year 


1.058 X 0.106 K 160 X15 


The annual charges for 1,000 feet of 
350,000-circular-mil conductor are 


M=32+94 = $126 


which is 15-per cent greater than the 
minimum value, $110. 

Note that with usual types of conduc- 
tors, to change from 350,000 circular mils 
to 400,000 circular mils reduces the re- 
sistance by 12 per cent, but the 60-cycle 
reactance at ten-feet effective spacing is 
reduced only one per cent. With hollow 
conductors the change might be made by 
keeping the same diameter and increasing 
the thickness, in which case the reactance 
would be changed practically not at all. 


Example 3 


Although the formulas in this paper are 
chiefly applicable to bare overhead con- 
ductors, occasionally a case occurs in 
which the current density in an insulated 
wire or cable at its maximum permissible 
temperature is greater than the most 
economical current density, and so it pays 
to specify a larger conductor than one 
ordinarily would. 

A conductor insulated with asbestos 
and varnished cambric is used in Wiring 
in a long run in a dry location in free air, 
the temperature of the copper being 75 
degrees centigrade. The peak current is 
600 amperes. The conductor is owned by 
the same company that owns the steam 
station supplying the power. Take 


d=0:25 

g=0.002 dollar per kilowatt-hour 

h=0.7 

mM =m,=15 

5=$110 per kilowatt 

v=0.55 dollar per pound of copper at 
700,000 circular mils 

0.106 sm2=0.106 X110X15=175 

93,000 bg = 93,000 X0.25 0.002 = 46 

MRotalae2o 
hom, =0.7 X0.55 X15 =5.78 
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By equation 10, with the correction 
factor 1.193 inserted for 75 degrees centi- 
grade, the most economical value of cir- 
cular mils is 


1.193 X221 


Sy, i 
578 000 circular 


mils 


600 X182X q 


for which 700,000 circular mils might be 
chosen. The code size for 600 amperes 
for the conditions described is 350,000 
circular mils. 

To show the effect of the factor 0, let 
the computation be repeated with b=0.15 


93,000 bg =93,000 X0.15 X 0.002 = 28 
28+175=203 


The most economical value of circular 
mils is 
600X182 1 1.193 X203 796,000 circular 
5.78 mils 
for which the size 700,000 again would be 
choserf. The difference in the two com- 
puted results is four per cent. 
Again, putting b=0, the most eco- 
nomical value is 


1.193 X175 
600 X 182 4/——_——— = 650,000 
B \ 5.78 


Though this is a slightly smaller size than 
700,000 circular mils, it is much larger 
than the size given by heating consider- 
ations alone. Although the factor } for a 
conductor which is being specified is not 
always easy to estimate, the precise value 
of 6 is not of very great importance in 
cases where the conductor is owned by 
the power company, as in the case of most 
transmission and distribution lines. 

The percentage increase in size from 
350,000 to 700,000 circular mils is 100 per 
cent. Then the ratio in the cost per 
1,000 feet of the two sizes is 


circular 
mils 


141.00 X0.7 =1.7 


For 350,000 circular mils, the cost per 
pound of copper is 


0.55 = =0.65 dollar 
The annual charge for 1,000 feet of the 
700,000-circular-mil conductor is by equa- 


tion 6, taking b=0.25, 


M =0.0000303 X 700,000 X 0.55 X 15+ 
600? 
700,000 


221 =175+114+$289 


For 1,000 feet of 350,000-circular-mil 
conductor, 


M =0.0000303 X 350,000 X 0.65 X 15-++ 
600? 
350,000 


221 = 1034227 = $330 
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which is 14 per cent greater than $289, 
the minimum value. 

In this example, even if the load factor 
were almost zero, a heavy conductor 
could be specified at a saving in annual 
cost, with the additional advantages of 
lower temperature, longer insulation life, 
less voltage drop from reactance, and 
greater overload capacity. 


Example 4 


The corridors of an apartment building 
are wired with number-10 wire in iron 
conduit. The main electrical load is the 
lighting fixtures which are turned on for 
an average of 15 hours a day throughout 
the year. The current in the wires of the 
lighting circuits is 22 amperes, diminish- 
ing uniformly toward the end of the 
branch circuits, plus three amperes taken 
for short times from the outlets. This 
gives a maximum current in the wire of 25 
amperes, for which the code size of wire is 
number 10. 

Because of the current’s tapering off 
uniformly along the wire, its resistance 
loss is one-third of what it would be with 
full current in all parts. Then 


Take g=0.016 dollar per kilowatt-hour, 
in lieu of fuel cost, »=0.65, m= 14, s=0, 
v=$2 per pound of copper installed, in- 
cluding cost of conduit and insulation, for 
number-8 wire. 


93,000 bg = 93,000 X 0.208 X 0.016 =310 
hom, =0.65 X 2.00 X14=18.2 


where [=22 amperes, the current which 
flows 15 hours each day. 
The most economical section of wire is 


C=750 X22 =16,500 circular mils 


that is, number-8 wire. 

The percentage increase in size from 
10,400 circular mils to 16,500 circular 
mils is 59 per cent. Then the ratio in the 
cost per 1,000 feet of the two sizes is 


1+0.59 X0.65=1.38 


For number-10 wire, the cost per pound of 
copper is 


2.00 X (1.59/1.38) = $2.30 


The annual charge for 1,000 feet of num- 
ber-8 wire is, by equation 6, 
M =0.0000303 X 16,500 X 2.00 X 14+ 
2 
ie 93,000 X0.208 X 0.016 


16,500 
=14.04+9.1=$23.1 
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For 1,000 feet of number-10 wire, 


M =0.0000303 X 10,400 X 2.30 X 14+- 


222 
70,400 93,000 X 0.208 X 0.016 


=10.1+14.4=$24.5 


which is six per cent greater than 23.1, the 
minimum value. 


Example 5 


Groups of lighting fixtures are supplied 
by number-10 wire, the conditions being 
the same as in example 4, except that the 
wiring is owned by the company which 
owns the steam station. 


g=0.002 dollar per kilowatt-hour 

M,=14 

s =125 dollars per kilowatt 

0.106 sm: =0.106 X 125 14=186 

93,000 bg = 93,000 X0.208 X0.002 = 39 
Total 225 

hom, =0.65 X 2.00 X14=18.2 


By equation 10 


G \ 
Bi Seo ei 646 
ip 18.2 


where J=22 amperes, the current which 
flows 15 hours per day. 

If one wire size is to be chosen for this 
entire part of the wiring, the most eco- 
nomical section is 


C=640 X22 = 14,000 circular mils 


For the wires leading to the groups of 
fixtures, the current has full value and 


93,000 bg = 93,000 X 0.625 X 0.002 = 116 
186+116 =302 


G 302 

—=1824—=740 

I 18.2 

C=740 X22 =16,300 circular mils, or num- 
ber-8 size 


Thus, if the current density is watched 
for each part of the wiring, larger than 
code sizes may be specified free of extra . 
cost for the more heavily loaded parts. 
If the slight complication of changing 
wire sizes is considered worth while, the 
advantages of reduction in voltage drop, 
longer insulation life, and greater over- 
load capacity may be obtained. This 
applies to the same extent to exam- 
ple 4. 
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Measurement and Effect of Contact 
Resistance in Spot Welding 


ROBERT A. WYANT 


NONMEMBER AIEE 


POT WELDING consists essentially 

of clamping two pieces of sheet metal 
between two copper electrodes and pass- 
ing through the pieces an electric cur- 
rent of sufficient strength to fuse them 
together at the spot where the current is 
most concentrated. Spot welding is the 
simplest of the electric resistance-welding 
processes which depend upon the Joule 
effect, H=J?RT, for the generation of 
heat. The total resistance, R, in spot 
welding consists of the body resistance of 
the metal between the electrodes plus the 
sum of the sheet-to-sheet and electrode- 
to-sheet contact resistances. The pur- 
pose of this paper is to report to the elec- 
trical-engineering profession on recent in- 
vestigations of the electrical resistance of 
these contacts and the importance of 
these resistances in the spot-welding 
process. 


Contact resistance is believed to be ex- 
tremely important in the spot welding of 
all metals. Knowledge of the subject, 
however, is very limited in spite of exten- 
sive use of the spot-welding process. 
Doctor F. J. Studer at Union College and 
Doctor W. B. Kouwenhoven at Johns 
Hopkins University have made a good 
start in studying contact resistance from 
the point of view of spot welding, but 
much remains to be done.!?_ In England 
R. F. Tylecote has done much to advance 
knowledge of the subject. During the 
past few years much has been learned 
about contact resistance and the spot 
welding of aluminum alloys.4 This has 
been largely the result of the aircraft spot- 
welding research program at the welding 
laboratory of the Rensselaer Polytechnic 
Institute. The work was sponsored by 
the National Advisory Committee for 
Aeronautics, the Army Air Forces, and 
the Navy Bureau of Aeronautics. Prior 
to the latter work some observations of 
contact resistance were made at the same 
laboratory in connection with research 
on the spot welding of steels.» This work 
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was sponsored by the Welding Research 
Council of the Engineering Foundation, 
of which the AIEE is a cosponsor with 
the American Welding Society. 


Methods of Measuring Contact 
Resistance 


The contacts in spot welding do not . 


have constant values of resistance. Be- 
fore the welding current starts to flow the 
resistance of the contacts depends pri- 
marily upon the surface condition of the 
contacting metals. Factors of less im- 
portance are the kinds of metal in con- 
tact, the electrode force, and the size and 
shape of the electrode tips. As soon as 
the welding current starts to flow, the re- 
sistance of each contact quickly decreases 
as more intimate contact is made between 
the two metals. In studying these con- 
tacts two types of resistance measure- 
ments are necessary: a measurement 
under static conditions to determine the 
initial contact resistance and an oscillo- 
graphic measurement to follow the change 
in resistance while the weld is forming. 
The latter measurement necessarily must 
be made with the specimens clamped be- 
tween the electrodes of an actual spot- 
welding machine. The initial contact 


SHEET-TO- SHEET 
RESISTANCE 


ELECTRODE -TO-SHEET 
RESISTANCE 
Figure 1. Diagram showing planes between 
which sheet-to-sheet and electrode-to-sheet 
resistances are measured 
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resistance may be measured with the 
specimens clamped between the elec- 
trodes of either a spot-welding machine or 
a small press built especially for the pur- 
pose. The small press usually is em- 
ployed when contact resistance measure- 
ments are used to evaluate the surface 
condition of the metals to be welded. 

Attention must be called to the fact 
that the resistances measured in this 
work are not simple contact resistances. 
The sheet-to-sheet resistance includes 
the contact resistance plus the resistance 
of one sheet of material. Likewise, the 
electrode-to-sheet resistance includes the 
contact resistance plus the resistance of 
one-half sheet of material. This point is 
illustrated by Figure 1. At the start of 
the weld the body resistance of the ma- 
terial is usually negligible in comparison 
with the contact resistance. As the 
formation of the weld progresses, the body 
resistance of the material accounts for an 
increasingly greater part of the measured 
resistance. 


STATIC MEASUREMENTS 


Though there are several different 
methods of measuring contact resistance, 
they all require a small press for clamping 
a pair of specimens in contact with each 
other. A typical press is shown in Figure 
2. The essential features of this press 
are the copper electrodes and the hy- 
draulic jack and calibrated spring for 
applying a force of known magnitude to 
the electrodes. 

The electrodes are made of one of the 
copper alloys which are commonly used 
for spot-welding electrodes. In fact the 
press should be designed to take a pair of 
standard electrode tips. One electrode 
has to be insulated electrically from the 
press in order to direct the current 
through the specimens. The contour of 
the electrode faces should be spherical 
with a radius of curvature of three or four 
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Figure 2. Press for the measurement of con- 
tact resistance 
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inches. This is an important point, be- 
cause erratic measurements may result 
from using electrodes with flat faces. It 
is difficult to keep flat faces parallel, and 
as a result the distribution of pressure 
over the contact area may be inconsistent. 
When the electrode contour is spherical, 
the specimens tend to adjust themselves 
to that contour, as indicated by Figure 1 
in which the effect is greatly exaggerated. 
This naturally tends to produce a more 
consistent area of contact and distribu- 
tion of pressure over that area. Another 
factor, which may affect the consistency 
of the results, is play or freedom of move- 
ment of the electrodes with respect to 
their intended axis of alignment. The 
construction of the press must be such as 
to keep the electrodes rigidly in alignment 
and yet to permit their easy movement 
along the alignment axis. An electrode 
force of 1,000 pounds is employed with 
electrodes having a contour four inches in 
radius. Satisfactory results also may*be 
obtained by using an electrode force of 
500 pounds with electrodes having a con- 
tour three inches in radius. 

At least three different circuits have 
been successfully employed for measuring 
contact resistance. At this laboratory a 
modified Kelvin double-bridge circuit is 
used, as shown in Figure 3. The current 
through the contact is limited to within 
20-100 amperes by means of Ry. Within 
this range the actual magnitude of the 
current has no appreciable effect on the 
resistance of the contact, but it must be 
high enough to make the circuit suffi- 
ciently sensitive. In this circuit R, is a 
standard resistance of 100 microhms. 
Each of the R,; and R; resistance arms 


- consists of two decade units in series (10 


and 100 ohm steps). Each of the R, and 
R, resistance arms consists of a fixed re- 
sistor of the plug-in type (10, 100, or 1,000 


AMMETER-VOLTMETER A-C CIRCUIT 


Figure 3. Circuits for measuring contact re- 
sistance 
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ohms). Thus by changing R, and R4 
three ranges of R, can be covered: 100 
to 10,000, 10 to 1,000, and 1 to 100, all 
in microhms. In operating the bridge, 
R, is always kept equal to R3, and R» is 
kept equal to Ry. The circuit is direct 
reading in the sense that, when it is bal- 
anced, the value of R, in microhms is ob- 
tained simply by multiplying the reading 
of R, by a multiple of ten. Although the 
precision of the circuit is not great, it is 
ample for the requirements of this work. 
For more details on this circuit the 
reader is referred to previous papers.®” 
Contact-resistatice measurements at 
some laboratories are made by the 
voltmeter-ammeter method using alter- 


nating current, as shown in Figure 3.8 | 


This circuit requires the use of a sensitive 
vacuum-tube voltmeter for measuring the 
voltage drop across the contact. Current 
and voltage readings have to be taken 
simultaneously, and, therefore, to avoid 


Pe eS ee SA 
abe ~— 2.83”’——>] >| si 
5” 
1 1 ‘ YY au 
SSS aT 0.064 
Figure 4. Circuit and standard resistance for 


measuring contact resistance by means of 
millivoltmeter 


Material for Rs—Bare 245-T aluminum alloy 
C—Points for current connections 
P—Points for potential connections 


errors due to fluctuations in line voltage, a 
constant-voltage transformer usually is 
employed. The magnitude of the current 
in this circuit also is limited to a range 
from about 20 to 100 amperes. This cir- 
cuit is somewhat faster in operation than 
the bridge circuit just described. 

The circuit shown in Figure 4 is recom- 
mended for plants where there is a lack of 
electric equipment and where contact- 
resistance measurements are to be made 
at a minimum of expense. In this circuit 
the unknown contact resistance is com- 
pared with a standard resistance, Ry, of 
100 microhms. The most important ele- 
ment in the circuit is the millivoltmeter, 
which should have a range of from 0 to 20 
millivolts for measuring resistances below 
1,000 microhms. The resistance, Ry, is 
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Figure 5. Alignment chart for evaluating 
measurements made with circuit shown in 
Figure 4 
lz 
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R,=100 microhms 


used to keep the current within a range 
from 20 to 100 amperes. The actual 
magnitude of the current is not impor- 
tant, but it should not vary while the 
voltage drops across the contact and the 
standard resistances are being measured. 
A standard resistance of 100 microhms 
and of sufficient accuracy for this work 
can be easily made from a piece of 24.S-T 
aluminum-alloy sheet as shown in Figure 
4. The precision of this circuit depends 
upon the accuracy of the millivoltmeter 
and the standard resistance. Therefore, 
it is recommended that the resistance of 
the standard be checked by some means 
and adjusted to within at least plus or 
minus five per cent of its intended value. 
The resistance of such a standard does 
not change appreciably, because of the 
heating effect of the current while meas- 
urements are being made. The align- 
ment chart, shown in Figure 5, is provided 
for obtaining the resistance of the contact 
from the millivoltmeter readings without 
making calculations. 


Dynamic MEASUREMENTS 


Contact resistance is measured during 
welding by means of an electromagnetic 
oscillograph, as shown in Figure 6. A 
shunt, consisting of a piece of manganin 
(Rs), is installed in the lower electrode 
holder for the purpose of obtaining a 
voltage drop which is an accurate measure 
of the welding current. Suitable poten- 
tial connections are made to the shunt, 
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electrode tips, and specimens. The leads 
for these connections have to be twisted 
carefully and arranged to avoid inductive 
effects. With this arrangement a com- 
plete record of the four important voltage 
drops is obtained when a weld is made. 
The oscillograph circuits are calibrated in 
terms of volts per inch deflection, and the 
desired values of resistance are obtained 
by measuring the oscillograms and mak- 
ing the necessary calculations. This is 
done for each contact, and the results are 
plotted as a function of time. It is usu- 
ally desirable to superimpose a plot of the 
welding current on the resistance curves. 


Contact Resistance and the Spot 
Welding of Aluminum Alloys 


The surfaces of aluminum alloys are 
characterized by the presence of an oxide 
film which must be removed or otherwise 
operated upon before these alloys can be 
satisfactorily spot-welded. The surfaces 
of these alloys can be prepared for spot 
welding by either mechanical or chemical 
methods. By the mechanical methods 
the original oxide film is removed from 
the surface of the metal by means of a 
wire brush, steel wool, or abrasive cloth. 
The chemical methods consist of immers- 
ing the metal in a chemical solution which 
removes the original oxide film or trans- 
forms it in such a way as to make the sur- 
face suitable for spot welding. Chemical 
methods have many advantages over 
mechanical methods, and during the past 
few years the trend in industry has been 
toward chemical methods. 


ORIGINAL EXPERIMENT 


An experiment was devised in which a 
pair of specimens could be clamped be- 
tween the electrodes of a spot-welding 
machine, and the contact resistance 
measured both before and during weld- 
ing.4 The circuit by which this was ac- 
complished is shown in Figure 7. In the 
experiment specimens of Alclad 24S-T 
sheet were treated in a solution of hydro- 
fluoric acid, which was recommended for 
the purpose at that time (1941). After 
treatment each pair of specimens was 
clamped between the electrodes and the 
initial contact resistance measured by 
means of the Kelvin double-bridge circuit 
shown in Figure 7. Without disturbing 
the specimens in any way the welding 
current next was passed, and the change 
in contact resistance was followed oscillo- 
graphically by means of the connections 
that are also shown in Figure 7. The re- 
sults of the initial bridge measurements 
are plotted in Figure 8. It will be noted 
that the contact resistance was a critical 
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Figure 6. Oscillograph connections for meas- 
urement of voltage drops in secondary circuit 
of spot welder 


A—Upper electrode to sheet 
B—Sheet to sheet 
C—Lower electrode to sheet 
D—Secondary current 
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Figure 7. Circuit for measurement of resist- 

ances in original investigation of the surface 

preparation of aluminum alloys for spot weld- 
ing 


function of the time of immersion in the 
hydrofluoric acid. The contact resistance 
fell from an average of 608 microhms at 
zero time to 226 microhms at five seconds, 
and it reached a minimum of 20 microhms 
at ten seconds. As the treating time was 
increased, the contact resistance increased 
to 49 microhms at 15 seconds, and it 
reached a value of 586 microhms at 30 
seconds. The welds which were made 
immediately following these measure- 
ments were carefully examined. It was 
found that the best welds, with respect to 
uniform shape of the fused zone, were 
obtained at treating times of 10 and 15 
seconds where the contact resistance was 
low. Photomicrographs of typical sec- 
tions through the welds are also shown in 
Figure 8. These welds indicated that, 
when the contact resistance was low, the 
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welding current was distributed uni- 
formly over the contact area, and there- 
fore the fusion occurred uniformly across 
the weld zone in all directions. When 
the contact resistance was high, the weld- 
ing current tended to concentrate at the 
points of least resistance on the contact 
area, and therefore the distribution of 
heat was not uniform throughout the 
weld zone. This was the origin of the 
concept that a low contact resistance is 
desirable for spot welding the aluminum 
alloys. Some typical results of the 
oscillographic measurements are shown in 
Figure 9. The values of contact resist- 
ance at zero time were the result of the 
initial bridge measurements, and the 
values at the other intervals after the 
start of the weld were obtained by analy- 
sis of the oscillograms. The correlation 
between the initial and oscillographic 
measurements indicated that the contact 
resistance measured under static condi- 
tions was essentially the same as the pre- 
vailing contact resistance at the instant 
when the welding current started to flow. 
Following this experience, the static 
method of measuring contact resistance 
in a small press was adopted to facilitate 
further research on the surface prepara- 
tion of aluminum alloys for spot welding. 


UNTREATED AND MECHANICALLY 
PREPARED SHEET 


Contact resistance measurements were 
applied to untreated and wire-brushed 
specimens at an early date.4 The resist- 
ance between untreated specimens is con- 
sistently high and usually greater than 


Figure 8. Surface-treating characteristic and 

photomicrographs showing relation between 

sheet-to-sheet resistance and distribution of 
fusion in weld zone 
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SHEET-TO-SHEET RESISTANCE IN MICROHMS 


TIME IN MILLISECONDS 
AFTER START OF WELD 


Figure 9. Sheet-to-sheet resistance during 
formation of spot weld in an aluminum alloy 


Six per cent hydrofluoric acid, 0.040-inch 
Alclad 245S-T, four-inch dome tips 

Electrode pressure—1,000 pounds 

At T=0, R,=221, Rr=244 


1,000 microhms. Between wire-brushed 
specimens the resistance is consistently 
low and of the order of 5 to 25 microhms, 
provided that the surface preparation has 
been thorough. Untreated sheet cannot, 
of course, be satisfactorily spot-welded. 
Very good welds can be made in wire- 
brushed material, but this method of sur- 
face preparation has been largely dis- 
placed by chemical methods. 


DEVELOPMENT OF CHEMICAL METHODS 
OF SURFACE TREATMENT 


At the time of the original experiment 
with hydrofluoric acid, proprietary solu- 
tions were just beginning to appear on the 
market for the surface treatment of 
aluminum alloys for spot welding. No 
time was lost in applying contact-resist- 
ance measurements in an investigation of 
those proprietary solutions and a number 
of purely experimental solutions.® All of 
the effective solutions gave character- 
istics similar to that shown in Figure 8 for 
hydrofluoric acid, except for the fact that 
they were all less critical with respect to 
time. Furthermore, very good welds 
always were obtained when the contact 
resistance was low, regardless of what 
treating solution was used. The fact 
soon became well established that the con- 
tact resistance between chemically pre- 
pared specimens is primarily a function of 
the time of immersion in the treating 
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SURFACE RESISTANCE IN MICROHMS 


TIME OF TREATMENT IN MINUTES 


Figure 10. Surface-treating characteristics for 

the aluminum alloy, Alclad 245-T, in hydro- 

fluosilicic-acid solution at 75 degrees Fahren- 
heit 


Three-per-cent H,SiFs solution, 0.020-inch 
alloy 
—@—Nitrate heat treated 
——A\ir heat treated 


solution. Other factors which may affect 
the resistance are the initial surface condi- 
tion and composition of the alloy being 
treated, and the composition, strength, 
and temperature of the treating solution. 
For any chemical solution that is effective 
for treating a given alloy, there is usually 
a range in immersion time over which the 
contact resistance is consistently low and 
frequently of the order of five to ten 
microhms. Outside this range the resist- 
ance is usually much higher. 

A typical characteristic is shown in 
Figure 10 for the chemical surface treat- 
ment of Alclad 24S-T sheet in one of the 
newer solutions which has proved to be 
very satisfactory and economical, both in 
the laboratory and in production. This 
solution is a result of a research program 
in which contact-resistance measure- 
ments were employed extensively at this 
laboratory.’ It consists of three per cent 
by volume of 28 per cent hydrofluosilicic 
acid, H.SiFs, plus 0.1 per cent by weight 
of the wetting agent, Nacconol NR, in 
water. This solution has many desirable 
characteristics. For example, no heating 
units are required as it operates at room 
temperature. The solution is very sim- 
ple in composition. The time of treat- 
ment is not critical, there being an ample 
range of treating time with little danger 
of overtreatment. The acid is available 
in ample quantities and at low cost. 
There is no health hazard in the use of 
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Figure 11. Graphs showing relationship be- 
tween initial sheet-to-sheet resistance and 
weld shear strength 


Three-per-cent HSiFs solution, 75 degrees 
Fahrenheit, 0.020-inch Alclad 245-T, nitrate 
heat treated, capacitor-discharge welder, 
rapidly rising current, 25,000-ampere peak 


this solution, as there are practically no 
vapors evolved, and the solution is not 
ordinarily irritating to the skin. A 
bright smooth finish is obtained on Alclad 
material. The strength of the solution 
may be determined by a simple titration. 
This is an outstanding advantage of the 
solution, since it permits rapid and pre- 
cise control. The solution is effective for 
treating nearly all of the aluminum-alloy 
sheet materials with the possible excep- 
tion of the bare 24S and 615 alloys. 
Many other laboratories have adopted 
contact-resistance measurements to facili- 
tate the investigation, development, and 
control of surface-treating solutions since 
the original work was reported. Many 
improved solutions now are in use as a 
result. Contact-resistance measurements 
are employed at many aircraft plants to 
control the surface-treating operations in 
production. Furthermore, the latest 
Navy spot-welding specification calls for 
contact-resistance measurements. 


EFFECTS OF CONTACT RESISTANCE 


In spot-welding aluminum alloys the 
relationships between contact resistance 
and the following factors are of consider- 
able interest: 


Size and strength of spot welds. 
Consistency with respect to strength. 
Uniformity with respect to shape. 
Electrode-tip life. 


Lee ae 


TRANSACTIONS 29 


69-12 


400 


350 


| EA 


i= 
SURFACE RESISTANCE 


300 


n 
un 
ie] 


WELD STRENGTH IN LBS. 


SURFACE RESISTANCE IN MICROHMS 


100 


we 
Be 
ra = T 
°: re i ‘ 


4 6 B 
TIME OF TREATMENT IN MINUTES 


Figure 12. Graphs showing relationship be- 
tween initial sheet-to-sheet resistance and 
weld shear strength 


0.020-inch Alclad 245-T, nitrate heat treated, 


capacitor-discharge welder, rapidly rising 
current, 25,000-ampere peak 
The relationship between  spot-weld 


strength and contact resistance frequently 
is misunderstood. The evidence at the 
Rensselaer laboratory indicates that there 
is no general relationship. This is shown 
by the typical curves in Figure 11 which 
were obtained by keeping all welding con- 
ditions constant except treating time. 
At short treating times, which are not 
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Figure 13. Typical strength-current charac- 


teristic for spot welds in the aluminum alloy, 


52S-1/2H 


0.040-inch alloy 

Electrode tips—Four-inch R domes 

Electrode force—1,200 pounds (weld), 2,400 
pounds forge 

Forge timing—34 milliseconds 

Average rate of current rise—3,300 amperes 
per millisecond 
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long enough to obtain the minimum con- 
tact resistance, the weld strength tends 
to be proportional to the contact resist- 
ance. At longer treating times the weld 
strength tends to be constant and inde- 
pendent of contact resistance. In other 
words there does not seem to be a sound 
basis for the common idea that the mag- 
nitude of the welding current can be ad- 
justed to compensate for changes in con- 
tact resistance. In Figure 11 the welding 
conditions were selected so as to obtain a 
250-pound weld at the minimum value of 
contact resistance. Similar curves are 
shown in Figure 12 for conditions which 
produced a 200-pound weld between un- 
treated specimens and a dud weld at the 
minimum value of contact resistance. 
Comparison of the latter two figures sug- 
gests that at the short treating times the 
effect of contact resistance on weld 
strength depends upon the average size 
of the welds produced. 

The effect of contact resistance on the 
consistency of spot-weld strength cannot 
be discussed fully without reference to a 
characteristic of weld strength as a func- 
tion of the welding current. A typical 
characteristic is shown in Figure 13 for 
the 52S-1/2H aluminum alloy. The best 
consistency is obtained at points toward 
the upper end of the curve. This is pri- 
marily caused by the fact that at low 
values of current the curve is steep, and 
small variations in current produce large 
changes in weld strength. It is also at 
the lower values of current where varia- 
tions in contact resistance are most likely 
to affect the weld strength. The symbols 


Figure 14A. Ir- 
regularities in weld 
shape when sheet- 
to-sheet resistance 
is high and incon- 
sistent 


Figure 14B.  Uni- 
formity of weld 
shape when sheet- 
to-sheet resistance is 
consistently low 
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used for plotting the curve in Figure 13 
indicate that consistent and sound welds 
were obtained between 35 and 40 kilo- 
amperes. Below 33 kiloamperes the 
welds were very inconsistent. Above 42 
kiloamperes the welds were consistent, 
but expulsion of molten metal and exces- 
sive sheet separation were observed. It 
may be said, therefore, that the point of 
operation on the strength—current charac- 
teristic is a much more important factor 
than contact resistance in determining 
the consistency of spot welds with respect 
to strength. Surprisingly good consist- 
ency can be obtained by welding speci- 
mens with untreated faying surfaces, 
provided that this principle is observed 

The effect of contact resistance on the 
shape of the spot welds was the only 
effect observed in the original experiment 
described. This effect has been con- 
firmed many times in later work. The 
welds are always round and uniform in 
shape when the contact resistance is near 
its minimum value. The welds become 
very irregular in shape when the contact 
resistance is high as a result of too short a 
treating time. The effect of a high con- 
tact resistance as a result of too long a 
treating time depends upon the nature of 
the treating solution. There is a tend- 
ency for the welds to become irregular in 
shape with all solutions under this condi- 
tion, but the effect is much more pro- 
nounced with some solutions than with 
others. This effect is illustrated by the 
spot-weld fractures shown in Figure 14. 
For another example tke reader is referred 
back to Figure 8 and the discussion 
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thereof. It should be pointed out that the 
actual shape of spot welds in aluminum 
alloys may have little effect on their shear 
strength and their consistency with re- 
spect to shear strength. It is only when 
variations in surface condition influence 
the size of the weld that the shear strength 
is affected. J 

The spot welding of aluminum alloys is 
characterized by comparatively rapid 


- fouling of the electrode tips with alumi- 


num and the necessity for frequent clean- 
ing of the tips. Perhaps the most im- 
portant effect of contact resistance is on 
electrode-tip life or the number of welds 
which can be made per cleaning. It is 
difficult to obtain conclusive and quanti- 
tative data on this relationship, because 
there are so many variables which affect 
tip life. However, there are many indi- 
cations that the best tip life is obtained 
when the contact resistance is near the 
minimum value for the material being 
welded. The effect of any variable on 
tip life is best observed under actual pro- 
duction conditions. Unfortunately, it is 
under such conditions that the effect of 
the variable under observation may be 
obscured by the effects of other variables 
which may not be controlled adequately 
or even recognized. - 


Contact RESISTANCE BETWEEN 
ELECTRODES AND SHEET 


The emphasis in the work at the Rens- 
selaer laboratory has:been on the sheet- 
to-sheet resistance. This has been a re- 
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Figure 15. Dynamic resistance and instan- 

taneous power characteristics of two spot welds 

made under identical conditions but exhibit- 
ing widely different shear strengths 


0.040-inch Alclad 245-T 
-—O- §=505 pounds, R,=five microhms 
—O- $=140 pounds, R,=four microhms 
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sult of the fact that in the original work 
the sheet-to-sheet resistance was found to 
be more sensitive than the electrode-to- 
sheet resistance with respect to changes in 
surface condition of the specimens. The 
electrode-to-sheet resistance deserves fur- 
ther study. A British investigator has 
gone so far as to say that the electrode-to- 
sheet resistance must not exceed a speci- 
fied value if rapid fouling of the electrode 
tips is to be avoided.® 


MEASUREMENTS OF INSTANTANEOUS 
POWER 


The oscillograms which are used for 
determining the dynamic resistance char- 
acteristics also may be analyzed in terms 
of instantaneous power at the sheet-to- 
sheet and electrode-to-sheet contacts. A 
plot of the resistance, power, and current 
characteristics of two spot welds in Alclad 
24S-T is shown in Figure 15. The oscil- 
lograms for these two particular welds 
were chosen for complete analysis, be- 
cause one weld exhibited a shear strength 
of 505 pounds, whereas the other weld, 
made under identical conditions, exhibited 
a strength of only 140 pounds. It will be 
noted that the resistance characteristics 
and current wave forms for the two welds 


were practically identical. The only 
difference is in the peak power at the 
‘sheet-to-sheet contact. Whether this 


was responsible for the extreme difference 
in strength is questionable. A similar 
plot is shown in Figure 16 for two welds 
which started with different values of 
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Figure 16. Dynamic resistance and instan- 
taneous power characteristics of two spot welds 


illustrating an inverse relationship between 


initial sheet-to-sheet resistance and weld shear 
strength 


0.020-inch Alclad 245S-T 


-O- Nitrate treated, S=240 pounds, R,=6 
—O- Air treated, §=160 pounds, R,=90 
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CONTACT RESISTANCE IN MICROHMS 


ELECTRODE-TO-SHEET 
UPPER & LOWER 


TIME IN MILLISECONDS AFTER START OF WELD 


Figure 17. Dynamic resistance character- 

istics illustrating effect of method of drying 

chemically treated specimens of the aluminum 
alloy, R-301-T (compare with Figure 18) 


0.064-inch alloy, three-per-cent H.SiF, solu- 
tion, wiped dry 


sheet-to-sheet resistance and ended up by 
exhibiting a marked difference in shear 
strength. It should be noted that the 
weld which started with the higher initial 
sheet-to-sheet resistance produced the 
lower strength, in spite of the fact that 
the welding current and other recognized 
conditions were identical for the two 
welds. This is contrary to what might 
have been predicted and is further evi- 
dence that there is no sound basis for ad- 
justing the magnitude of the current to 
compensate for differences in initial con- 
tact resistance. The phase relation of 
the power curves for the sheet-to-sheet 
contact should be noted in Figure 16. 
This difference in phase is believed to 
have been a result of the difference in . 
initial contact resistance and to have been 
responsible for the difference in weld 
strengths. These cases are presented to 
illustrate the complex nature of the rela- 
tionship between contact resistance and 
weld strength in working with the alumi- 
num alloys. 


UNUSUAL Contact PHENOMENA 


Several very interesting contact phe- 
nomena have been observed in this work. 
For example, the method of drying alumi- 
num-alloy specimens following their 
chemical surface preparation affects the 
sheet-to-sheet resistance. This was first 
observed in spot-welding the new alumi- 
num alloy, R-301-T. A typical dynamic 
resistance characteristic is shown in Fig- 
ure 17 for specimens which were dried by 
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Figure 18. Dynamic resistance character- 
istics illustrating effect of method of drying 
chemically treated specimens of the aluminum 
alloy, R-301-T (compare with Figure 17) 


0.064-inch alloy, three-per-cent H2SiFe solu- 
tion, air dried 


wiping with a clean cloth. The irregu- 
larity in the sheet-to-sheet resistance 
curve should be noted. When the speci- 
mens were allowed to dry in clean air, the 
corresponding characteristics assumed 
quite a different shape, as shown in Figure 
18. It should be noted also that the 
initial resistance was considerably lower 
when the specimens were dried in air. 
The effect of method of drying on the con- 
tact resistance of Alclad 24.S-T sheet was 
next investigated. The results are illus- 
trated by the surface-treating character- 
istics shown in Figure 19. Wiping 
raised the general level of the treating 
characteristic, and it tended to make the 
measurements erratic. This effect is not 
too important in production, because at 
most plants air drying isemployed. The 
phenomenon is mentioned here, because it 
illustrates the great importance of de- 
tails in the technique of preparing speci- 
mens for contact-resistance measure- 
ments. } 
Another interesting phenomenon is 
that of the effect of direction of current 
flow in determining which electrode will 
tend to become fouled with aluminum. 
In some spot welders of the condenser- 
discharge type the welding current always 
passes in the same direction. In these 
machines there is a definite tendency for 
aluminum to adhere to the electrode 
which is positive with respect to the work, 
provided that the welding conditions are 
allreasonably good. The same tendency 
has also been observed in a-c spot welding 
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with equipment in which the first half 
cycle of current always passes in the same 
direction. In this case the aluminum 
tends to adhere to the electrode, which is 
positive during the first half cycle. It 
was thought that the cause of this might 
be revealed by comparing dynamic resist- 
ance characteristics for the positive elec- 
trode-to-sheet contact with similar char- 
acteristics for the negative electrode-to- 
sheet contact. However, nothing has 
been apparent in the experimental results 
to date, as shown by the resistance curves 
in Figures 15 and 16. The effect is much 
more pronounced in spot-welding the 
magnesium alloys, as will be shown later. 


Contact Resistance and the Spot 
Welding of Other Metals 


MAGNESIUM ALLOYS 


The magnesium alloys are very similar 
to the aluminum alloys with respect to 
their surface preparation for spot weld- 
ing. Up to recent times no chemical 
methods were available for the surface 
treatment of magnesium alloys for this 
purpose. Contact-resistance measure- 
ments have played an extremely impor- 
tant part in the recent development of 
chemical solutions for this purpose. In 
several respects contact resistance is even 
more important in spot-welding the mag- 
nesium alloys than in spot-welding the 
aluminum alloys. For example, there is 
much more positive evidence that fouling 
of the electrode tips with magnesium is 
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Figure 19. Surface-treating characteristics 
illustrating effect of method of drying chemi- 
cally treated specimens of the aluminum alloy, 


Alclad 24S-T 


0.020-inch alloy, air heat treated, three-per- 
cent H,SiFs solution at 70 degrees Fahrenheit 
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accelerated greatly when the contact re- 
sistance is high. This fact has been con- 
firmed recently by several investi- 
gators.!01"12 The effect of the direction 
of current flow on the fouling of the elec- 
trodes is also much more pronounced. 
Furthermore, it is evident in the dynamic 
resistance characteristics for the elec- 
trode-to-sheet contacts. A set of typical 
characteristics is shown in Figure 20. — 
The irregularity in the curve for the 
positive or upper electrode-to-sheet con- 
tact should be noted. The effect of this 
irregularity in terms of power is shown in 
Figure 21. Itis evident that much more 
heat is developed at the positive elec- 
trode-to-sheet contact than at the nega- 
tive contact. This is responsible for the 
rapid fouling of the positive electrode and 
the displacement of the weld in the sheets 
toward that electrode. When the flow of 
welding current is reversed, the same 
irregularity occurs in the characteristic 
for the positive or lower electrode-to-sheet 
contact. 


STEEL 


In spot-welding steel it is usually taken 
for granted that the metal must be clean 
and free from oxide scale if high quality 
welds are to be obtained. This is essen- 
tially a matter of contact resistance, but 
it has seldom been treated as such. Steel 
was the chief material used in the first in- 
vestigations of contact resistance in spot 


40 o7-10 


RESISTANCE -- MICROHMS 


re) 10 20 30 

TIME — MILLISECONDS 

AFTER START OF WELD 
Figure 20. Dynamic resistance characteristics 
illustrating effect of direction of current flow in 
spot-welding the magnesium alloy, AM3S-O 


0.040-inch alloy, chemically cleaned, tip con- 
dition clean 

A—Sheet to sheet 

B—Current 

C—Upper electrode to sheet (positive) 

D—Lower electrode to sheet (negative) 
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Figure 21. Instantaneous power character- 


istics illustrating effect of direction of current 
flow in spot-welding the magnesium alloy, 


AM3S-O 


0.040-inch alloy, chemically cleaned, tip con- 
dition clean 


A—Sheet to sheet 

B—Upper electrode to sheet (positive) 
C—Lower electrode to sheet (negative) 
D—Time to peak current 


welding. A good start was made in those 
investigations, but even yet very little is 
known about the fundamental importance 
of contact resistance in the formation of 
the weld. It is evident, however, that 
the body resistance of the metal is a more 
important factor in the spot welding of 
steel than in the spot welding of the light 
metals. Ina number of instances trouble 
has been experienced in spot-welding cer- 
tain steels which have been identical in 
composition and structure to other steels 
which have been easily spot-welded. The 
trouble is believed to have arisen from a 
difference in surface condition which could 
have been detected by contact-resistance 
measurements. 


CopPER ALLOYS 


Practically nothing is known about con- 
tact resistance and the spot welding of the 
copper alloys. However, much trouble 
has been experienced due to contact phe- 
nomena in spot-welding a brass with a 
high zinc content. The zinc tends to 
migrate rapidly from the work into the 
copper electrodes. As a result the resis- 
tivity of the electrodes is increased, and 
the amount of heat generated at the elec- 
trode-to-sheet contacts increases with 
each successive weld. These phenomena 
may or may not be related to the surface 
condition of the sheet. The effect would 
certainly be aggravated by a surface con- 
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dition that is characterized by a high con- 
tact resistance. Thus, it appears desir- 
able to apply contact-resistance measure- 
ments in any future investigations of the 
spot welding of the copper alloys. 


NICKEL ALLOYS 


Nickel-alloy sheet can be obtained with 
a surface condition that is very well suited 
to spot welding. However, there are in- 
stances where trouble is experienced be- 
cause of the migration of nickel into the 
copper electrodes. Contact-resistance 
measurements might show that this effect 
is related to a surface condition that might 
beimproved. Such measurements should 
not be overlooked whenever there is any 
evidence that surface condition is causing 
trouble in spot-welding these alloys. 


Research Problems 


There are many opportunities for fur- 
ther research in this field. For example, 
the fundamental relationship between 
contact resistance and the surface condi- 
tion of the metals in contact should be in- 
vestigated. Electron-diffraction studies 
should be employed to determine the 
presence and identification of surface 
films. Surface profilometers should be 
employed to evaluate the degree of sur- 
face roughness. Surface hardness should 
be determined by suitable instruments. 
The ultimate objective of the work would 
be to learn how contact resistance is 
affected by these three factors: surface 
films, surface profile, and surface hard- 
ness. Contacts between both similar 
and dissimilar metals should be studied. 

In spot-welding a number of alloys 
there is a strong tendency for the elec- 
trodes to pick up or become fouled with 
metal from the work. A fundamental in- 
vestigation is needed of the transfer of 
metal across contacts between dissimilar 
metals under the conditions imposed by 
spot welding. The objective of the work 
would be to learn how the transfer of 
metal is affected by such factors as com- 
position and structure of the copper-alloy 
electrodes, surface condition of the metals 
in contact, current density, electrode 
force, and temperature at the contact. 
The contact problem in spot welding dif- 
fers from other electric contact problems 
with respect to current density, nature of 
metals in contact, and the fact that the 
circuit is always dead when the contact is 
made or broken. The current density 
may easily reach a value of the order of 
5,000,000 amperes per square inch. The 
contact combinations include copper to 
aluminum, copper to magnesium, copper 
to zinc, and sometimes copper to nickel. 
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The contact never is required to conduct 
current unless the pressure density is 
within the range from about 5,000 to 
50,000 pounds per square inch. 

Knowledge of the fundamental part 
that contact resistance plays in the forma- 
tion of a spot weld in any material, still is 
too limited. The investigations of this 
subject, which were interrupted by the 
war, should be revived as soon as circum- 
stances permit. Contact-resistance meas- 
urements have proved to be of great 
value in investigations of the spot welding 
of the light metals. The use of such 
measurements should be extended to in- 
vestigations of the spot welding of steels, 
copper alloys, and nickel alloys. 
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Synopsis: On asynchronous or start-stop 
telegraph circuits of extended length it fre- 
quently becomes necessary to insert at re- 
peater points signal regenerative devices to 
reduce the cumulative effects of fortuitous 
distortion. Regeneration is a process of 
signal scanning by a succession of accu- 
rately timed impulses whose phase is as 
nearly as possible independent of the phase 
variations of the signal impulses. In one 
form of a mechanical regenerator, reception 
of a start signal transition permits the en- 
gagement of a brush arm with a continu- 
ously rotating constant-speed shaft. The 
signal polarity then is determined at the 
instant of contact of the brush with commu- 
tator segments that are short in comparison 
with the signal period. Following retrans- 
mission of the signal the brush arm is dis- 
engaged from the shaft and held on a stop 
to await the arrival of the start transition 
of a second character. Mechanical re- 
generators have been developed to a high 
level of performance, accompanied by some 
complexity and the need for skillful mainte- 
nance. This paper describes an electric 
signal regenerator utilizing the time of delay 
of a recurrent filter network to generate the 
scanning impulses, which together with the 
electrical equivalents of the start and stop 
functions provide a regenerative repeater 
without mechanism. The composition of 
an illustrative teleprinter signal character 
and its peculiar susceptibility to interfering 
line currents is discussed. The develop- 
ment and the electric characteristics of the 
delay network are described, and an expla- 
nation of the regeneration of the signal 
character by the device is given. 


N UNDERSTANDING of the oper- 
ation of the electronic signal regen- 
erator will be facilitated by a review of 
the principles of start-stop signaling and 
of one electromechanical device now used 
to decrease the fortuitous distortion on 
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long circuits. Start-stop signals are 
semisynchronous; sufficiently good ex- 
actness of phase between the sending and 
receiving machines is maintained only for 
the time of duration of a single character 
after which a rest period must be provided 
to permit the entire system to come to a 
stop in preparation for the next character. 
Teleprinter signaling is thus differentiated 
from the synchronous systems, such as 
the multiplex, where each signal transi- 
tion contributes to the continuous main- 
tenance of exact phase. 

The code containing the intelligence to 
be transmitted is common to both systems 
and consists of the various combinations 
of five unit length impulses of either spac- 
ing or marking polarity of the sending 
battery. In a synchronous system these 
arrive without interruption and are 
separated into groups of five units by a 
synchronized commutator. In an asyn- 
chronous system it is insufficient to trans- 
mit the five unit groups in isolated bursts 
followed by a rest period, for in some 
characters the first intelligence impulse is 
of the same polarity as the rest interval. 
The additional impulse required to initiate 
operation of the receiving device is cre- 
ated by a signal transition from the rest 
condition potential to the opposite pole 
and precedes the five intelligence im- 
pulses. Neither the rest nor this start 
impulse can be made shorter than unit 
length, if transmission on long lines is not 
to be impaired. 

Though the start or synchronizing 
transition of the polar teleprinter signal 
is not inherently susceptible to the influ- 
ence of random interfering line currents, 
phase shift of this transition is doubly 
damaging on a teleprinter circuit, as the 
selecting mechanism of the receiving 
printer is set in motion by the start signal 
and not by the phase of the average signal 
as in the synchronous systems. A 
transient disturbing current that advances 


the start-signal transition in time may 
well have its counterpart appear in the 
intelligence group and there delay a signal 
impulse by an equal amount to cause 
selection to be made close to the edge of 
the impulse. Therefore, when the inter- 
ference level is the limiting factor in cir- 
cuit operation, the teleprinter system re- 
quires just as careful engineering atten- 
tion as a synchronous system of twice the 
transmission speed. 

If fortuitous distortion is present in 
each of the separate lines of a long tele- 
printer circuit, the effects are accumula- 
tive when the lines are coupled by simple 
relays. Before the shifting in time of the 
signal transitions becomes sufficient to 
impair accuracy of service, signal regener- 
ators are inserted at one or more of the re- 
peater points. The basis of regeneration 
is a process of signal scanning by accu- 
rately timed impulses that are indepen- 
dent of the variations in arrival time of 
the signalimpulses. From these observa- 
tions made in the vicinity of the center of 
each impulse a new signal is created and 
retransmitted free of fortuitous distor- 
tion. 


Mechanical Regeneration 


The theory of a mechanical start-stop 
signal regenerator is shown in Figure 1. 
The system is at rest having completed 
the regeneration of the letter fF. When 
released by their latches, the brush arms 
are rotated by the friction drives CC on 
the continuously rotating constant-speed 
shafts. Upon reception of a start-signal 
transition, the receiving-relay armature 
moves to the spacing contact S, energizing 
the start magnet S/M-1 through the outer 
pair of brushes and releasing the brush 
arm on the receiving commutator shaft. 
As this arm moves counterclockwise, the 
signal polarity appearing on the tongue 
of the receiving relay is set up periodically 
on the selecting relay through connection 
to the shorter pickup segments. Immedi- 
ately following signal selection the longer 
segments successively connect the select- 
ing relay armature to the coils of the five 
storing relays. These relays firmly bank 
in the selected position. Only the in- 
telligence impulses are scanned. If the 
speed of rotation of the brush arm is 
approximately that of the distant trans- 
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mitter, the receiving relay will be on its 
marking contact, corresponding to the 
rest polarity, when the arm reaches the 
latch at the end of one revolution, and it 
will again come to rest. 

At some time before the brush arm com- 
pletes its revolution, a second pair of 
brushes is arranged to complete the ener- 
gizing circuit of the unlatching magnet 
SM-2 to release the sending commutator 
brush arm. The latter continues to send 
the rest polarity momentarily until it 
passes over the segment S permanently 
connected to spacing telegraph battery to 
inject the start-signal impulse that must 
always precede the intelligence group. 
Further rotation of the arm connects the 
storing relays to the outgoing line in cor- 
rect sequence and time of duration and 
entirely removed from the influence of the 
receiving relay. In circuit regulating a 
teleprinter is connected to the output of 
the sending commutator while a prear- 
ranged test signal is being received and 
the receiving commutator oriented until 
limits on the range scale are found within 
which the retransmitted signals are cor- 
rect. The center of this angle or range is 
the center of the average of all the intelli- 
gence impulses; correct signal selection is 
most probable with this angular position 
of the scanning segments. This adjust- 
ment also compensates for the time inter- 
val required to accelerate the brush to 
shaft speed and for any change in clutch 
operation that may have previously 
occurred. 


Theory of the mechanical tele- 
printer signal regenerator 


Figure 1. 
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The Timing Network 


Perhaps the most interesting problem 
in the development of the electronic re- 
generator was the choice of a scanning- 
impulse generator. Two rather incom- 
patible requirements are presented. To 
insure good signal quality it is desirable 
that the timing of these impulses be of 
such an order that the last scanning im- 
pulse in any train shall not deviate from a 
standard time taken with the start-signal 
transition as the origin by more than one 
half of one per cent. Following the pro- 
duction of a single train of impulses, the 
generator must come to rest immediately 
if a retardation in the generation of a sec- 
ond train is not to result. And, being 
part of a start-stop system, the generator 
always must come up to speed, as it were, 
regardless of the time that it may have 
been at rest. Simple oscillators of the 
specified frequency stability do not lend 
themselves to this purpose because of the 
transients which cushion the change from 
rest to steady state and vice versa. How- 
ever, the resonance phenomena that give 
the oscillator frequency stability may be 
retained in certain reactive filter net- 
works, and in particular the uniform re- 
current ladder structure, without the 
troublesome transient effects. With cor- 
rect configuration these structures will 
provide time of delay between the mesh 
junctions dependent upon the choice of 
the network parameters, and, if a connec- 
tion is effected between the junctions and 
electronic relays arranged to scan the re- 
ceived signal impulses, the rate of trans- 
mission of the regenerated signal will be a 
function of these time intervals. 


OUTGOING LINE 


SENDING 
COMMUTATOR 


j. SELECTING RELAY 
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For this application the network should 
not exhibit frequency discrimination. It 
should pass all frequency components in 
the driving force \ ‘th a constant time of 
delay. Then the ai. val curve will pos- 
sess infinite slope (zero time of build up), 
and the triggering of the vacuum-tube 
relays connected to the network junctions 
will occur precisely at times determined 
only by the reactive components of the 
network and independent of the regula- 
tion of the power-supply voltage. 

In general the attenuation and time of 
delay of reactive networks are not in- 
variant with frequency. The mid-shunt 
or pi section of the familiar low-pass filter 
composed of a series inductance and shunt 
capacities will discriminate somewhat 
against frequencies even below cutoff, and 
the phase characteristic is so concave that 
frequencies near the cutoff are delayed 
considerably more than components ap- 
proaching zero. Either frequency or de- 
lay distortion in the filter will act to de- 
crease the slope of the transient response 
or arrival curve, and experiment soon con- 
firmed the necessity for correcting the 
natural behavior of the network. Equal- 
ization with additional network com- 
ponents was objectionable because of the 
increased cost and space requirements, 
so attention was given to improving the 
inherent frequency characteristics of the 
delay-network sections. The steps lead- 
ing to a section having a satisfactory 
transient response are shown in Figure 2. 


The actual coils had ferromagnetic 
cores and a Q of 20 at 45 cycles per second. 
With this Q the effects of dissipation are 
not excessive, and the output voltage at 
the terminating resistance is more than 
half that of the driving force. For com- 
parison the total inductance and total 
capacity in each of the four cases calcu- 
lated were held constant. The loci of the 
short- and open-circuit reactances were 
first computed and the square root of their 
product, the characteristic impedance Z, 
plotted immediately below. In the de- 
termination of the frequency response 
only one section of each type was con- 
sidered. The section was assumed to be 
driven by a harmonic generator having an 
internal resistance equal in ohms to the 
nominal value of the characteristic im- 
pedance of the network and to be simi- 
larly terminated. This is the situation in 
the regenerator, except that several sec- 
tions are in cascade. The frequency re- 
sponse Y is the locus of the JR drop across 
the terminating resistance versus fre- 
quency and is an admittance function. 
The time of delay has been plotted di- 
rectly below the transfer admittance, and 
at the origin this time in seconds is the 
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Frequency characteristics of delay 
network sections 


Figure 2. 


square root of the oscillation constant, 
LC. With each increase in frequency the 
delay was obtained as the quotient of the 
angle of current lag in radians and the 
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angular frequency w. In all the loci hav- 
ing the angular frequency as abscissas the 
ordinate w,, the theoretical cutoff fre- 
quency of section I has been drawn in for 
reference. 

The transient response at the resistive 
termination of a cascade of six sections is 


Wilder—Electronic Regeneration of Teleprinter Signals 


shown at the bottom of Figure 2. These 
are reproductions of oscillograms. The 
rectangular driving voltage is H,. There 
has been no opportunity to confirm ex- 
perimentally the transient response of 
section IV, and the dotted curve is only a 
prediction of its form. 
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Returning to the first filter studied, sec- 
tion I, an inspection shows that as long as 
the short- and open-circuit reactances are 
of opposite sign, the characteristic imped- 
ance, the impedance that would be seen 
looking into an infinite number of such 
sections in cascade, is a pure real quantity 
and has the appearance of a rapidly in- 
creasing resistance with frequency up to 
the cutoff point. In this range the net- 
work will absorb: power from the gener- 
ator and transfer this power to the resist- 
ance termination. Beyond the cutoff 
frequency the reactances are of like sign, 
the impedance becomes an imaginary 
quantity decreasing with frequency, and 
the power transmitted by the filter falls 
off rapidly. In the transmission range 
between zero and the cutoff frequency 
where the attenuation is low, the delay 
distortion is of particular interest, for in 
this region it has the major effect on the 
transient response. As the frequency of 
the driving force is increased, the delay is 
not constant but increases to a maximum 
at the cutoff frequency. In a section 
having a nominal time of delay of 22 
milliseconds, for example, the cutoff fre- 
quency is 14.3 cycles, and components in 
this vicinity will be so delayed as to 
arrive nearly 180 degrees out of phase 
with respect to the components of the 
wave near zero. Beyond the cutoff fre- 
quency the delay time is of less interest, 
for the components beyond this point are 
so attenuated as to contribute very little 
to the slope of the arrival curve anyway. 
Because of this variation in transmission 
time the slope of the transient response 
continuously changes, being initially low 
as the low-frequency groups arrive first 
and only attaining maximum steepness 
after crossing the zero axis as the fre- 
quencies in the vicinity of cutoff finally 
make their appearance. This form of re- 
sponse is not ideal for the operation of de- 
vices responsive to the magnitude of the 
driving voltage, and it was recognized as 


similar to the arrival curve of a loaded . 


submarine telegraph cable. Here in the 
receiving network a mid-series or T sec- 
tion with mutual coupling between the 
coil arms is used as a distortion equalizer, 
and so similar sections as in section IT at 
first were alternated with the pi sections 
with considerable success. 

Because the characteristic impedance 
of section II is real and constant, the filter 
transmits power without discrimination 
at all frequencies from zero to infinity. 
Its phase characteristic, however, is con- 
vex and opposite to the concave charac- 
teristic of its alternate, the pi section. 
The slope of the phase characteristic, the 
delay time, is a decreasing function of fre- 
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quency. A network composed of these 
sections alone is just as unsatisfactory as 
the mid-shunt section, because now the 
low frequencies are the last to contribute 
to the arrival curve, and the higher fre- 
quencies arrive early, with those approach- 
ing infinity having no delay at all. Alter- 
nation of the two types doubled the num- 
ber of coils in the complete delay network. 


If a center tap on the coil of the pi sec- 
tion is connected to a portion of the total 
shunt capacity, the new filter, section III, 
will be found to have a response equiva- 
lent to the alternate arrangement of sec- 
tionsI and II. From an inspection of the 
characteristics we find that the pole of the 
characteristic impedance has moved to a 
somewhat higher frequency and that the 
impedance locus is more nearly constant 
over a wider range of frequencies prior to 
the cutoff frequency. Consequently 
there is less loss in the transmission range 
because of increased coincidence with the 
terminating resistances. Of equal im- 
portance is the less rapid decline in the 
transfer admittance beyond the cutoff 
frequency of the pi section. The im- 
provement in the locus of time delay is 
most prominent. Up to the new critical 
frequency the delay is constant, as the 
opposite characteristics of the combined 
filters mutually compensate, and the 
ultimate decrease is at a lower rate than 
either alone. This region beyond the 


cutoff is now of real importance, as the ° 


lessattenuated higher frequencies are pres- 
ent in the transient response in more 
nearly correct phase with the lows and 
can contribute to its steepness. The 
transient response is the result of the 
synthesis of a wider band of frequencies 
of nearly simultaneous arrival time, so 
that its time of build up is a minimum, 
and it is symmetrically located about the 
zero-voltage axis. This is the configura- 
tion used in the timing network of the 
electronic regenerator. 


The network contains a minimum 
number of coils, and the timing of the 
individual sections may be adjusted easily 
in a step-by-step refinement of the 
nominal capacity values without disturb- 
ing the timing of the preceding sections. 
With trigger tubes that will operate on a 
voltage swing one third that available at 
the terminating resistance, the variation 
in their operating time is well within the 
prescribed limits for a ten-per-cent 
change in the power-supply voltage and 
the ambient-temperature range ordi- 
narily encountered. The precision of 
operation is comparable to that of a well- 
machined commutator with a synchro- 
nous motor-driven brush arm. The actual 
network consisted of six sections, each 
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having a coil of 72 henrys and a total 
shunt capacity of 6.7 microfarads, pre- 
ceded by a seventh section of half the 
delay. The time of delay of each larger 
section is 22 milliseconds; very closely 
the time length of a single teleprinter sig- 
nal impulse. As measured at the termi- 
nating resistance, the time of build up was 
40 milliseconds, which becomes less at 
junctions nearer the input terminals. 
The network occupies a space of approx- 
imately one cubic foot. 


One might theorize as to the response 
of a section similar to III in which the 
total shunt capacity is still further sub- 
divided into a not impractical number of 
paths. Improvement would be evidenced 
by an increase in the steepness of the 
transient response. To confirm this 
speculation the frequency characteristics 
of such a filter, section IV, in Figure 2, 
were calculated. In the locus of the 
characteristic impedance Z, the critical 
frequency has moved still farther to the 
right, and the real part of the impedance 
is more flat for a wider range of frequen- 
cies. Consequently both frequency char- 
acteristics are improved. Although the 
time of delay is somewhat more constant 
than that of section III the greater im- 
provement appears in the frequency re- 
sponse, Y, which is noticeably more con- 
stant. 


In this paper the time of build up of the 
transient response has been assumed to 
be the time interval between the inter- 
section of the timing wave with a pro- 
longation of the steady-state levels before 
and after its occurrence. In filter sec- 
tions having nearly constant time of de- 
lay, so that all components arrive in cor- 
rect phase, the time of build up will be in- 
versely proportional to the band width. 
Neither section III, nor particularly sec- 
tion IV, can be said to have definite fre- 
quencies of cutoff limiting the band width. 
However, when it is recalled that after all 
the low frequencies furnish the bulk of the 
wave, it is interesting to establish arbi- 
trarily such a limit for the three sections 
at a frequency 2.5 times the cutoff fre- 
quency of section I and to then compare 
the relation between the areas under the 
admittance loci and the times of build up. 
The inverse ratio of the areas of section 
III and section I is 0.74, a rather close 
agreement with the experimentally deter- 
mined times of build up of 40 and 55 
milliseconds respectively for timing net 
works composed of such sections alone. 
In like manner the inverse ratio of the 
areas under the Y loci of sections IV and 
III is 0.85, so that the predicted time of 
build up for section IV becomes 85 per 
cent of 40, or 34 milliseconds. 
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It seems, therefore, that continued sub- 
division of the shunt capacity will not in- 
crease the steepness of the timing wave 
reversal sufficiently to justify more 
numerous coil taps and capacitors. For 
timing purposes section IV is an adequate 
approach to the ideal section of constant 
attenuation and constant time of delay. 


The Electronic Regenerator 


The theory of the electronic teleprinter 
signal regenerator with a timing network 


WEST LINE 


RELAY 


instants of signal transition in the absence 
of distortion, the existence of extraneous 
line currents has been assumed, and the 
signal transitions have been delayed or 
advanced to an extent not greatly differ- 
ent from that actually encountered in 
operation. In any event the theoretical 
limit is one fourth the period of a single 
impulse. 

In the regenerator twin-triode vacuum 
tubes are arranged in symmetrical push— 
pull circuits to eliminate polarity distor- 
tion. Pair 2 and their external plate re- 
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of type-III delay sections is shown in 
Figure 3. The relays and regenerative 
circuits are in the rest condition. A 
series of voltages occurring in the system 
for the regeneration of the letter F is 
shown in the lower part of the figure. 
While the times f,, 4, and so on, represent 
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sistors form a bridge circuit the diagonal 
of which is the impedance presented by 
the input terminals of the timing net- 
work. The plate circuits of the other 
low-power tube, pair 4, are the differ- 
entially wound coils of the sending relay. 
Telegraph battery potential is connected 
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to the contacts of this relay, and from its 
armature the regenerated signal is applied 
to the apex of the duplexed east line. 
The remaining tubes are characterized by 
relatively low transfer conductance. and 
high amplification factor, The pickup 
and latch tubes are simply electronic 
switches. Dependent upon the polarity 
of the control-grid voltage, these tubes 
present either an extremely high plate— 
cathode resistance or a resistance compar- 
able to the impedance of the circuits to 
which they are transformer coupled. The 
remaining nine tube pairs are connected 
in a balanced Eccles—Jordan trigger or 
flip-flop circuit. This circuit displays 
negative resistance between plate ele- 
ments over a portion of the characteristic 
between the stable states, and, if a mo- 
mentary displacement of the grid voltage 
occurs, the potential from plate to plate 
willinstantly reverse. This relay charac- 
teristic will convert any general input 


’ wave form in the grid circuit above a 


definite minimum to a rectangular output 
wave of constant amplitude. 


The nominal characteristic impedance 
of the timing network is equal to the re- 
sistance looking back into the bridge cir- 
cuit of tube 2. Except for the first sec- 
tion of the network, which has half the 
delay of any one of the following six, each 
section has a time delay (ta = / EO EO) 
equal to the time of duration of an undis- 
torted signal impulse, or 21.98 millisec- 
onds. Each inductor consists of two 
identical windings on a single silicon steel 
core so disposed that the cathode returns 
of the six scanning-impulse generators 
and the rest-interpolating tube are equi- 
potential with a horizontal plane bisecting 
the network. A reversal of the network 
input potential appears across the junc- 
tion S eleven milliseconds later and at 
the termination R, in a total elapsed time 
of 143 milliseconds. 


Regeneration is begun by movement of 
the receiving-relay armature to the relay- 
spacing contact in response to the start 
impulse of a teleprinter character. As 
directed by the latch tube, a single re- 
versal of potential is applied to the timing 
network by its driving tubes. With pro- 
gression of the timing wave from junction 
to junction a series of six pickup impulses 
are generated successively activating the 
pickup tube scanning the incoming signal. 
The observed polarity of each signal im- 
pulse is at once transferred to the sending- 
relay drive tubes through the mixing net- 
work. Twenty-two milliseconds after 
the selection of the fifth intelligence im- 
pulse the timing-wave reversal appears 
across the resistance termination and trig- 
gers the R tube to interpolate an impulse 
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of the rest polarity in the mixing network 


and simultaneously to make the latch 
tube again receptive to any future start 
signal. 

A more detailed description must begin 
with an examination of the circuit condi- 
tions with the regenerator at rest. Now 
the receiving-relay armature is held on its 
negative contact by the marking line cur- 
rent received, and negative battery is 
applied to the center tap of the trans- 
former 7-1. A second circuit from the 
receiving-relay armature develops the in- 
coming-signal voltage E, in the grid cir- 
cuit of the deenergized pickup tubes. As 
indicated by the small arrows adjacent to 
the tube elements, all trigger tubes are 
banked in the direction last operated; a 
condition that will be reversed after the 
regeneration of a complete character. 


A constant current from positive bat- 
tery flows through the external plate re- 
sistor associated with the upper tube of 
the driving pair to the right and along the 
upper windings of the inductors to the 
terminating resistance R,. This current 
returns to negative battery through the 
lower windings and the lower and con- 
ducting drive tube. By reversing every 
other pair of wires connecting the scan- 
ning-impulse generators to the network 
junctions, these tubes are banked in alter- 
nate directions, and the sum of their 
plate currents entering the center tap of 
the primary of T-2 is divided equally be- 
tween the winding halves. Consequently 
as the scanning-impulse generators are 
triggered successively, the differential 
primary current never exceeds unit 
amplitude, and hysteresis effects in the 
core material are minimized. 

Just as a similarity will be recognized in 
the function of the latch tube and the 
brush-arm release mechanism of the 
mechanical distributor, so are the R-tube 
functions equivalent to the R segment on 
the sending commutator and the two 
paired segments on the outer rings of the 
receiving commutator which permit the 
start magnet circuit to be energized only 
after a complete revolution of the brush 
arm. If the upper R tube is conductive, 
the plate of the nonconducting lower tube 
will be at a very high positive potential 
and will by direct connection correspond- 
ingly elevate the grid of the lower latch 
tube. Upon reception of a teleprinter 
signal the center tap of 7-1 is at once 
made positive as the receiving-relay arma- 
ture contacts its spacing stop. Under 
the conditions established, however, a 
charging current to only the lower-resist- 
ance shunted condenser flows in the lower 
half of the primary winding of J-1. The 
transient secondary voltage is £;. In the 
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course of reception of the incoming signals 
negative potential is at times applied to 
the center of 7-1, and in these intervals 
the condenser charge is dissipated in the 
shunting resistance. If correctly poled 
the transient H, causes tube 1 to trigger, 
reversing tube 2 and the potential across 
the timing network. Subsequent im- 
pulses of like polarity in H; may occur in 
the reception, two more are present in the 
letter F, but the initial impulse alone is of 
importance. 

Although the continuity of the descrip- 
tion perhaps is interrupted, an interesting 
operating condition now may be de- 
scribed. This occurs when either the west 
line is opened or, if in circuit, regulating, 
the west transmitter sends steady spacing 
battery. In either case the marking bat- 
tery applied to the apex of the west du- 
plex line at the regenerator station causes 
a current to flow in the artificial line 
winding of the receiving relay, which 
holds the armature on the spacing contact 
and so applies positive battery to the mid- 
point of 7-1. Now upon the arrival of 
the first timing wave at R, the conduc- 
tivity of the latch tubes is interchanged 
while their plate circuits are energized 
positively and a starting impulse of local 
origin is created in Z;. A second timing 
wave is set up, and the process becomes 
continuous. A characteristic recurrent 
signal of six-unit length impulses of spac- 
ing polarity followed by a half-unit length 
marking impulse is transmitted to the 
east line; a signal that is easily inter- 
preted by the distant east receiver as an 
open line west of a regenerative repeater. 

Returning to the description, the R 
tube is also the circuit element that re- 
stores the sending relay to its marking 
contact after the transmission of the in- 
telligence impulses. A reversal of the R 
tube in either direction produces a tran- 
sient voltage in the secondary of 7-3. 
These are introduced at the right of the 
mixing network after being made uni- 
directional by the rectifier X2. The solid 
triangular impulse /, in the time diagram 
is of this origin. Consequently the re- 
generator cannot fail to send a rest signal. 

The wave form of the timing-wave re- 
versal across the network input terminals 
is shown in £). Until this reversal has 
reached the termination R, and operated 
the R tube, another reversal cannot occur, 
and then only with reception of a second 
character of which S’ is the start impulse. 
Although a gradual decrease in slope of 
the wave is apparent as successive meshes 
attenuate the higher-frequency compo- 
nents, symmetry is retained as depicted in 
E;. The scanning-impulse generators are 
triggered at intervals of at first 11, and 
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then 22 milliseconds. The sum of their 
plate currents in the differentially con- 
nected primary windings of 7-2 is either 
zero or unit amplitude, depending upon 
whether an even or odd number of im- 
pulse generators are at any instant banked , 
in like electrical position, and a change in 
net primary current occurs six times with 
the passage of a single timing wave. The 
resultant series of six alternately poled 
derived impulses of extremely short dura- 
tion in the transformer secondary is recti- 
fied by X-1 and introduced, as Fy, be- 
tween the cathode and plates of the pick- 

up tubes. ; 


Any one of these scanning impulses can 
produce current flow only in that half of 
the primary of 7-4 associated with a pick- 
up tube whose grid is positively dis- 
placed with respect to the common cath- 
ode connection. The polarity of the 
transformer secondary voltage is there- 
fore dependent upon the polarity of the 
incoming signal H, at the instant of scan- 
ning. A proportion of the polarized 
pickup voltage appears as E; at the mid- 
points of the mixing network to position 
the sending-relay drive tules and the 
sending relay. Hs; is a plot of the tele- 
graph battery potential transmitted by 
the sending relay to the east line. Itisa 
reproduction of the perfect signal origi- 
nally transmitted, being composed of unit 
length impulses as determined by the 
timing network and independent of varia- 
tion in received-signal transition time. 

If signals are transmitted from a slowly 
operated keyboard, the rest impulse is 
considerably longer than unit length. 
Frequently, however, intelligence groups 
contained in a perforated tape are passed 
through a transmitter that automatically 
inserts a rest-and-start impulse between 
groups. In this case the rest impulse 
may be considerably shortened, if, under 
the most adverse effect of signal distor- 
tion, the preceding start impulse suffered 
delay in arrival and the start transition of 
the following character is advanced in 
time. Then the rest signal is not regener- 
ated but must absorb the total phase 
shift of the two start impulses. In some . 
systems a 42-per-cent extension in length 
of all rest impulses is made to absorb 
these phase shifts, but a reduction in the 
number of letters per minute transmitted 
must be accepted if the same maximum 
line frequency is retained. 


Performance 
To measure the telegraphic efficiency 
of the regenerator a chemically recording 


transmission testing machine was used. 
Transmission was continuous from a pre- 
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pared tape, unless to simulate keyboard 
sending the transmitter was sporadically 
autostopped. To permit the time rela- 
‘tion between any regenerated signal im- 
pulse of a character and its start impulse 
to be observed, the sending ring could be 
rotated through increments of one seg- 
ment. 

With this arrangement the timing of 
the network sections was adjusted suc- 
cessively until the maximum departure 
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from normal of any regenerated impulse 
was less than two per cent. By moving 
the segment sending the start impulse 
with respect to the segments sending the 
intelligence group, the minimum time of 
duration of an impulse required to insure 
correct selection by the pickup tubes was 
found to be 0.5 millisecond. The re- 
sponse of the latch tubes to the start sig- 
nal was instantaneous, irrespective of how 
long the regenerator had been at rest. 
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Physical Aspects 


The electronic regenerator has been de- 
veloped as an adjunct to direct-point re- 
peaters. Any one of a group of rack- 
mounted unidirectional units may be in- 
serted quickly in a teleprinter circuit at a 
repeater station. Experience has shown 
that the regenerator will operate continu- 
ously for six months without atten- 
tion. 
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A New Submersible Network Protector 
of Higher Rating 


G. G. GRISSINGER 
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URING THE DEVELOPMENT 
of the original low-voltage a-c-net- 
work distribution system, preliminary 
studies indicated that the use of a rela- 
tively large number of medium-sized dis- 
tribution transformers would provide the 
most flexible and most economical ar- 
rangement. Furthermore, very  satis- 
factory operating experience with net- 
work systems of this type gave consider- 
able justification for their use. 

Obviously the network protectors re- 
quired were also of relatively small size, 
since the continuous ampere rating and 
the interrupting rating were influenced by 
the size of the distribution transformers 
used. This meant that the majority of 
the protectors had continuous ampere 
ratings of 250 and 500 amperes at 60 

cycles and interrupting ratings of 15,000 
to 20,000 amperes at 220 volts. 

However, the rapid growth of the a-c 
low-voltage-network distribution system, 
together with its adoption in many differ- 
ent types of application, soon developed 
the need for network protectors of con- 
siderably higher ampere ratings. The 
first expansion extended the continuous 
ampere ratings to 800 and 1,200 amperes. 
Subsequently the range was increased 
further to include 1,600- and 2,000-am- 
pere ratings. 

During this period the interrupting rat- 
ings remained at 20,000 amperes. But 
operating experience with systems having 
greater power concentrations, together 
with calculations of possible short-circuit 
currents, eventually led to the develop- 
ment of network protectors having inter- 
rupting ratings up to and including 40,000 
amperes. 

The need for the higher interrupting 
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ratings also resulted from the use of spot 
networks requiring large concentrations 
of power and involving a number of large 
distribution transformers. In addition 
to having high interrupting ratings the 
network protectors for these applications 
required continuous ampere ratings as 
high as 3,000 amperes 60 cycles. 

Most of the original network protectors 
were located in building or basement 
vaults not subject to flood conditions. 
This meant that the protectors could be 
mounted in the open air or in ventilated 
enclosures. Heat losses generated in the 
protectors therefore were dissipated read- 
ily, and it was not a difficult matter to 
provide reasonably compact units for any 
of the required ampere ratings. 

Extension of the secondary network 
distribution system soon showed the de- 
sirability of installing network units in 
subway vaults either under the street or 
under the sidewalk. Installations of this 
type were of course subject to flood condi- 
tions, and both transformers and network 
protectors had to be made submersion 
proof. In the case of the network protec- 
tors, which were essentially automatic air 
circuit breakers, the enclosures had to be 
watertight, in fact airtight. Dissipation 
of heat from an airtight enclosure, with 
air inside the enclosure as the transfer 
medium, could occur only by straight 
conduction, convection, and radiation, 
with very little benefit from air flow. 

This problem obviously becomes more 
difficult as the continuous ampere rating 
increases due to the greater heat losses de- 
veloped. It is believed therefore that the 
problems involved and the methods used 
to produce a 3,000-ampere a-c submersi- 
ble network protector of reasonable 
dimensions will be of interest. 


General Description 


The 3,000-ampere submersible network 
protector for 120-208-volt three-phase 60- 
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cycle service is the latest development for 
application to secondary networks having 
highly concentrated load areas. The in- 
terrupting rating of this protector is 
40,000 amperes. The accepted practice 
for network protectors requires that the 
circuit breaker withstand an initial in- 
stantaneous peak of 2!'/, times the rms 
current which is to be interrupted, in this 
case a peak of 90,000 amperes, and re- 
quires that it carry the short-circuit cur- 
rent for 60 cycles before the current is 
interrupted. 

The submersible network protector, as 
the term implies, is enclosed in a heavy 
steel housing suitably constructed to 
withstand submersion in water up to a 
depth of at least 15 feet and is in addition 
so constructed as to be readily accessible 
for maintenance. Figure 1 shows such a 
network protector completely closed as it 
isin service. The only electrical connec- 
tions are those to the main circuit by 
means of the solid copper studs through 
porcelain bushings. The cover of the 
housing is a separate fabrication which is 
hinged, gasketed, and clamped to the 
tank body in such manner as to be readily 


Submersible-type 3,000-ampere 
network protector for transformer mounting 
showing exterior cooling fins 


Figure 1. 
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opened for access. The protector proper 
is a unit assembly which can be discon- 
nected readily at top and bottom from the 
power circuit and rolled forward on col- 
lapsible tracks mounted within the hous- 
ing. Briefly described, this protector unit 
consists of a three-pole motor-operated 
circuit breaker, three fuses, a master net- 
work relay, a phasing relay, and a desen- 
sitizing relay. See Figure 2. 


Reduction of Copper and Iron 
Losses 


It is well known that for solid copper 
conductors of a size suitable for carrying 
3,000 amperes at 60 cycles there is con- 
siderable ‘‘skin effect’’ and a!so that there 
is considerable power loss in magnetic 
members in proximity to such conductors. 
Both of these factors are comparable to an 
increase in resistance of the conductor, 
and, as such, it is evident that the power 
loss within the protector varies directly as 
the square of the current carried. This is 
roughly a measure of the difficulty en- 
countered in increasing the current-carry- 
ing capacity of the network protector 
without at the same time drastically in- 
creasing its operating temperature. It is 
impractical to increase the carrying 
capacity without some increase in total 
losses, and the dissipation of these addi- 
tional losses through the housing to the 
outside air further complicates the heat 
problem. A network protector, like most 
electric equipment, must be made as com- 
pact as is consistent with good design; 
this mechanical requirement is in direct 
opposition to the tendency of higher cur- 
rents to result in larger conductor sizes, 


42 TRANSACTIONS 


Figure 2. Submersi- 
ble-type 3,000-am- 
pere network pro- 
tector for transformer 
mounting showing 
interior cooling fins 


higher magnetic forces on contacts, and, 
hence, larger mechanisms. It was the 
judicious balancing of these factors with 
certain improved arrangements which 
made the present development possible. 

The phenomenon of skin effect is well 
known, and in general its effect is quite 
readily calculated! However, in the 
case of a compact multiple-pole circuit 
breaker with its irregular current paths, 
proximity of adjacent phases, and prox- 
imity of magnetic materials the problem 
is complicated by proximity effect,” by 
iron losses, and by contact losses. Be- 
cause of the indeterminate nature of the 
combined losses it was decided early to 
study the losses experimentally by meas- 
uring the actual a-c resistance of the cir- 
cuit breaker and its parts. The loss in 
relay potential and current coils is a small 
part of the total, and hence the problem is 
entirely one of current losses, except for 
consideration of the temperature rise of 
the coils themselves. A search of the 
literature on the subject did not disclose a 
previously available method of readily 
and directly measuring the 60-cycle resist- 
ance of such heavy copper circuits. The 
method employed is described in the 
appendix. 

Conductors of a size to carry 3,000 am- 
peres at 60 cycles are most efficient when 
made in a tubular form, preferably of 
circular section, with a wall thickness of 
approximately 0.5 inch but specifically 
related to the actual diameter.* Because 
of practical considerations in arranging 
contacts and connections in limited space 
a hollow conductor of square section has 
been used for current-carrying parts 
wherever practical. Since these hollow 
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conductors are open at each end and since 
they are mounted vertically, natural con- 
vection is effective for cooling inside as 
well as outside surfaces. (For a compari- 
son of some typical conductors, see 
Table I.) 

The movable contact or bridging mem- 
ber of the circuit breaker cannot readily 
take the form of a hollow conductor, 
especially in the limited space available in 
a network protector, and hence an alter- 
nate type of conductor had to be used 
here. The conductor used takes the form 
of six copper blades per pole in parallel, 
these being hinged at their lower end 
similar to the blade of a knife switch, and 
engaging stationary jaws at their upper 
end. The copper blades are arranged in 
pairs with three such pairs making up a 
bridging member for each pole. In each 
pair the blades are placed with the flat 
faces of one parallel to those of the other. 
The next pair is in a similar position but 
spaced approximately one inch away. 
This configuration of six flat bars in 
parallel if extended in length would have a 
current distribution over its cross section 
no better than would a solid conductor of 
the same outside dimensions. However, 
in this case each of the six conductors is 
only several inches in length and at each 
end there is a contact, the resistance of 
which is appreciable compared with that 
of each baritself. The effect of these con- 
tacts is to equalize the current flowing 
through the six bars, and therefore the 
current distribution over the cross section 
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Figure 3. 

of the multiple silver-plated line contact at the 

break end of the bridging- or moving-contact 
members 


A view showing detail construction 
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of each bar is comparable with that which 
would flow in a single isolated bar, and all 
six bars carry current effectively. 

At the hinge joint of each pair of bars 
the contact is a hard silver plate of sub- 
stantial thickness on both the moving 
bars and on the stationary jaw which is 
placed between them. Pressure is ap- 
plied to these contacts by means of a 
through bolt and cup-washer springs. 

At the break end of the bridging mem- 
bers the stationary jaw is similarly silver 
plated and is tapered at its engaging edge 
to facilitate engagement with the moving 
bars. The bars, however, engage this 
jaw only for a portion of their width in 
order to conserve travel. The portion of 
a bar which engages the jaw at this point 
is silver-plated and then by high pressure 
dies is embossed into a series of parallel, 
raised, and hardened silver lines each 
with its axis in the direction of the sliding 
action of the contact. Figure 3 shows the 
arrangement of the embossed-silver mul- 
tiple-line contact. Pressure on the break 
contact just described is secured in the 
same manner as at the hinge joint, that is, 
by means of a transverse bolt through the 
two bars and a cup-washer spring on 
either side. Figure 4 shows the con- 
struction of the circuit breaker. 

Each pole of the protector is fitted with 
a fuse, usually on the network side, to 
serve as standby protection in case of 
apparatus failure or to open the circuit in 
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case of a bad nonclearing fault on the net- 
work side close to the protector. These 
fuses are designed to operate at an un- 
usually low temperature in order not to 
add unduly to the heat problems of the 
protector. Low operating temperature 
is obtained by constructing the fuse with 
a fusing member from a small section of 
low-melting-point eutectic alloy; the bal- 
ance of the fuse body is heavy copper. 
Network protectors commonly are en- 
closed in steel housings, and, because they 
are made as compact as practical, it is 
obvious that at some point the conductors 
will approach this steel enclosure or actu- 
ally pass through it, resulting in hysteresis 
and eddy-current losses in the steel. 
These losses actually may equal or ex- 
ceed the copper losses, unless preventive 
measures are taken. The method of 
measuring a-c losses which is described in 
the appendix was especially useful in 


tracing and eliminating these iron losses. 


It was found necessary to make the top 
plates where the main bushings pass 
through, and the rear plate of nonmag- 
netic steel. Also, mechanism brackets, 
levers and frames, and circuit breaker 
mechanical parts had to be nonmagnetic. 


Heat Dissipation 


When the circuit breaker has been de- 
veloped to generate the minimum prac- 
tical amount of copper and iron loss there 


Figure 4 (left). A 
view showing the ar- 
rangement of circuit- 
breaker contacts and 
deion arc chute 


PHASE 3 


89500 AMP 


Figure 5. Oscillo- 

gram of a short cir- 

cuit of 40,000 am- 

peres at 300 volts, 
60 cycles 


Figure 6 (right). 

Cross section show- 

ing arrangement of 
cooling fins 
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still remains the problem of dissipating 
this heat through the steel housing or en- 
closure at the relatively small tempera- 
ture differential which is available. The 
usual air circuit breaker has only copper 
loss to be dissipated and dissipates this by 
conduction, radiation, and convection 
directly to the surroundings; the usual 
oil circuit breaker by conduction to the 
oil and then by conduction, radiation, and 
convection to surroundings. The tem- 
perature differential available for the dis- 
sipation of heat is 85 degrees centigrade 
for class-B insulation. 

The radiation of copper losses takes 
place in the network protector in three 
stages, namely, in one temperature drop 
from the copper to its barriers and im- 
mediate surroundings, in a second tem- 
perature drop from these surroundings to 
the inside of the enclosing housing, and 
in a third temperature drop from the 
housing exterior to surrounding objects. 
Similarly, in the dissipation ‘of copper 
losses by convection it is found that there 
are three temperature drops in series, 
namely, first from the copper to the sur- 
rounding air, second from this heated air 
to the housing structure, and third from 
the housing to the exterior air. By con- 
duction some heat is transmitted directly 
to immediate surroundings of the conduc- 
tor and from there is taken by radiation 
and convection to the housing and to the 
outside; but the amount of copper loss 
which may be conducted directly to the 
housing structure is very small. Conduc- 
tion through air to the housing walls 
accounts for a very small portion of the 
heat loss. Fortunately the iron losses 
which are allowed to remain are generated 
directly in the housing itself. 
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As radiation and convection are the 
chief factors in the dissipation of the cop- 
per losses, it is proper that all possible fac- 
tors should be introduced into the design 
favoring the dissipation of the heat by 
these means. 

The dissipation of heat by radiation is 
given by the Stefan—Boltzman law: 


O=5:> 0s Ins = Ips )e 
where 


Q=energy radiated, in watts per square 
centimeter 

T;, =absolute temperature of radiating body 
in degrees Kelvin 

T,=absolute temperature of surrounding 
surfaces in degrees Kelvin 

é=total emissivity of surfaces 


Since this quantity is proportional to the 
difference of the fourth power of the two 
absolute temperatures, it is evident that 
dissipation by radiation can be very use- 
ful even for small temperature differen- 
tials, provided the values of e are as high 
as are practically obtainable. To this 
end the copper conductors are given an 
oxidized copper finish the emissivity of 
which is 56.8 per cent® as:compared with 
unoxidized or unfinished metal surfaces 
which have an emissivity of four per cent 
or less. The housing surfaces, both in- 
terior and exterior, are finished with pig- 
mented paints having even greater values 
of emissivity. 

The convection factor for the removal 
of heat from the conductors is enhanced 
by taking advantage of the chimney effect 
of the vertical hollow conductors and by 
the bridging member of the circuit breaker 
being a number of thin conductors in 
parallel. The return bus bars at the rear 
of transformer-mounted network protec- 
tors are mounted on insulating members 
to the rear plate of the housing, which 
plate is nonmagnetic steel, with non- 
magnetic steel cooling fins extending from 
the plate forward between the bus bar 
members and at each side of them. 
These fins, in this interleaving manner, 
both by radiation and by convection, ex- 
tract heat from the bus bar members for 
their full length. 


It is just as necessary to favor the heat 


transmission through the housing as it is 
to favor getting it out of the conductors. 
The housing is painted inside and out, 
giving these surfaces an emissivity of 
around 89 per cent, so that for radiated 
heat the walls are a good transmission 
means. However, by conduction the 
conductors heat the air within the hous- 
ing, and it immediately rises to the upper 
portion of the housing, where it tends to 
stagnate. The conductors occupy the 
full height of the housing and generate 
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IX 


Figure 7. Diagram showing balancing of 
voltage components in the bridge circuit 


| =test current 
IR =inphase test voltage 
IX =90-degree test voltage 
1Z=voltage drop of test specimen 


heat for their entire length, so that the 
heated air tends to circulate upward past 
the conductors, and they get the benefit of 
true convection cooling. However, the 
heated air moving upward stagnates in 
the top of the housing and is cooled 
mainly by conduction through the housing 
walls. To cool this air and establish a 
full circulating system it is necessary to 
add greatly to the exposed surface of the 
housing, both internally and externally, 
in the hot region. This is done by adding 
cooling fins to both the inside and the out- 
side surfaces as shown in detail in Figure 
6, this being necessary only for approx- 
imately the upper one half of the housing. 
For each one square inch of base or radi- 
ating area, either inside or outside, there 
is an exposed area including fins of 5.1 
square inches. The fin arrangement 
shown is a practical means of construc- 
tion devised to get the necessary heat 
through the available wall area without 
increasing housing dimensions prohibi- 


Table 1. Comparison of Typical Copper 
Conductors at 60 Cycles 
Sur- 
Gross face, A-C 
Sec- Square Resist- 
tion, Inches ance, 
Square Per Microhms Ra-c 
Inches Inch Per Inch Rd-c 
NBs <8 A OA COM mel Oo emer OK even eee 2.07 
Solid bus‘ 
4-inch yy jhola nD. cdi Hae ie LOMO ee 1,22 
low square 
3/s-inch wall 
S-inch hol e400 se Lied CORDA Eee 1.35 
low square 
1/:-inch wall 
S-INCh™ Otit=qac Opodo eee On 224 eee 1.30 
side diame- 
ter of tube 
1/2-inch wall 
4-inch’ Out=-.95.000 .22.0. 1. ..Onl62.ene: 1.31 
side diame- 
ter of tube 
1/2-inch wall 
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tively; it is not theoretically correct in 
proportions, either in efficiency of a given 
amount of base surface or in the amount 
of metal used. Radiation alone is not 
sufficient to cool the conductors and hous- 
ing, and it is not practical to load the con- 
ductors with cooling fins; therefore, it 
has been necessary to allow a relatively 
large temperature differential from the 
conductors to the air in the housing and to 
work toward smaller temperature drops 
from this air to the housing wall and from 
the wall to the outside air by heavily 
loading the housing walls with fins.4*°7 


Mechanical Features 


Working in opposition to the require- 
ments for low loss and low temperature 
rise, as well as the requirements for high 
interrupting ability and high short-time. 
current rating, is the ever present need 
for minimum physical size. The methods 
used to accomplish the required tempera- 
ture results have been described. The 
mechanical features whereby the stresses 
of interruption and of high currents are 
held under control now will be discussed. 


The current values encountered in 
short-circuit interruption by network pro- 
tectors are high and must be held under 
control until interruption is accomplished. 
The 3,000-ampere network protector 
is required to interrupt a short circuit, the 
initial crest of which reaches an instan- 
taneous value of 90,000 amperes or more, 
followed by a decreasing current for 60 
cycles, at which time the circuit breaker 
opens and interruption is accomplished at 
40,000 amperes or more rms. During 
this time it is necessary that the large 
magnetic forces do not blow any of the 
contacts open, with the resulting burning 
of contacts. 


The magnetic forces of short-circuit 
currents act in three ways, all tending to 
force open thecontacts or bridging member 
of the circuit breaker. The design is such 
as to minimize or nullify all three of these 
factors. First, there is the largest of the 
three magnetic forces, that due to the re- 
turn-current path in the bus bar to the 
rear of the circuit breaker. Its effect is 
minimized by one end of the bridging 
member being hinged (see Figure 4), so 
that 50 per cent of this force is expended 
at the hinge pin. The 50 per cent of the 
force at the contact or break end is ex- 
pended, not against springs, but rather 
against the rigid members of the mecha- 
nism. The second component of magnetic 
force which is commonly encountered on 
bridging members of circuit breakers of 
this general configuration is that caused 
by the bridging member not forming one 


ELECTRICAL ENGINEERING 


straight conductor with the upper and 
lower conductors.*:® This component is 
minimized and controlled in the same 
manner as the first component and also is 
minimized further by the bridging mem- 
ber being closely in line with its terminal 
conductors. The third component of 
magnetic force tending to blow the con- 
tacts open is that due to the current con- 
verging to a small cross section and high 
density at points of contact. At any 
given point of contact this force will vary 
as the square of the current. This factor 
in the present circuit breaker arrange- 
ment is minimized by the current being 
divided into six contact paths (one for 
each of the six blades) and further into 
the multiplicity of line contacts at each 
embossed contact; the force at each de- 
tail contact will vary as the square of the 
current through it, but the sum of the 
squares of the individual currents is a 
value less than the square of the sum of 
the currents, which would be the case if 
the total current passed through a single 
contact. The effect is minimized further 
by the fact that the forces are in a direc- 
tion 90 degrees to the main motion of the 
bridging member and further are more 
than counteracted by the cup-washer 
springs and by the magnetic forces of the 
parallel currents in each pair of blades 
tending to pull the blades together. 


When the circuit breaker opens, the 
two side pairs of blades open first and 
transfer all of the current of one pole to 
the center pair which opens slightly later 
and in turn transfers the total current to 
be interrupted to the butt type of arcing 
contacts with tungsten-alloy arcing tips. 
The hinging of and flexible connection to 
this arcing contact are arranged so that 
the nonuniform magnetic field resulting 
holds these tips in contact until the mo- 
tion of the circuit breaker and mechanism 
opens the contact. When the contact 
does open, the current is transferred to 
the deion arc chute for interruption. 
Once transferred the current is carried to 
the deion chute through a separate con- 
ductor for the purpose and no longer is 
carried by any of the circuit-breaker con- 
tacts. The general arrangement of the 
circuit-breaker and arc chute is shown in 
Figure 4.19 Figure 5 is a typical oscillo- 
gram of an interruption.” 


From the foregoing it is noted that the 
mechanism need only be large enough to 
close the circuit breaker against frictional 
forces and the forces of opening or acceler- 
ating springs. It is not required to de- 
flect contact springs which (as commonly 
used in circuit breakers) are sufficiently 
strong to withstand directly the magnetic 
forces of short-circuit currents. 
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Appendix. Measurement of 
A-C Resistances at Low 
Frequencies in Heavy 
Conductors 


In the case of commercial power frequen- 
cies the a-c resistance of heavy-current con- 
ductors, or the wattage of power resulting 
therefrom, normally is arrived at by calcu- 
lation rather than by measurement. When 
the conductor is irregular in size and ar- 
rangement, or when return phases by prox- 
imity become factors, or when there is mag- 
netic steel in the vicinity, calculations be- 
come tedious and often questionable. Fre- 
quently the conductors are so short that the 
voltage drop in their length is a matter of 
millivolts, even with several thousand am- 
peres flowing, and normally the power factor 
through the conductor is very low. With 
these circumstances the problem does not 
lend itself to the use of the conventional 
wattmeter. Further complications arise 
from induced voltages in the potential cir- 
cuits by reason of the proximity of the 
heavy-current circuits. 


The method of measuring wattage loss 
developed in conjunction with high-current 
network protectors is based on the use of a 
bridge circuit wherein the voltage drop 
across the test specimen is balanced by a 
voltage made up of two components, both 
variable in magnitude, one component 
known to be inphase with the test current 
and the other known to be 90 degrees out of 
phase with the test current. See Figure 7. 
By calibration of the source of the inphase 
component the effective resistance of the 
specimen is determined. 

The test circuit is shown in Figure 8 in 
diagram form. The source of test energy is 
a transformer of the required frequency 
capable of circulating several hundred am- 
peres through the test specimen; the current 
value is not critical, nor is it necessary that 
it be constant. The test current from 
terminals A—A is circulated through a cur- 
rent transformer C, through the test speci- 
men B-B, and through a section of concen- 
tric conductor D (shown in section), the lat- 


Figure 8. Wiring diagram of the bridge cir- 
cuit used for measuring a-c resistance of large 
copper conductors 
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ter being heavily shielded magnetically. 
All test circuits other than the source of 
heavy current are of the concentric shielded 
type. The secondary of the current trans- 
former is connected to a potentiometer type 
of resistor having a double-contact type of 
slide SH and designed to have very low re- 
actance and very low skin effect at the fre- 
quency used.!!_ This potentiometer is the 
source of a voltage, adjustable in magnitude, 
which is closely inphase with the current in 
the primary of the current transformer, and 
hence is closely inphase with the 7R com- 
ponent of the voltage drop through the test 
specimen. The position of the double- 
contact slide is calibrated in terms of the d-c 
resistance of the section of conductor which 
is included between the two contacts. 
When a balance is established (described 
later), the a-c resistance of the test specimen 
is known to be the d-c resistance of the 
potentiometer at the particular setting 
divided by the ratio of the current trans- 
former. From the foregoing it is evident 
that 


1. The potentiometer must have no appreciable 
skin effect. 


2. The current transformer must have very little 
phase-angle error. 


3. The ratio of the current transformer under load 
must be accurately known. 


In order completely to balance the voltage 
drop appearing at FF across the test speci- 
men it is necessary to obtain a voltage which 
is variable in magnitude and which is known 
to be accurately 90 degrees inphase position 
relative to the test current. This is ob- 
tained by induction from coil E which is 
mounted pivotally in the annular space 
between the inner and the outer conductors 
of the concentric conductor D. The 90- 
degree relation is known to obtain, because 
the magnetic flux in the annular space ts of 
necessity inphase with the current in the 
central conductor, and the voltage induced 
in coil E leads this flux by 90 degrees. 
These phase-angle relations hold accurately 
for conditions of balance, for then there is no 
current flow in the galvanometer circuit 
which could upset the angular relations. 
The coil E is wound upon an entirely non- 
metallic structure and is wound of very fine 
wire in order not to distort the phase-angle 
relation of voltage induced with respect to 
test current. The magnitude of voltage to 
secure a balance is obtained by adjusting 
the plane of coil E with respect to a plane 
described by a radius of the concentric con- 
ductor and the axis of the same conductor. 

By means of shielded cable, voltages from 
SH and from E are connected in the same 
circuit with the voltage from test specimen 
FF and with vibration galvanometer G. 
Double-throw switches S1 and S2 permit of 
reversal of test connections and thereby 
eliminate some minute effects of stray fields 
upon the test specimen. Rheostat W con- 
trols the sensitivity of the vibration galva- 
nometer. The galvanometer is tuned to the 
test frequency by means of the field rheostat 
R. The vibration type of galvanometer is 
preferred as an indicator of balance because 
of its fine sensitivity and because of its free- 
dom from the effects of harmonics in the test 
current. H is the d-c source of field excita- 
tion for the galvanometer, and W is the 
lamp used for mirror and light-beam regis- 
tration. The galvanometer is magnetically 
shielded. 
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The Solution of Transmission-Line 
Problems in the Case of Attenuating 


Transmission Line 


GEORGE GLINSKI 


ASSOCIATE AIEE 


OAXIAL LINES with solid dielec- 

tric often are used as feeders. Such 
lines have appreciable attenuation (of the 
order of 1.5 decibels per 100 feet at-100 
megacycles per second). Application of 
standing-wave method of finding the re- 
ceiving-end impedance, as based on the 
assumption of lossless transmission line, 
would introduce an appreciable error, in- 
creasing with the length of the line used. 
The purpose of this paper is to show how 
by the application of the standard trans- 
mission-line theory the standing-wave 
method of measuring impedance can be 
extended to the case of transmission lines 
with attenuation, if the appropriate cor- 
rections are introduced. As seen from 
this point of view, the paper brings to- 
gether and somewhat systematizes in- 
formation available in the existing tech- 
nical literature.!? 


Voltage Distribution Along the Line 


The total complex voltage V at any 
given point of the transmission line is the 
sum of the incident complex voltage V; 
and the reflected complex voltage V,. 
As we go along the attenuating transmis- 
sion line from its receiving toward its 
sending end, the amplitude of the incident 


vector voltage increases. This is taken 
into account by the multiplication of the 
reference magnitude V; by e%”. Hence, 
‘at the point x from the receiving end the 
incident voltage has the magnitude V,e%7 
(Figure 1). The factor a is called the 
attenuation constant of the line. 

Also, if we go along the attenuating 
transmission line from the receiving to- 
ward the transmitting end, the phase of 
the incident complex voltage changes. 
This is again taken into account by the 
multiplication of the reference magnitude 
by e’®", Hence, at the point x from the 
receiving end the incident complex volt- 
age is V,e%7e"®* (Figure 2). 

The factor B is called the phase con- 
stant of the line. As we see, the simul- 
taneous attenuation and phase shift can 
be taken into account by multiplying the 
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vi 

px 
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Figure 1 (left). Effect Figure 2 (right). 


of attenuation Effect of phase shift 


reference magnitude V; by e”” (Figure 3) 
where y=a+jé. The factor y iscalled the 
propagation constant of the line. Hence 
the general expression of the incident 
voltage at point x from the receiving end 
of the line is V,e7”. 

Similarly the reflected complex voltage 
at the point x from the receiving end of 
the line can be represented by V,e~77*’”, 
where V, is the magnitude of reflected 
voltage at the receiving end of the line 
and yw, its phase difference in relation to 
the incident voltage at the receiving end 
(Figure 4). 

Hence the total complex voltage at the 
point x from the receiving end of the line 
is 


V=ViAV, = Vie? + Vje71 +0 (1) 


The ratio of the reflected complex volt- 
age at the receiving end to the incident 
complex voltage at the same point is 
called the voltage complex reflection co- 
efficient Kp: 


(2) 


Introducing this into equation 1 we 
obtain 


V=V;,(e17+Kre 7”) 
= Vie (1+Kpe%e-277) (3) 
Voltage Distribution Near the 
Receiving End 


Let us assume, as a first approximation, 
that, although the line is attenuating, the 
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In the use of this test circuit the current 
is adjusted to any suitable value at the de- 
sired frequency, and balance is obtained by 
adjustment of SH and £ until zero response 
is obtained on galvanometer G. Rough 
balance is made first with W large and then 
the sensitivity gradually increased as closer 
and closer balance is achieved. When bal- 
ance is reached the a-c resistance of the test 
specimen is the d-c resistance of section Y 
of the potentiometer divided by the ratio of 
the current transformer. 

Although the test arrangement described 
was used on appreciably heavier conductors, 
actual comparison with values calculated 
for a ten-inch length of seven-eighths-di- 
ameter copper bar was made as follows: 


D-c resistance of ten-inch length, 
OWES. neers reeR tC tea sate nee 1.315107 
Ratio of a-c—d-c resistance............1.0668 
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Calculated a-c resistance, ohms........ 1.401075 
Measured a-c resistance, ohms........ 1.451075 


With a galvanometer having an imped- 
ance better matched to the problem at hand 
even greater sensitivities should be obtain- 
able. 
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attenuation of the line of a length of about 
d/2 is negligible. Let us find the voltage 
distribution along the first half wave 
length of line from the receiving end. 
According to our assumption for this 
length e*? —> 1 and from equation 3 we 
obtain 


V= Vye®*(14-K pee 67) (4) 


This is a well-known’ equation of the 
voltage distribution along the lossless 
line. The expression in the brackets on 
the right side of the last equation is the 
vector sum of the unit vector OA (Figure 
5a) drawn along the real axis and the vec- 
tor AB=Kre’*—*®” drawn from the 
point (1.0) as shown on the same figure. 
The vector Ke’? ~ 7") rotates, with in- 
creasing x, in the clockwise direction and 
completes one revolution when x=\/2 
(since the phase constant 6=27/)). 

To find the magnitude of this vector 
sum in the brackets for a given length of 
line x, we must rotate the vector Kr 
through the angle 26x from its original 
position and in the clockwise direction. 
Let us assume that x is such that the vec- 
tor takes the position AB in Figure 5a 
Then the segment OB gives us the magni- 
tude of the vector sum. Moreover, this 
magnitude is proportional to the magni- 
tude V of total complex voltage at the 
point x, of the line, since the factor cP bhe- 
fore the brackets changes only the phase 
angle. 

In Figure 5b the magnitude of the vec- 
tor sum in the brackets versus the length « 
of the line is plotted. According to 
what has just been said, this also gives the 
distribution of the magnitudes of the total 
voltage along the line. 


Voltage Distribution Far From the 
Receiving End 


Let us suppose that the line under con- 
sideration is terminated in such a load 
that the receiving-end-voltage reflection 
coefficient and voltage distribution are as 
shown in Figures 5a and b. 

Let us find the voltage distribution on 
the line starting at some distance x= 
n(\/2) where n>>1. Since, according to 
our previous assumption, the attenuation 
though existing is constant along the con- 
sidered \/2 section of the line, the equa- 
tion 3 yields 


V = Viet 02 (14 K pero Patre M87) (8) 


We shall use again the graphical con- 
struction. On the real axis (Figure 6a) 
we shall plot the unit vector OA. Then, 
using point A as a center, we shall draw 
the circle of the radius Kpe “**». The 
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REFERENCE POINT 


Figure 3. Effect of attenuation and phase 
shift 


610-4 Via 


$e Figure 4. Incident 


and reflected volt- 
ages at the receiving 
end of the line 


vector AC will be equal to Kze~°*”e’¥? 
The magnitude of the vector OC is pro- 
portional to the magnitude of the total 
voltage at the point x2 of the line. By 
rotating the vector AC in the clockwise 
direction and in the way just explained, 
we obtain again the voltage distribution 
on the section of line considered. This 
voltage distribution is plotted in Figure 6b 


Graphical construction for voltage 
distribution near receiving end 


Figure 5a. 


nN 3A a A 0 
2 8 


4] 
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Figure 5b. Voltage distribution near receiv- 
ing end 
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versus the distance along the line. Com- 
paring the Figures 5b and 6b (when 
plotted to the same scale), we see that the 
voltage distribution farther from the re- 
ceiving end of the line differs from that at 
the receiving end in two respects: 

1. Farther from the receiving end the 
standing-wave ratio g, that is, the ratio of 
maximum to minimum voltage, decreases. 


In other words the attenuation of the line 
decreases the standing-wave ratio q. 


2. The space average magnitude of the 
voltage is higher farther from the receiving 
end. 


Attenuating Line as an Impedance- 
Measuring Device 


For the voltage distribution starting at 
the point x2 of the line (far from the re- 
ceiving end), the maximum magnitude is 


Vinax = Vie? (1+ Kre_ aoe (6) 
and the minimum magnitude is 
Vinin = Vze%2(1 — Kre~ 22) (7) 


Hence the standing-wave ratio in the 
vicinity of the point x2 is 


Viwas: 1 + K pe aaa 


= = 8 
q2 Vie tek (8) 
Solving the foregoing for Kz yields 
sal 
Rane: © (9) 


atl 


The last equation gives us the magni- 
tude Kz of the receiving-end-voltage re- 
flection coefficient. This can be used 
now to find from the known formula® the 
standing-wave ratio gp near the receiving 
end of the line: 


_1+Kr 
WR Kp 


(10) 


tio be 


~--- 


Figure 6a. Graphical construction for voltage 
distribution far from receiving end 
410,64 
X 
ane d d 
xath x2 +3 RES atc X2 
Figure 6b. Voltage distribution far from re- 


ceiving end 
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This standing-wave ratio, together 
with relative shift of the voltage minimum 
in relation to the point x2, can be used in 
the standard way! to find Z,/Z, from the 
appropriate chart (Zz equals the receiv- 
ing-end (load) impedance; Z, equals the 
characteristic impedance of the line). 

If we prefer the graphical construction, 
we can proceed as follows: Suppose that 
the vector OB in Figure 7a is proportional 
to the first minimum voltage encountered 
along the line when going from the point 
x2 toward the sending end, whereas the 
vector OD is proportional to the maxi- 
mum voltage. The circle with center A 
midway between the points B and D and 
going through these points is the locus of 
the reflected voltage near the point x2 of 
the line. If the first minimum of the 
voltage is shifted a distance x3 from the 
point x2 (Figure 7b), then the correspond- 
ing angle is 26x3. We shall rotate the 
vector AB counterclockwise through this 
angle2 x3; thisyieldsthe vector Kpe-“”X 
e’¥° proportional to the reflected voltage 
at the point x, of the line. Its magnitude 
is given by Kpe *”. Let us suppose 
that the attenuation constant a and the 
distance x, are known, then the factor 
e’*™ can be calculated. The multiplica- 
tion of the magnitude Kpe °*”: by the 
factor e'** gives obviously Kp. 

Let us draw the circle of the radius Kp 
with a point A asacenter. Then the vec- 
tor AF gives us the reflection coefficient at 


Graphical construction for finding 
Zr/Z, from the voltage distribution curve far 
from receiving end 


Figure 7a. 
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Figure 7b. Voltage distribution far from re- 
ceiving end 
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Figure 8. Short- 
circuit and load volt- 
age distributions 
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x3 


the receiving end of the line. As it is 
known, the ratio of segments OF and OG 
(the point G being diametrically opposite 
to the point F) gives us the magnitude of 
Zr/Z,. The phase of Zp/Z, is given by 
the angle GOF. This phase is positive 
(Zz inductive), if OF leads OG; it is 
negative (Zp capacitive), if OF lags OG. 


Determination of Transmission- 
Line Attenuation 


From the previous discussion it follows 
that the measurement of the receiving- 
end impedance Zp requires among other 
things a knowledge of the attenuation 
constant @ of the line. 

The constant a can be determined 
readily from the measurement of the 
voltage distribution on the line when 
short-circuited at the receiving end. 
In this case, as we know, the magnitude 
Kp of the voltage reflection coefficient is 
equal to one and equation 9 yields 


_Ish.ot it 
Qsh.c— 1 


era, 


(11) 


Note that qs;., is measured in the 
vicinity of the point x2 of the line, that is 
far from the receiving end. 


Example 


Let us assume that the coaxial meas- 
uring section of transmission line is con- 
nected through a long coaxial line to the 
unknown receiving-end impedance Zp. 
When the line is short-circuited at the 
receiving end the measured voltage dis- 
tribution is as shown by curve A in 
Figure 8. Curve B on the same figure 
represents the voltage distribution with 
the receiving-end impedance Zp con- 
nected. The frequency of applied signal 
is 96.3 megacycles per second. 

The total attenuation of the line can 
be found from the formula 11. The 
standing-wave ratio in the case of the 
short circuit is 


0.905 
Ishc=—.~ = 2.83 
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Zr/Zo 


That is, the total attenuation ax,= 
0.37 nep or 3.2 decibels. 

In the case of the load connected the 
measured standing wave ratio is 


0.90 


=—— = 2.02 
0.445 


q2 

The standing-wave ratio at the re- 
ceiving end can be found from the known 
formula 1 using formula 9 as 


age! 
2.0241 

peta 2.02—1 
2.0241 


This example was chosen intentionally 
to show how important the correction of 
standing-wave ratio for the attenuation 
on the line between the measuring section 
and the receiving end can be. 

The shift of the minimum when the 
line is loaded as referred to the minimum 
when the same line is short-circuited is 
x3=14 holes, Figure 8, (Coaxial meas- 
uring section is. provided with equidistant 
holes for the purpose of measuring voltage 
distribution. These holes are numbered 
and distances along the measuring section 
are measured conveniently in number of 
holes), or 0.226 (since \=64 holes, as 
can be found from the curve B on Figure 
8) toward the load. Hence the load is 
inductive. 
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Electrical Measurements on A\ircraft- 


Engine Ignition Circuits 


WM. E. 


BERKEY 


MEMBER AIEE 


Synopsis: A method of measuring ignition 
voltages with a cathode-ray oscillograph is 
described. Magneto and spark-plug volt- 
age oscillograms covering several consecu- 
tive firing pulses were taken on a complete 
aircraft magneto ignition system under 
several engine operating conditions. Oscil- 
lograms taken with spark plugs firing in air 
show differences when compared with engine 
tests. An improved electronic oscillograph 
has been developed which is well adapted for 
ignition measurements. 


HE spark ignition system is recog- 

nized as the greatest single source of 
trouble in an aircraft engine.! New igni- 
tion problems have been created, and old 
ignition troubles intensified in modern 
engine developments. The ignition sys- 
tem on the high-power engines of today 
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must function under higher output per 
cylinder, higher temperatures, greater 
numbers of firing sparks per second, 
higher altitude operation, and more strin- 
gent radio-interference requirements. 
The fact that large numbers of high- 


A—Simple resistor-capacitor divider 
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Cz includes capacitance in plate circuit 


power aircraft engines are in operation 
today reflects great credit to the ignition 
engineers who have succeeded in solving 
their major problems. 

A magneto ignition system generates 
and distributes a series of timed transient 
electric discharges. The magneto output 
voltage is created by a sudden disturb- 
ance in two coupled circuits each simply 
oscillatory, and, therefore, may be re- 
garded as the resultant of two normal 
modes of different amplitudes, frequen- 
cies, and damping. A distributor alter- 
nately connects the different length spark- 
plug circuits with the magneto through 
a short air gap. The current which flows 
in the circuit then is complicated by the 
magneto characteristics, the variable 
circuit parameters, and the spark-dis- 


RiGi =R2Co 


Figure 1. Parallel capacitor-resistor type volt- 
age divider 


Using the transmission-line calculator,‘ 
we shall find that the resistive component 
Rp and reactive component Xp of the 
receiving end impedance Zz are Rp/Z,= 
Stoner) Ze— 2.9: 

The graphical construction for this case 
is shown in Figure 9. It consists of the 
following steps: 


1. Draw OB proportional to Vi, from 
Figure 8, curve B. 


2....Draw OD proportional to Vysx from 
Figure 8, curve B. 


3. Draw the circle on BD as a diameter 
(point A is its center). 


4. Translate the shift of the minimum x; 
into the angle 26x3. In the case considered, 
since x3 is shifted toward the load, the vector 


BA should be rotated clockwise.: The angle © 


of rotation is equal to 47x;/. In the case 
considered it is 2.84 radians or 162.7 de- 
grees. 


5. The vector 
inca 2arreIPo. 


AC is proportional to 
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6. Find e?@22 from formula 11. 


7. Multiply the magnitude of vector A Cby 
e’or2 and draw the circle of the radius Kp 

»with point A as a center. The vector AF 
is proportional to the reflection coefficient 
Kr at the receiving end of the line. 


8. The ratio of the segments OF/OG gives 
us the magnitude of Zp/Z,5. 


9. The angle GOF gives us phase of Zp/Z, 


Mb, 
ITS, degrees 
Zo 


or 


a) 


As we see, these figures agree fairly well 
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with those obtained when using the trans- 
mission-line calculator. 


Conclusion 


As it is seen, the existence of attenua- 
tion in the transmission line does not 
change the method of determining the 
load impedance; with appropriate con- 
nection the same method can be used. 
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Figure 2. Pratt and Whitney aircraft ignition 
test assembly 


M—Masgneto; D—Distributor; P—Plug mount 


charge characteristics in both the dis- 
tributor and spark plug. Calculation of 
an ignition circuit is thus at present not 
possible. Measurements of voltage and 
current in an ignition system are not easy, 
because high voltages, high frequencies, 
and low total energies are involved. Ig- 
nition voltages of 15 kv commonly are en- 
countered at the magneto. Ignition cur- 
rents from frequency of firing to hundreds 
of megacycles are detected by wave 
meters. A magneto ignition spark may 
release only 50 millijoules in the spark 
gap. ' 

The object of this paper is to describe 
some recent measurements made on a 
modern aircraft-engine ignition system 
with the hope that further investigation 
will be stimulated. 
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Figure 3. Magneto- CIRCUIT 2 
ignition circuit con- 


stants 


Cx =2,000-micromicrofarad series capacitor 

Cp=0.35-microfarad primary capacitor 

C,=150-micromicrofarad capacitance of sec- 
ondary to ground at distributor 

Cz=100- to 300-micromicrofarad capacitance 

in harness and plug lead 
C;=35-micromicrofarad capacitance of spark 
plug 


Eg=25,000 volts maximum secondary open 


circuit volts 

Ep=85 volts maximum primary volts 

Lp=2.65 to 4.3 X10 ~*henrys primary induct- 
ance in coil 


Combined Capacitance-Resistance 
Voltage Divider 


In an oscillographic study of ignition- 
circuit voltages it is necessary to reduce 
the ignition voltage to values suitable 
for the oscillograph deflection plates. 
The construction of a divider, which will 
not change the ignition voltage being 
measured and will reproduce faithfully 
the ignition wave on the film, constitutes 
a major problem. A noninductive resist- 
ance divider of ten megohms total resist- 
ance gave frequency distortion due to the 
oscillograph plate capacitance of 25 mi- 


CIRCUIT 1 R D 


Li b> 


DOUBLE MAGNETO iD 


Lg =30 to 42 henrys secondary inductance in 
coil 
L,=0.004 microhenry per centimeter in con- 
centric cable (calculated) 

|p =six amperes crest 

Fs =2,000 approximate natural frequency with 
D open and B open 

Fp =6,000 approximate natural frequency with 
D open and B closed 

F,=107 cycles per second approximate fre- 

quency of CyLiC2 (calculated) 
Rs=6,800 ohms 
Rp=0.25 ohms 


cromicrofarads. Capacitance dividers 
were found to be unsatisfactory for low- 
frequency measurements due to unequal 
leakage around the capacitors. In igni- 
tion circuits both high- and low-frequency 
voltages are known to be present; there- 
fore, a combined capacitance-resistance 
divider was built. 

The simple capacitance-resistance di- 
vider is sketched in Figure 1A. When 
the time constants for each divider step 
are made equal, the frequency of the volt- 
age being measured has no effect upon 
the ratio of the divider if the lead induc- 
tance is neglected. The effect of lead 


Figure 4. Open-circuit magneto voltages 


A (left)—Open-circuit secondary voltage 


B—Open-circuit secondary voltage with primary-circuit open 
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Figure 5. Distributor and plug voltage characteristics 


A (left)}—Distributor voltage to ground 
B—Spark-plug voltage to ground 
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inductance is considered in the compen- 
sated divider of Figure 1B. With com- 
plete compensation it is possible to make 
a divider with constant ratio for direct 
current and high frequency.’ 

In the experimental investigation, the 
simple capacitance-resistance divider was 
found satisfactory. The constants of 
one divider were 


Cu25 107 or 
€3=350X100 "°F 


Ri, =11.2X10® ohms 
R2.=0.8X 10° ohms 


It is necessary to keep the stray ground 
capacitance of RiC; step low and to lo- 
cate the divider as closely as possible to 
the point of voltage measurement. 


Ignition Assembly Tests : 

The ignition system investigated was 
that used on the Pratt and Whitney R- 
2800 18-cylinder engine. It consists of a 
double magneto, which generates simul- 
taneous ignition pulses for two circuits of 
18 plugs each through the two separated 
distributors. Initial tests were made 
with this ignition system mounted upon 
an engine nose section with plugs firing 
in air as shown in Figure 2. The standard 
magneto and distributor gears were 
driven by an electric motor mounted in 
the rear. The magneto was an eight-pole 
rotating-magnet type with two coils and 
breaker structures. The magneto rotor 
was geared to rotate at 11/3 times crank- 
shaft speed. The breaker cam had 18 
lobes ground for compensated timing and 
rotated at one-half crankshaft speed. A 
series capacitor of 2,000 micromicrofarads 
in the coil secondary, located in the mag- 
neto housing, enables the magneto to 
deliver more than 1,350 rpmX18= 
24,300 firing discharges per minute 
through each circuit. The voltage di- 


A—Top view of test cell 
and control room 
a—Dynamometer control 
panel 

b—High-voltage d-c rectifier 
c—Oscillograph and control panel 
d—Engine-control panel 
e—Transmission line 

{—Double window 

g—lest engine 

h—Shroud 

i—Air blower 

j—Water brake 

k—Dynamometer 


vider was attached to a spare high-volt- 
age terminal provided in the magneto 
housing. A schematic circuit of this 
ignition system is drawn in Figure 3. 
The circuit constants measured and cal- 
culated for this circuit are listed below 
the circuit diagram. 

The rotating-film cathode-ray oscillo- 
graph‘ recorded the magneto and spark- 
plug voltage transients. The low-voltage 
side of the divider led directly to the de- 
flection plates. The time scale was pro- 
vided by rotation of the film. An expo- 
sure was made by unblocking the beam 
relay for a predetermined time with a 
voltage applied and removed by mechani- 
cal contactors. 

The open-circuit voltage obtained on 


A—lype-A discharge voltage 


B—Type-B discharge voltage 
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C—Type-A discharge current at plug; restrike 
on flux reversal 


D—Type-B discharge current at plug 


Figure 6. Voltage and current oscillograms of 
two types of ignition discharges 
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B—Side view of test cell and control room 
a—Shock mount 

b—Concrete floor 

c—Roof vents 

d—Aiir 

e—Potentiometer 

{—Bed plates 


Figure 7. General layout for engine test 


the magneto with the divider connected 
directly to the high-voltage side of the 
coil secondary is shown in Figure 4A. 
The open-circuit voltage rises to 28-kv 
crest with an initial rate of rise of about 
400 volts per microsecond. The two fre- 
quency components of 2,000 and 6,000 
cycles are visible in this oscillogram. 
Figure 4B shows the open-circuit voltage 
record obtained with the circuit breaker 
blocked open and the divider connected 
directly to the magneto. 

The distributor voltage to ground ob- 
tained with the complete ignition circuit, 
but with the spark plugs firing in air, is 
shown in Figure 5A. The voltage rise at 
point @ occurs when the primary circuit 
breakers open and the value of this crest 
voltage is determined by the breakdown 
voltage of the distributor gaps. The elec- 
tric charge stored in the magneto second- 
ary circuit up to the distributor then is 
shared with the spark-plug circuit on a 
high-frequency transient. The resultant 
voltage is usually high enough to break 
down the spark plug and discharge the 
secondary on a high-frequency damped- 
current oscillation. The air gaps then 
partially recover some dielectric strength, 
and the secondary circuit rises again, but 
now the voltage required to break down 
the distributor gaps is less than the initial 
breakdown, probably due to residual ioni- 
zation in the gap. This action is re- 
peated many times at b until finally at ¢ 
the generated secondary voltage is no 
longer able to break down the gaps. The 
voltage reverses as a result of the buildup 
of reverse flux through the magneto coil, 
and at d several breakdowns occur. At 
e the primary circuit breaker closes, and 
the distributor spark goes out, leaving the 
high-voltage lead with a trapped charge 
because of the secondary series capacitor. 


TRANSACTIONS 5f 


Secondary voltage oscillations attributed 

- to primary-current short-circuit tran- 
sients are superimposed upon the residual 
direct voltage of this line section. At 
f the next pulse occurs on opposite po- 
larity with the rotating distributor finger 
now adjacent to the next spark-plug cir- 
cuit terminal. Repeated voltage rises 
and breakdown occur at g, the secondary 
magneto voltage reverses at h, and a 
second breakdown period is found at 7, 
followed by the primary circuit breaker 
closing at j. This time the magneto-dis- 
tributor lead was left at almost zero di- 
rect potential, although the a-c oscilla- 
tions are relatively large. 


An oscillogram of the spark-plug volt- 
age is shown in Figure 5B. Two ignition 
discharges of opposite polarity taken on 
the same plug are recorded. Repeated 
charging- and breakdown-voltage varia- 


Figure 10 (below). Westinghouse electronic 
oscillograph 


A—Cathode housing, 50 kv, d-c maximum 
B—Sweep and timing circuits 

C—Focusing and bias control 

D—Vacuum pumps 

E—Calibrating and film-drum exposure control 
F—Main control panel 

G—Stationary film 

H—Rotating film 


Figure 8. Magneto voltage with different engine-operation conditions 


S—Speed, rpm 
T—Indicated torque 
P—Brake horsepower 


A (above)—Typical oscillogram B—Effect of 15,000-ohm resistor in 
Al-217 number-1 front plug high-voltage lead at distributor 
- $—1,500 rpm idling Al-268, number 1 rear plug take-off 
S—2,700, IT—2,900, P—2,000 
Rg =15,000 ohms at distributor 


Figure 9. Spark-plug voltage records obtained during engine tests 
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tions are observed on the film. Also com- 
plicated reflection and extinction effects 
are indicated in this oscillogram. 

Two types of magneto firing-voltage 
records were recorded on the assembled 
ignition system with spark plugs firing in 
air. Figures 6A and C illustrate typical 
voltage-time and current-time oscillo- 
grams associated with the steady type-A 
discharges. Figures 6B and D show os- 
cillograms of voltage and current asso- 
ciated with the intermittent type-B dis- 
charges. Other investigators»® have 
called these discharge types “inductive” 
and “‘capacitive’” sparks. The steady 
sparks appear reddish and _ diffuse, 
whereas the intermittent sparks appear 
bright bluish and concentrated. 


Ignition Tests on Engine 


The layout of the test cell and control 
room is sketched in Figure 7. The test 
eengine was loaded with a dynamometer 
and a water-wheel brake. A cathode-ray 
oscillograph was set up in the control 
room with a two-wire transmission line 
connecting the deflection plates to the 
voltage divider located over the engine. 
The length of the line was 12 feet. The 
test engine was operated under several 
fixed conditions, and records made of the 
magneto firing voltage and the spark-plug 
voltage to ground, In Figure 8 typical 
records of the magneto high-voltage lead 
voltage to ground are shown. A 60-cycle 
voltage was recorded to provide calibra- 
tion of each oscillogram. An external 
mechanical relay used in these tests to 
trigger the beam frequently bounced to 
cause apparently unconnected short por- 
tions of the trace. 

The intermittent-type discharge-volt- 
age characteristic was found in all oscillo- 
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grams taken with the ignition system 
firing the engine. The magneto firing- 
voltage records obtained do not differ 
greatly for different engine test condi- 
tions. No significant differences in the 
breakdown voltages are observed in 
Figure 8. The restriking voltages which 
follow the breakdown are observed to be 
higher at higher speeds and greater en- 
gine power output. 

A spark-plug voltage record is repro- 
duced in Figure 9A. In this record the 
initial breakdown is not visible due to the 
extremely fast rise and fall. When a 
15,000-ohm carbon resistor was installed 
in the high-voltage lead at the distributor, 
the breakdown voltage was observed as 
shown in Figure 9B. In this record the 
initial breakdown of the spark plug is 
clearly visible. The resistor serves to 
decrease the rate of rise of voltage on the 
spark plug. 


Electronic Oscillograph 


Oscillograms described in this report 
were obtained with an oscillograph of 
older design. A newly designed cathode- 
ray oscillograph’? with complete operat- 
ing accessories is pictured in Figure 10. 
New features which make it particularly 
valuable for ignition studies are 


1. Provision for either stationary or rotat- 
ing film recording. ; 


2. Photoelectric means for exposing the 
rotating film for exactly one revolution, in- 
dependent of speed of film rotation. 


3. Enclosed and shielded electric circuits 
in removable panels with safety features. 


4. Sweep circuit selector switches which 
enable a quick setting of sweeps from one 
microsecond to 20,000 microseconds. 


The different operating circuits are built 
into the cabinet on removable panel as- 
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semblies. The high d-c beam voltage is 
supplied by a, transformer and rectifier 
tubes with capacitor filter all built into 
the main cabinet. The combination of 
high writing speed with either short- or 
long-time recording makes this a useful 
instrument for studying ignition circuits. 


Conclusions 


Ignition currents and voltages are 
measured with a cathode-ray oscillo- 
graph. Typical oscillograms are shown 
which explain the operation of an igni- 
tion system used on a high-power air- 
craft engine. The importance of com- 
plete radio shielding and adequate elec- 
trical insulation becomes apparent with 
increased knowledge of ignition voltages 
and currents. Future ignition studies 
will be facilitated with a newly developed 
high-voltage cathode-ray oscillograph. 
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Capacitor Stabilization of Arc- 
Welding Transformers 


J. H. BLANKENBUEHLER 


MEMBER AIEE 


INCE THE PROCESS of metallic are 

welding was discovered, some of this 
welding has been done with alternating 
current. The fact that a transformer, 
with no moving parts and its resultant 
simplicity, could be used always has made 
the use of alternating current for welding 
desirable. When only bare welding elec- 
trodes were available, it was necessary 
to have a welding transformer with thesec- 
ondary voltage so high as to be dangerous 
to the operator. Even with this high 
open-circuit voltage, the arc with the 
bare electrode was so unstable that it 
was very difficult to maintain. Conse- 
quently, the transformer was never popu- 
lar as a power source for welding until the 
bare welding electrodes had been re- 
placed by the modern coated electrode. 

Seven or eight years ago, the standard 
secondary voltage for welding trans- 
formers was approximately 110 volts. 
Improvements in the coatings of the elec- 
trodes used for a-c welding since have 
enabled us to reduce the standard open- 
circuit voltage of these welding trans- 
formers to between 70 and 80 volts. 
Some transformers which are expected to 
be used with a limited variety of elec- 
trodes have secondary voltages as low as 
50 volts. 

During this period of growth, the users 
of the a-c equipment for welding natu- 
rally have become aware of its advantages 
as a power source in comparison with the 
rotating machinery generally used as the 
d-c power source, but always have been 
somewhat dubious about the relative 
safety of the two systems. Experts in 
both types of welding can argue at great 
length on this subject, but experience 
seems to bear out the fact that lower 
open-circuit voltages must be used with 
the a-c systems if they are to have safety 
equivalent to the d-c system. 

During these last few years, most of the 
companies manufacturing a-c welding 
transformers have supplied as an optional 
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feature a no-load voltage-reducing appa- 
ratus consisting of the necessary contac- 
tors and relays to change the voltage at 
the electrode holder from the usual no- 
load value of 70 to 80 volts to a lower 
value of 25 to 35 volts. Of course there 
are those who properly might contend 
that even these voltages are not safe, 
and probably one must agree that the 
only safe voltage is zero. 

One method of arriving at a desirable 
voltage for the a-c welding system would 
be to assume that the present-day d-c 
welding systems are safe, because very 
few accidents are reported on these d-c 
operations. Many of these d-c welding 
sets have maximum no-load voltages of 
90 to 100 volts. It might be reasonable, 
therefore, to assume that any a-c system 
which had a peak voltage on the a-c sine 
wave no higher than the voltage of the 
d-c welding system would be equally safe. 
Using this reasoning, we can assume that 
a transformer with a secondary voltage of 
70 volts is equivalent in safety to a d-c 
welder with a no-load voltage of 99 volts, 
and a transformer with 65 volts corre- 
sponds in safety to a d-c welder of 92 volts. 
This logic is not easily proved to be cor- 
rect, and the writers do not contend 
that it is; but on the basis of this logic 
an attempt was made to develop a trans- 
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60 cycles, 105 ampere 


former for general purpose welding with 
a secondary voltage of 65 volts which 
would perform satisfactorily with all 
makes and varieties of a-c welding elec- 
trodes. ) 


Investigation of the a-c welding arc 
with the magnetic and cathode-ray oscil- 
lagraph indicated that capacitance in 
parallel with the arc produced a stabiliz- 
ing effect because of the possible higher 
restriking voltages at current zero and be- 
cause of the extra energy delivered to the 
arc immediately after restriking. Prac- 
tical welding tests with capacitors con- 
nected as shown in Figure 1 bore out the 
results indicated by the oscillograph tests. 
It was then necessary to develop some 
means of determining the actual value of 
a particular amount of capacitance in 
reducing the required no-load voltage of 
the transformer. Our electrode develop- 
ment engineer, E. H. Turnock, suggested 
that welding tests with different trans- 
former no-load voltages would indicate 
the degree of arc stability by the number 
of times the arc extinguished itself per 
electrode used. Tests therefore were con- 
ducted in which a number of electrodes 
were used at each of a number of trans- 
former no-load voltages. The number of 
arc outages per electrode was recorded. 
These tests gave a reasonably smooth 
curve, indicating a definite relationship 
between the number of the arc outages 
and the transformer voltage. By ex- 
tending these curves to the zero axis of the 
arc outage scale, one can assume that with 
this particular kind of electrode and weld- 
ing setup, the voltage indicated by the 
curve to give no arc outages will be the 
minimum stable open-circuit voltage. 


By running a series of such curves with 
various types and sizes of electrodes, one 
could determine the minimum open-cir- 
cuit voltage which could be used for that 
variety of electrode. Similar curves also 
were taken with various values of ca- 
pacitance connected across the trans- 
former output terminals as shown in 


ARC OUTAGES 
PER ELECTRODE 


A—No capacitor, B—60 microfarad, C—120 mircofarad, D—180 microfarad 
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ARC OUTAGES PER ELECTRODE 
Figure 4. Stability curves showing effect of 
high lead reactance 


3/y¢-by-18-inch class 6020 electrode, 60 
cycles, 180 amperes 


A—No capacitor 
B—120-microfarad long leads 
C—120-microfarad short leads 


Figure 1. Figure 2 shows that for a given 
electrode, the addition of a 60-microfarad 
capacitor reduced the required secondary 
voltage from 70 volts to 63 volts, and a 
120-microfarad capacitor allowed a re- 
duction of the transformer secondary volt- 
age to 55 volts. Figure 3 shows the re- 
sults of similar tests on a different type 
of welding electrode. 


It was expected that the long leads 
sometimes used for welding would intro- 
duce a considerable reactance in the weld- 
ing circuit between the arc and the capaci- 
tor and reduce the effectiveness of the 


capacitor as a stabilizer. In order 
properly to determine the effect of such 
leads, tests were conducted with the same 
transformer and capacitor arrangement 
with 200 feet of single conductor welding 
cable from each terminal to the welding 
position. These 200-foot leads were in 
one test laid out on a steel floor and, in 
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another test, were arranged in coils on a 
steel floor. The latter arrangement 
proved to have twice as much reactance 
as the former, and the center curve in 
Figure 4 indicates the result of such a lead 
arrangement in reducing the stabilizing 
effect of the capacitor. This combina- 
tion of 200-foot leads in coils gave a 
higher lead reactance than ever has been 
reported in actual practice, and this is 
considered to be an extreme condition. 

In planning a line of welding trans- 
formers using this method of stabiliza- 
tion, the designer must compare the addi- 
tional cost of the capacitor and its mount- 
ing with the reduced size of the trans- 
former itself as well as the more abstract, 
but nevertheless desirable, improvement 
in safety. He also must allow sufficient 
margin in the use of the curves obtained 
by such tests to care for a reasonable 
length of welding leads and for a low pri- 
mary voltage. The amount of margin 
included to care for these points is em- 
pirical and must be based on the designer’s 
experience with these factors. One could 
assume, however, that a 120-microfarad 
capacitor and 65-volt transformer would 
give a reasonable margin of stability as 
indicated by the afore-mentioned curves. 

Figure 5 shows a typical oscillograph 
record of the welding current and arc volt- 


Figure 5 (left). Oscillogram of welding current 
and arc voltage with capacitor stabilization 


Figure 6. Oscillogram of welding current and 
arc voltage without capacitor stabilization 


age with such a transformer—capacitor 
combination. Figure 6 shows a similar 
record without the capacitor. Visual ob- 
servation of the cathode-ray oscillograph 
screen during welding with this capacitor 
stabilization indicated that the capacitor 
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gave energy to the arc not only at the 
current zero point, but also occasionally 
within the half cycle of current flow when 
some are disturbance seemed to require 
such energy. 

The capacitor during any half cycle is 
charged with a certain amount of energy. 
When the voltage drops to zero, the ca- 
pacitor tends to discharge. Figure 1 indi- 
cates that there are two possible paths for 
discharge of this stored energy. One of 
these paths is through the secondary 
winding of the welding transformer in 
series with the adjustable reactor. This 
combination offers a very high impedance 
in the form of reactance to the discharge 
of the capacitor energy. The other pos- 
sible path is through the welding arc which 
is presumably an air gap at the time of 
current zero and therefore also offers high 
impedance in the form of resistance to the 
discharge of the capacitor. This causes 
the potential of the capacitor to build up 
very rapidly until it reaches a value that 
will break down the air gap. This re- 
establishes the welding arc at a lower 
transformer secondary voltage than would 
be the case without the high initial po- 
tential of the capacitor discharge. As 
current flows across the arc, the capacitor 
discharges. If the arc opens, the capacitor 
potential rises again, and the arc is re- 


ignited. Figure 5 shows that the dis- 
charge of the capacitor is oscillatory and 
shows that this discharge may occur at 
other times than the zero current point. 

The net result is that a stable welding 
arc can be maintained at a lower trans- 
former secondary open-circuit voltage 
with a capacitor across the arc than with- 
out the capacitor. It is the authors’ 
opinion that capacitor stabilization can 
be used economically to improve simul- 
taneously the performance and safety of 
welding transformers. 
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Shutdown Versus Hot-Spot 


Temperatures in Polyphase Induction 
Motors 


C. P. POTTER 


FELLOW AIEE 


HE “Test Code for Polyphase In- 

duction Machines,’ AIEE Standard 
500, paragraphs 50 to 58 inclusive, con- 
tains complete instructions for making 
temperature tests and reads in part as 
follows: 

“The temperatures indicated by the 
thermometers placed on the motor at the 
start of the test usually rise when the 
motor is stopped: These values Aas 
must be recorded..... The highest tem- 
perature ....recorded will be taken as the 


actual temperature attained during the 
test.”’ 


The test code, therefore, requires that 
the temperature rise of a motor taken 
either while running, or at any time after 
shutdown, must not exceed the value 
stamped on the nameplate. 

Readings are taken after shutdown in 
order to disclose abnormal temperatures 
which may not be detected by thermome- 
ters on the windings or core or by the 
resistance method. There seems to be no 
doubt that shutdown readings are de- 
sirable and necessary, but there may be 
some doubt whether the shutdown tem- 
peratures always should be restricted to 
the same values as the running tempera- 
tures. It is the writers’ purpose to report 
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Figure 1. Protected type squirrel-cage motor 
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the results of certain tests which were 
made to investigate this point and to 
recommend desirable changes in the test 
code and in ASA Standards. 


Scope of Tests 


Temperature tests were made at various 
loads and frequencies on a motor having 
a protected frame; with openings cut in 
the frame to make it of the open type; 
and with very large openings giving 
practically unrestricted ventilation. Tests 
also were made with most of the openings 
closed to imitate a totally enclosed ma- 
chine. Several rotors were tested having 
different resistances and load losses. 
The temperature rise of the stator wind- 
ings was measured by three methods: 


1. Surface thermocouples on the hottest 
accessible part of the winding. 
2. Resistance. 


3. Embedded thermocouples 
enough to locate the hot spot). 


(using 


Description of Motor Tested 


The motor tested was a 50-horsepower 
405-frame 1,750-rpm 3-phase 60-cycle 
440-volt machine having a semienclosed 
slot stator wound with heavy formvar 
covered round wire. The windings were 
of the double-layer diamond type, and the 


Figure 2. Normal open type squirrel-cage 
motor 
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free ends were completely taped. The 
assembled windings were given two 
dipped and baked coats of varnish. There 
were no ventilating ducts in either the 
stator or rotor, and the various rotors 
tested all were of cast aluminum construc- 
tion. Figure 1 shows the motor as origi- 
nally built; Figure 2 as altered to make 
it of the open type; Figure 3 as altered 
to have practically unrestricted ventila- 
tion. 


Location of Temperature Indicators 


Sixteen thermocouples were located in- 
side of the windings as shown in Figure 4. 
Thermocouples 17, 18, 19, and 20 were 
silk taped inside the loops of the coils 
just inside the tape which covered the free 
ends. Thermocouples 6, 8, 10, 12, 14, and 
16 were silk taped to the coils inside the 
slot next to the 0.025-inch insulation 
separating the winding from the wooden 
wedge. Thermocouples 5,7, 9, 11, 13, 
and 15 were silk taped to coil sides which 
lie in the bottom of the slot, just below 
the 0.060-inch insulation separating the 
coil sides. Thermocouples 1, 2, 3, 4, 21, 
and 22 were on the outside of the tape 
on the free ends, embedded in crevices in 
the windings, and covered with a small 
amount of sealing compound. Thermo- 
couples 0, 23, and 24 were located on the 
outside surface of the stator core and were 
covered with a small amount of sealing 
compound. 


Test Procedure 


Several temperature tests were made 
with various conditions of load, distribu- 
tion of losses, types of enclosure, and so 
forth, and each run was continued until 
the temperatures became constant. Read- 
ings of all thermocouples were taken while 


Figure 3. Exaggerated open type squirrel- 
cage motor 
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the motor was running. Readings of all 
thermocouples, resistance, and rotor tem- 
peratures were taken at frequent intervals 
after the motor was shut down to deter- 
mine how the heat was redistributed. 
These readings were continued until well 
after all of them had reached their maxi- 
mum. 


Results 


Fifteen sets of observations were made 
to determine the behavior of the tempera- 
tures of various parts after shutdown, 
and five of them are plotted in Figures 5, 
6, 7, 8, and 9. The conditions of test are 
given in Table I. 

These graphs show the behavior of the 
temperatures after shutdown at the hot- 
test part of the cor@ and the copper avail- 
able to surface thermocouples, the hot 
spot as located by embedded thermo- 
couple, and the rotor. The temperature 
rise by resistance also is plotted. 


Table |. Test Conditions 
Figure Frame Rotor 
a ee Totally enclosed...... Low resistance 
Greaes Protected:Letacieeeis: High resistance 
ictrtead Protected’. ce eee wens Low resistance 
Sefer. Normal open......... Low resistance 
D teed Exaggerated open..... Low resistance 
Table Il. Hot-Spot and Maximum Shutdown 
Temperatures 
Shut- 
down 
in Per 
Cent of 
Temperature yot-Spot 
Rise Tem- 
Shut- Hot perature 
Figure Frame down Spot Rise* 
5.. Totally enclosed..... BO Ree 50.6...98.8 
16, 2Protected)s 2.06.3 js 61.9...69.7...88.8 
TEAR LOCECECO Mei sic e's. sinks AT Si DEAD ete Ol ak 
8..Normal open........39.0...46.4 84.0 
9..Exaggerated open...38.5.. .48.6...79.2 


* The shutdown figures fare the maximum values 
taken by thermocouples located on the hottest part 
of the windings or core accessible to thermocouples. 


Table Ill. Temperature Data for Open-Type 


A-C Motors 
Shutdown in Per 
Cent of Hot-Spot 
ee. Number Temperature 
‘Horsepower Table of Tests Rise* 
Entestal, oe slesle LO ae tics DA tote 88 to 91 
: LE asaenb 77 
Tntegral need. ae TVG e iste a 4. 91.1 to 95.5 
Fractional........ Mab Oe Ee, 92 to 95 
Fractional........ Ea OFS ke 86.5 to 95.3 
Fractional....... iV panera «bette Saceee 89 to 98 
Fractional,...... WILE cyenertys (Gh. Gna 94 to 97 
Fractional...... Nie OG od Lit esachs 92 to 102 


* The shutdown figures are the maximum values 
taken by thermocouples located on the hottest part 
of the windings or core accessible to thermocouples. 
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The hot-spot temperatures and maxi- 
mum shutdown temperatures taken from 
these graphs are given in Table IT. 

Two papers published in 1945! con- 
tain data taken from temperature tests 
made by ten different observers, and the 
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MINUTES AFTER SHUT DOWN 


Figure 5. Behavior of temperatures, totally 
enclosed squirrel-cage motor 


Line 8—Hot spot 
Line 23—Core 
Line 4—Winding surface 


TEMPERATURE RISE IN DEGREES CENTIGRADE 


{e) 4 8 l2 16 20 24 28 


MINUTES AFTER SHUT DOWN 
Figure 6. Behavior of temperatures, protected 
type squirrel-cage motor 


Line 13—Hot spot 
Line 23—Core 
Line 2—Winding surface 
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TEMPERATURE RISE IN DEGREES C 


fo) 4 8 12 16 20 24 28 
MINUTES AFTER SHUT DOWN 


Figure 7. Behavior of temperatures, protected 
type squirrel-cage motor 


Line 14—Hot spot 
Line 23—Core 
Line 2—Winding surface 
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0) Te 162 
MINUTES AFTER SHUT DOWN 
Figure 8. Behavior of temperatures, normal 
open type squirrel-cage motor 


Line 13—Hot spot 
Line 23—Core 
Line 2—Winding surface 
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Co) 4 8 (2eplOcO mes amnrcs 
MINUTES AFTER SHUT DOWN 
Figure 9. Behavior of temperatures, exag- 
gerated open type squirrel-cage motor 


Line 13—Hot spot 
Line 23—Core 
Line 2—Winding surface 
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Pressure-Arc-Interruption Circuit 
Breakers for 400-Cycle Aircraft 


Electric-Power System 


B. O. AUSTIN 


MEMBER AIEE 


THOROUGHLY TESTED light- 
weight circuit breaker for the 208Y— 
120-volt 3-phase 400-cycle a-c system for 
large aircraft is now a reality. The cir- 
cuit breaker is electrically operated, re- 
motely controlled, with latched-in main 
contacts. The design is suitable for paral- 
leling generators and busses, circuit inter- 


SECONDS 


Curve showing closing time of 
400-cycle 208-120-volt 120-ampere aircraft 
circuit breaker at various applied voltages 


Figure 1. 


ruption, manual or automatic synchroni- 
zation, and interlocks are provided for 
use in various control circuits. Operating 
solenoids are designed for low current 
requirements and for wide ranges of volt- 
ages and ambient temperatures. Size 
and weight have been kept to a minimum. 


General Considerations 


The Army Air Forces has become very 
much interested in a high-voltage high- 
frequency 3-phase a-c system for large air- 
craft. Reasons for the use of such a sys- 
tem in very large aircraft are many and 
varied and have been covered thoroughly 
elsewhere. (‘Why Tomorrow’s Planes 
Will Have A-C Systems,” T. B. Holliday. 
Electrical Manufacturing, volume 32, July 
1943, page 88.) 

Pater 46-13, recommended by the AIEE committee 
on air transportation for presentation at the AIEE 
winter convention, New York, N. Y., January 
21-25, 1946. Manuscript submitted November 8, 


1945; made available for printing November 27, 
1945. 


B. O. AusTIN is section engineer, aviation control, 
Westinghouse Electric Corporation, Lima, Ohio. 


Circuit breakers for this system must 
perform under. extreme variations in en- 
vironment. Satisfactory performance has 
been proved in altitude chambers up to 
and including 55,000 feet, the limitations 
being in test equipment and not in the 
circuit breaker. It operates satisfactorily 
from —70 degrees centigrade to +60 
degrees centigrade. The circuit breaker 
continues to function properly after being 
subjected to a relative humidity of 95 to 
100 per cent at a temperature of approxi- 
mately +40 degrees centigrade for a 
period of 30 days. Vibration encountered 
in aircraft does not affect the operation of 
the circuit breaker. One vibration test 
passed by this circuit breaker consisted 
of subjection to vibration for a period of 
more than three hours in each of the three 
planes of operation;* the vibration con- 
sists of a simple harmonic motion having 
a total excursion of 1/16 inch and a fre- 
quency varied uniformly between 10 and 
55 cycles per second. The circuit breaker 


SECONDS 


10 1S 20 25 30 
VOLTS 


Figure 2. Curve showing opening time of 
400-cycle 208-120-volt 120-ampere aircraft 
circuit breaker at various applied voltages 


Table IV. Temperature Data on Plain 
Enclosed Type A-C Motors 


Shutdown in Per 
Cent of Hot-Spot 


Number Temperature 
Horsepower Table of Tests Rise* 
Integral ection Tire « Ds eaene 93 to 95 
Integral caresids o. HUIS Aa nia Shiecae 95 to 98 
Fatexrale eons on Wasercetes Sirens « 92.3 to 95.9 
Fractional: .).). 4.5 Le tention Diicrete 92 to 98.5 
Fractional....... TTT Saree ses Sac ccs 91.2 to 98.2 
Fractional....... Lhe SRS Shs a 95 to 100 
Fractional7...... Vite neat Gime 95 to 98 
Fractional...... Wibeawor beri. 96 to 101 


pa eater LEE ed I Be hh! lee Boot 

* The shutdown figures are the maximum values 
taken by thermocouples located on the hottest part 
of the windings or core accessible to thermocouples. 


tests on the a-c motors may be sum- 
marized as in Tables III and IV. 


Conclusions 


From these tests it may be concluded 
that the relation between hot-spot tem- 
perature rise and the temperature rise 
after shutdown (taken by thermocouples 
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which are located on the hottest part of 
the windings or core accessible to thermo- 
couples) is a function of the motor venti- 
lation. In the case of a totally enclosed 
motor the hot-spot temperature rise and 
the temperature rise after shutdown are 
almost equal. In the case of a motor 
which has a minimum amount of enclo- 
sure the ratio between the temperature 
rise after shutdown and the hot spot is 
0.792, or when the hot-spot temperature 
rise is 50 degrees centigrade, the tem- 
perature rise after shutdown is 39.6 de- 
grees centigrade. The ‘‘Test Code for 
Polyphase Induction Machines”’ was writ- 
ten prior to 1934 and probably was based 
on experience with motors having a 
minimum amount of enclosure and unre- 
stricted ventilation. Squirrel-cage motors 
as built today are fairly well protected, 
and it would seem perfectly fair to con- 
clude that the shutdown temperature rise 
in these motors is about 90 per cent of the 
hot-spot temperature rise, which would 
allow a shutdown temperature rise of 45 
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degrees centigrade instead of the 40 de- 
grees centigrade figure now required. 


Recommendations 


In view of the fact that the trend is 
toward protected motors, it is recom- 
mended that the ‘‘Test Code for Poly- 
phase Induction Machines AIEE 500” 
and the “American Standard Rotating 
Electrical Machinery C-50” be modified 
to allow a temperature rise after shut- 
down of 45 degrees centigrade on pro- 
tected type motors having a nameplate 
temperature rating of 40 degrees centi- 
grade. 
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withstood a sand-laden air stream test 
for a period of five hours. 

Obviously the most important single 
function a circuit breaker must perform 
is satisfactory interruption of current 
under all conditions of operation. High 
voltages at high altitudes are more diffi- 
cult to handle when are rupturing is in- 
volved. This is due to the decreased 
atmospheric pressure surrounding the arc 
when it is established. An effective 
method of controlling this difficulty is to 
design arc interrupters which are not 
subject to altitude conditions. 


Pressurized Arc Interruption 


The basic design problem in producing 
such a circuit breaker was the devising 
of a suitable structure which would 
deionize effectively the arc gases and thus 
interrupt high current and high voltages 
at altitude without damage. Several well- 
known means commonly are employed to 
cool and deionize the gases of the arc 
column, thereby producing an instability 
of the are which results in its disappear- 
ance. They are 


Lengthening of the arc column. 
Air or gas blasts. 

Surface deionization. 

High gas pressure or vacuum. 
Fluid action. 

Multiple arc gaps. 


CoO Cent) 


One or more of these principles is em- 
ployed in all circuit breakers. 

This circuit breaker uses high gas pres- 
sure, surface deionization, and multiple 
arc gaps. The design is such that the 
circuit breaker has several operating ad- 
vantages. With a self-pressurized arcing 
chamber the circuit breaker is independ- 
ent of altitude conditions. Confinement 
of the arc to the self-pressurized chambers 
eliminates exposed flame which may con- 
tribute to fire. The simplicity of the arc- 
rupturing mechanism and the chambers 
makes possible a compact and light struc- 
ture. Each of the 3-phase circuits are 
opened and closed by actuating the con- 
tact bridges located in the arc chambers. 
Each bridge bar is equipped with contacts 
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Figure 3. Oscillo- 
gram of a short cir- 
cuit to neutral of a 
3-phase system 
showing interrupting 
test phase number 
2 at 400 cycles, 208 
volts, pressure and 
temperature equiva- 
lent to  55,000- 
feet altitude (—40 
degrees centigrade) 


Figure 4(upperright) 
View of complete 
208Y-1 20-volt 1 20- 
ampere 3-phase 400- 
cycle remote elec- 
trically operated air- 
craft a-c circuit 
breaker 


Figure 5. Wiew of 
circuit breaker show- 
ing terminal cover 
removed 
Note straps for 
changing interlock 
combinations at the 
control terminals; 
also note that the 
main leads enter at 
one end and leave 
at the opposite end 


which engage or disengage two station- 
ary contacts. In this manner double or 
multiple air gaps are provided. Pres- 
surizing the arc to extinguish it quickly 
also makes possible having the contact 
mechanism operate through a short dis- 
tance, thereby making possible higher 
magnetic forces in a small lightweight 
closing magnet and high opening speed. 
Arcing compartments of the circuit 
breaker are designed with a minimum of 
volumetric space. In other words the 
mass of the moving and stationary con- 
tacts occupies more than 50 per cent of 
the volume of arcing compartments. The 
side walls and contact parts also cool the 
arc, aiding in its disappearance. The cir- 
cuit is broken rapidly as sbown in Figure 
3. Pressure which is built up in the semi- 
sealed-off compartments is generated by 
the arc, and this pressure is adequate to 
extinguish the arc at 55,000 feet or higher. 
It has not been found necessary to seal 
hermetically the arc compartment, and 
the pressure disappears fairly rapidly. 


Construction 


The contact mechanism is of the simple 
bridge type having two breaks per phase. 
Contact design is similar to that used on 
thousands of d-c contactors and has been 
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service. 


tested thoroughly in aircraft 
Contact materials used are of the sintered 
type, using a mixture of silver and cad- 
mium oxide which resist high vaporiza- 
tion thus limiting support to the con- 


tinuity of the arc. Contact life exceeds 
5,000 cycles of operation under rated load 
at 75 per cent power factor. 

The latched mechanism used to hold the 
circuit breaker closed has the advantage 
of keeping the circuit energized, even 
though there is a temporary or permanent 
failure of the direct current which is used 
to control the circuit breaker. Springs 
with forces powerful in proportion to the 
masses to be accelerated are used to ob- 
tain high-speed contact separation. This 
reduces total operating time, reduces 
heating time, and, therefore, minimizes 
arcing and wear of contacts. Closing of 
the circuit breaker is accomplished by the 
use of a powerful solenoid which produces 
very high forces in proportion to the 
weight of masses to be accelerated. 
Manual operation is not provided. The 
small travel incident to use of pressuriza- 
tion permits a small magnet to develop 
the necessary high forces. 

Six snap-action interlocks, vibration 
tested, are provided for use in the manual 
or automatic synchronizing control cir- 
cuits, or in other control circuits where 
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their use is necessary for the proper func- 
tioning of the controls. Individual inter- 
locks can be made, either normally open 
or normally closed, simply by changing 
the position of the external links, thus 
providing the ultimate in flexibility. 

One interlock operated by the main 
circuit breaker mechanism is in series 
with the operating coil and interrupts the 
closing coil circuit as soon as the circuit 
breaker is latched closed. Thus the coil 
is excited only during operation, and it is 
possible to make the solenoid assembly 
smaller than it would be if continuously 
rated. The latch mechanism is released 
by means of a d-c-operated solenoid. 

The circuit breaker mechanism is en- 
closed with a seal which is sufficient to 
exclude dirt, water, or other foreign ma- 
terials to a degree insuring operation 
under the most unfavorable conditions 
likely to be encountered. 

Four mounting holes are provided, and 
the circuit breaker mechanism may be re- 
moved readily without disturbing the 
mounting or enclosure. Three main leads 
enter one end of this circuit breaker and 
leave the opposite end of the circuit 
breaker providing straight-through wir- 
ing. The control circuits enter from each 
side of the circuit breaker and at the same 
level as the main leads. Main and control 
terminals both are protected against acci- 
dental contact. 


Operating Results 


Speed of closing the main contacts of 
the circuit breaker from the time voltage 
is applied until the circuit is closed is very 
rapid. Figure 1 shows a voltage—time 
curve which gives actual operating speeds 
on closing as measured by oscillograph. 
The tripping or opening speed of the cir- 
cuit breaker is shown in Figure 2. Oper- 
ating speeds are well within the specifi- 
cations of the Army Air Forces and assure 
proper functioning of the system under 
normal and fault operating conditions. 
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Figure 6. Plan view of circuit breaker showing 
closing tripping-magnet assemblies, also inter- 
lock and main contact operating lever 


Figure 7 (above right). Elevation view of 
circuit breaker showing arrangement of internal 
parts 


Exploded view of arc rupturing 


Figure 8. 
compartments showing contact assemblies 


Closing coil and tripping coil are 
operated from the 28-volt d-c system 
which also is provided on the a-c-powered 
airplane, so that undesired operation will 
not occur during momentary faults. 


Conclusions 


This circuit breaker functions much the 
samne as circuit breakers for industrial 
systems but weighs only a very small per- 
centage of what a comparable industrial 
circuit breaker would. 

Pressurized arc interruption is well 
adapted to circuit breaker performance 
under altitude conditions. 

Effective sealing of the are reduces the 
fire hazard present with open arcs, 

Unusual high speed action during the 
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Figure 9. Exploded view of closing magnet 
assembly showing the component parts 


Figure 10. View of moving-contact assembly 
showing springs and contact chambers 


closing and tripping periods has been 
obtained. 

That operation is satisfactory under 
conditions of humidity, sand, dust, vibra- 
tion, altitude, and acceleration normal to 
aircraft has been thoroughly proved. 

It is handy for installation because the 
main lead arrangement is straight through 
and the control leads also are straight 
through at right angles to the main leads. 

Lead terminals, both control and main, 
are shielded against accidental contact 
when this device is mounted in position. 

Space requirements are small, and the 
device weighs only five pounds. 

Design and test experience with this 
type of circuit breaker indicate that the 
same fundamental principles can be used 
for breakers having much higher ratings. 
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Transients in A-C Motors and 


Generators 


GEORGE S. SMITH 


MEMBER AIEE 


N THE PAST, few electrical-engineer- 

ing curricula have offered the under- 
graduate student more than the rudi- 
ments in the study of electric transients. 
Even today many engineering schools 
offer such courses only as graduate work. 
The result is that most engineering 


‘graduates confronted with such problems 


in connection with their work must ac- 
quire such information by self study and 
experience. 

Many engineers in charge of the design, 
maintenance, or operation of large power 
systems of today are confronted with 
such problems as the choice, settings, or 
proper operation of such apparatus as 
circuit breakers, relays, and other pro- 
tective equipment. Such equipment must 
operate adequately to protect the appa- 
ratus effectively and yet not cause undue 
interruption of service. Many such prob- 
lems involve the conditions occurring 
during the transient period. Thus a 
clear conception of the nature of the 
changes during such periods is of great 
importance. 

A great amount of valuable research 
work has been done in such studies, and 
a great deal of information is available.'~* 
Some of this material is in the nature of 
explanation or suggested methods of 
procedure, while some is in usable mathe- 
matical form, but most of the literature 
on such studies involves a great amount of 
detail and too often is written for those 
who already have a clear conception of 
the principles involved. 

This paper proposes no mathematical 
study but does attempt to give a simple 
and clear conception of the variations 
that take place in the electric and mag- 
netic circuits of a-c motors and generators 
and reactions between the armature and 
field, as well as reflected reactions be- 
tween them during changes in operation. 
The analysis will be based upon well- 
known fundamental principles, and in 
some cases the results will be compared 
with mathematically derived results 


Paper 46-5, recommended by the AIEE committee 
on electric machinery for presentation at the 
AIEE winter convention, New York, N. Y., Janu- 
ary 21-25, 1946. Manuscript submitted June 21, 
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found in other papers as well as with 
actual oscillograms. This method of 
arriving at a physical conception of such 
transient conditions has been used quite 
successfully in introducing undergraduate 
students to the more advanced informa- 
tion available. 


Method of Analysis 


In order to acquaint the reader with the 
method used in this analysis and also 
present a very brief review of a few rudi- 
ments of the study of electric transients 
for those who have not recently pursued 
such studies, a couple of simple transient 
cases will be analyzed. 

First consider the sudden application 
of a direct voltage, E, to a simple series 
circuit consisting of a resistance, R, and 
inductance, L. Using Kirchhoff’s volt- 
age law, the algebraic summation of all 
the voltages involved in the closed loop 
must be equal to zero, which may be 
expressed thus: 


Ri+Ldi/dt=E (1) 


Solving this differential equation for the 
current flowing at any time after closing: 
the switch, gives the result, 


i=E/R—(E/R)e~ BY4 (2) 


In Figure 1, the oscillograph trace 4 
shows this value at any time after the 
application of the voltage. If a hori- 
zontal line, J, is constructed at a distance 
above the zero line, equal to a current 
value of E/R to the same scale as the 
current 7, it will be tangent to the oscillo- 
graph trace at a time when 7 attains its 
final steady-state value. Also let another 
curve, 7’, be constructed equal to 
—(E/R)e~®”/” for the various values of 
t after closing the switch. The dashed 
decrement curve below the zero line will 
result. The sum of the ordinates of the 
two constructed curves at any time, #, 
always will give the ordinate of the oscillo- 
graph curve, i,for that time. This agrees 
with equation 2 which states that the 
actual current flowing in the circuit at 
any time after closing the switch is the 
sum of the final steady-state current and 
a hypothetical transient value. 

Next consider that an alternating 
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voltage of E sin (wt + ) is applied to 
the same series circuit of resistance and 
inductance instead of the direct voltage 
E. Now the differential equation is 


Ri+Ldi/dt=E sin (wt+7) (3) 


and the solution for the instantaneous 
current, 7, at any time, #, is 


i=(E/Z) sin (wt+y—-8) — 
(E/Z)e®Y* sin (y—8) (4) 


In Figure 2 the oscillograph trace, a; 
shows the actual current flowing at each 
instant. The constructed current wave, 
I, is equal to E/Z sin (wt+y—89) or the 
current which would have been flowing 
in the circuit during the interval shown, 
had the switch been closed many cycles 
earlier. This coincides with 7 after 
steady-state conditions in the circuit are 
attained. The decrement curve, a’, is 
a plot of —(E/Z)e-®/" sin (y—8). 
Here again equation 4, as well as the 
summation of the ordinates of the con- 
structed curves, show that the actual 
current can be considered the final 
steady-state value plus the transient 
value. 

The decaying transient value in each 
of these circuits varies as the logarith- 
mic function of e7? where x in the 
cases mentioned was a function of time t. 
In Figure 3 a plot of e~* for varying values 
of x is shown and appears as a decimal 
factor, the value of which is unity at 
x=0 and drops to zero when x reaches 
infinity. It might be termed one of 
nature’s laws of change which, in simple 
terms, says that the amount of decrease 
taking place at any time is always pro- 
portional to the magnitude at that 
time of the quantity changing. If the 
amount of change were at each instant 
added to the quantity changing, as in 
continually compounded interest, the 
logarithmic factor would be e& and 


Figure 1. Building up a direct current in a 
circuit of resistance and inductance in series 
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Figure 2. Building 
up an alternating cur- 
rent in a circuit of re- 
sistance and induct- 
ance in series 


would start at unity when x is equal to 
zero and approach infinity as x approaches 
infinity. Other intermediate types of 
change factors might be such as (e&7+ 
€~*)-+2 or cosh x, or (e”—e) +2), or 
sin x, and so on. 

The method of adding known com- 
ponents, illustrated by the two oscillo- 
grams, often proves to be a rather simple 
and fairly accurate method of arriving 
at the desired results and has been used 
quite extensively by Kurtz and Corcoran 
in their text on transient studies as one 
method of analyzing the transient condi- 
tions considered. 

In the cases of the illustrations given, 
the circuit parameters were assumed 
constant. However, in electric machinery 
where magnetic materials are involved 
and in some circuits where the resistance 
or capacitance might vary for some 
possible reason, a mathematical determi- 
nation of the components or the results 
in any other way is not easy. Such 
components or results sometimes can be 
determined by mathematical means, 
provided the law of the change involved 
is known; they may sometimes be deter- 
mined by a series of very small but finite 
increments using relations known from 
experimental information; or they may 
be isolated from experimental determina- 
tions by the elimination of known com- 
ponents. 

A final word of explanation in the use 
of vectors in this analysis seems also 
desirable. In the study of the effects 
of armature reaction in electric ma- 
chinery, especially motors and generators, 
the final value and distribution of the 
magnetic flux is given by the resultant 
of all of the magnetomotive forces acting 
on the reluctance of the magnetic-flux 
path. Such magnetomotive-force com- 
ponents wound on the circular peripheries 
of the machine cannot be combined by 
assuming each to be a vector quantity, 
except as a very rough approximation. 
However, the resulting magnetic field- 
intensity along a given path resulting 
from each magnetomotive force can be 
considered more correctly a vector value. 
The magnetic flux caused by such a field 


62 TRANSACTIONS 


intensity vector also can be considered 
a vector in the same direction, though 
not always proportional to the field 
intensity unless the permeability of the 
magnetic path remains constant. 

Since the simplicity of this analysis 
depends to a large extent upon the use 
of vectors and since the method is not 
intended to be mathematically correct, 
the magnetomotive forces will be assumed 
to produce vector field intensities, and 
these in turn will be assumed to produce 
corresponding magnetic-flux vectors, 
which vectors will be combined in the 
usual manner. Where a change of 
permeability of importance must be 
taken into consideration, a gradual 
change in the length of the vector, ac- 
cording to the known law of change, will 
be assumed. Such assumptions will be 
pointed out at the time they are used. 


Building Up the Rotating Magnetic 
Field of a Three-Phase Induction 
Motor 


A three-phase induction motor stator 
(for simplicity assume a two-pole wind- 
ing) connected to a suitable three-phase 
voltage supply has, after steady-state 
conditions have been attained, a single 
nonvarying rotating magnetic field pro- 
duced by the varying combinations of 
magnetomotive forces of the three phases 
carrying the respective phase currents. 
In Figure 4a the three-phase windings 
Ag Ap, Bg Br, Cg Cr, each is represented 
by a single turn in the proper angular 
position with respect to the polarity of 
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decrement 


Decaying transient 
curve 


Figure 3. 


the voltage applied or the direction of 
the current flowing in the coil at some 
definite instant of time. The subscript 
S indicates start and F finish of coil. 
Assume the phase currents shown in 
Figure 4b are flowing in the respective 
coils. The directions of the currents 
in the coils at a time indicated by the 
ordinate at ¢ = zero time are identified 
by the usual plus and dot signs in the 
conductors. The resulting magneto- 
motive force of each phase will produce 
vector values of field intensities (not 
indicated) which would combine to 
produce the resultant field intensity 
Hr. For any time later Hr can be 
proved to remain constant in value but 
to rotate counterclockwise in synchronism 
with the supply. This vector will be 
called the final steady-state field intensity 
and wil! produce the final steady-state 
magnetic field ¢g shown in Figure 5a. 
This field flux also rotates at synchronous 
speed in the same direction. 

Thus far the assumption has been made 
that the voltage had been applied at some 
earlier time. Now assume that the 
switch is closed at the time indicated by 
the ordinate t = zero. Since the circuit 
is inductive, all currents must start at 
zero, and similar to the case in Figure 2, 
the starting current in each phase will 
be the sum of the steady-state current 
in that phase plus a unidirectional de- 
caying transient current. Both com- 
ponents are indicated in Figure 4b while 
the actual starting currents would appear 


Figure 4(a) and (b). Components of field 
intensities and the three-phase steady and 
transient currents producing them 


(b) 
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similar to the starting currents shown in 
Figure 7. 

Likewise the magnetic field must start 
from zero and also can be assumed to 
be made up of the steady-state value 
opr, already explained, plus a component 
due to the combination of the magneto- 
motive forces set up by the transient 
currents in their respective coils. 

In Figure 4a the corresponding in- 
stantaneous vector intensity for each of 
these transient currents at f=zero is 
shown in its proper directions and magni- 
tudes, and their vector sum is Hz, which 
is equal in magnitude but reversed in 
direction to the rotating vector Hp. 
In Figure 5a the corresponding vector 
¢r is indicated. The sum of $7 and ¢p 
is zero at time t=zero, as it should be. 
Unlike the vectors Hz and ¢p which 
rotate, the transient vector Hr and 
corresponding flux ¢7 remain stationary 
in space, since they are produced by 
unidirectional currents flowing in station- 
ary coils. However, they decrease 
toward zero as time goes on in accordance 
with the decrement currents which cause 
them. 

At any time after ¢=zero the actual 
magnetic field ¢ can be found by adding 


ér, Which is in a new angular position, to | 


the remaining value of ¢7. Such vector 
additions are shown in Figure 5a for 
angular positions of ¢r at 45 degrees 
and 90 degrees from the starting position. 

By carrying out such vector additions 
at small angular increments for a few 
cycles of the alternating current, the value 
of ¢ becomes alternately greater and less 
than the final steady-state value but 
rapidly approaches a steady value as 
time goeson. The envelope thus derived 
is shown in Figure 5b, and the same 
values of @ plotted against time are 
shown in rectangular co-ordinates in 
Figure 6. 

Figure 7 is an oscillogram of the actual 
currents flowing in the three phases of 
the induction-motor stator when first 
excited. These should correspond quite 
closely to curves obtained by adding the 
steady-state and transient values for 
each phase current in Figure 4b. How- 
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Figure 5(a) and (b). 
Components of mag- 
netic fluxes and vec- L. 
tor combinations to 
give instantaneous 
values 


ae 


(b) 


ever, in Figure 7 the permeability changes 
in the iron probably have introduced some 
distortions not assumed in Figure 4a, 
and the resulting magnetic-field varia- 
tions also would be slightly altered from 
those shown in Figure 5b and Figure 6. 


Three-Phase Alternator or 
Synchronous-Motor Load 
Changes 


Closely related to the changes just 
described for the three-phase induction 
motor are those occurring when some 
sudden alteration in load takes place in 
the operation of a three-phase alternator 
or synchronous motor. Such an alteration 
may be from no load or part load to a 
much greater load or even short circuit, 
or it may be the reverse from a high load 
to a lower one or to no load. Were the 
machine an alternator the type of load 
might be resistive, inductive, or capaci- 


MAGNETIC FLUX 


TIME OR UNITS OF ANGLE 


Figure 6. Variation in magnitude of magnetic 
field in rectangular co-ordinates 


Initial three-phase currents in an in- 
duction-motor stator 


Figure 7. 
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tive. In all cases the inductive nature 
of the machine’s internal impedance al- 
ways must be present. 

To illustrate the method of analysis, 
an alternator operating at no load 
suddenly will have a near short-circuit 
load applied to its terminals. For a clear 
conception of all the changes occurring 
the reader must rely on his knowledge 
of armature reaction in alternators, of 
the effects of the load power factor, and 
the effects of changes in the permeability 
in the magnetic circuit. 

A two-pole three-phase alternator 
stator shown in Figure 8a, identical to 
the one used in discussing the induction 
motor, will be assumed. The only addi- 
tion will be a two-pole d-c-excited rotor 
operating at some given speed. Again 
the three-phase steady-state currents are 
shown in Figure 8b. If the load switch 
had been closed at the time indicated as 
t=0, the transient component shown for 
each phase ‘is also necessary. At this 
point, however, a radical difference from 
the previous case occurs. The alternator. 
rotating at a constant speed and with its 
d-c-excited field, is generating a rather 
high no-load voltage, while the final 
sustained current shown is caused by a 
greatly reduced voltage in comparison, 
since armature reaction and permeability 
changes have greatly reduced the mag- 
netic flux of the field. Thus the’so-called 
steady-state component of current flowing 
in each phase at the instant of closing the 
switch is somewhat greater than the final 
sustained value, and these components 
would be more in the order of those shown 
only as tips of waves in Figure 8b. As 
armature reaction reduces the field flux, 
these currents also will drop off to the 
final steady-state current values. 

In each phase the final sustained value 
of current is assumed as one component, 
as was done in the case of the induction 
motor. A second is the usual unidirec- 
tional decaying current with an initial 
value equal to the value of the sustained 
current at the instant the switch was 
closed but reversed ‘n sign. The decay 
of this must depend upon the resistance 
and inductance of the armature circuit. 
Since the sum of these two will not ac- 
count ‘or the unusually high values at 
the time the switch was closed, a third 
component must be present. Evidently 
this must be the difference between the 
final sustained current and the so-called 
steady-state value indicated by only the 
wave tips. This component will be a 
full-frequency oscillating current, decay- 
ing with time and with a decay factor 
depending upon the rate of change in the 
field flux, thus is controlled by the re- 
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sistance and inductance of the field 
circuit. This has not been shown as an 
isolated component in the drawing. 


The field-intensity components are 
shown in Figure 8a. The d-c field current 
at no load produces a field intensity of 
H,. The final rotating field intensity, 
Hp, is the armature reaction arising from 
the sustained currents in the three phases. 
The transient intensity, Hz is due to the 
unidirectional currents of the three 
phases. As there is still another com- 
ponent in each phase of the armature 
which must have an armature reaction 
effect upon the field, it will rotate with 
the field similar to Hg but will decay to 
zero as the sustained armature currents 
are approached. This component will 
be accounted for by a decrease in the 
value of the flux generated primarily by 
the d-c field current. 


Figure 9 is a typical equivalent single- 
phase vector diagram for the alternator 
showing the armature current and all the 
various voltages and voltage loss com- 
ponents, as well as the no-load field flux 
% proportional to H,, ¢z proportional 
to Hp, and ¢r proportional to Hy. The 
no-load voltage E, is generated by 4¢,. 
As explained in the discussion on the field- 
intensity components, a portion of the 
$o is lost because of the high initial arma- 
ture currents and the resulting excess 
armature reaction. Reducing ¢, by the 
amount of this loss leaves ¢p the final 
steady-state flux due to the d-c excitation. 
This combines with the armature reaction 
flux ¢p to leave $g¢ as the remaining flux 
to generate the internal generated voltage 
E,, a part of which is lost inthe winding 
impedance to leave Ep at the terminals. 
The final steady-state current is J which 
must be in phase with ¢p and the near 
short-circuit power-factor angle is 0. 

To explain further the lost component 
of field flux, refer to the typical partial 
hysteresis loop, Figure 10, showing both 
increasing and decreasing field-excitation 
values. Assume the no-load condition 
to be at the maximum point with Hy 
excitation due to the d-c field resulting 
in ¢. as the total flux. The initial arma- 
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Figure 8(a) and (b). Components of field in- 
tensities and the three-phase steady and tran- 
sient currents producing them 


Figure 9. Equivalent single-phase alternator 
vector diagram 


ture current reduces the excitation by the 
amount of H, with the flux following 
the upper saturation curve. As the 
armature current drops in magnitude to 
its final steady-state value, the armature 
reaction reduces to Hp, and the flux 
value increases on the dashed curve to 
the final value of @g. Had this reversal 
not occurred, the saturation would have 
remained on the upper curve and would 
have been greater by the component of 
¢,. Thus the flux ¢;, equal to ¢,—¢p 
was lost due to the changes in perme- 
ability. 

In Figure lla the flux due to the no- 
load d-c excitation is shown as ¢,, the 
steady-state armature reaction at the 


instant of t=zero is shown as dro, and ~ 


the transient of the armature reaction 
values as ¢rp. The vector sum of these 
three is evidently ¢,, as it should be. 
After ¢z has rotated through 45 degrees 
to $1, the d-c excited field has rotated 
to ¢:. Notice that ¢; is less than ¢% by 
a fraction of ¢, indicated on the field 
decrement curve of Figure 12 for the time 
angle of 45 degrees. Also ¢7, though sta- 
tionary, has decreased to T, by an amount 
indicated on the armature decrement 
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curve of Figure 12 for the same time angle. 


' The sum of these three vectors gives the 


actual flux value ¢5, at that instant. A 
second step is shown after 90-degrees 
rotation, giving the sum of $m, ¢2, and 
T, as the instantaneous value of flux ¢¢0. 

By carrying out such vector summa- 
tions for small increments over a few 
cycles, the polar diagram envelope of the 
flux variations is shown in Figure 11b. 
The flux value starts to decrease rapidly 
but pulsates for a short interval, finally 
reducing to a steady rotating value of ¢g. 

This varying flux is replotted in rec- 
tangular components in the graph A 
of Figure 13. In the graph B the 
various voltages acting in the d-c field 
coils are shown. Before the load is thrown 
on the alternator the direct voltage alone 
causes field current to flow. Just after 
throwing the load on, armature reaction 
causes a rapid decrease in the field flux 
,, which change in flux induces a con- 
siderable voltage in the field coil. Be- 
cause the flux value alternates, the in- 
duced voltage also alternates. The 
voltage is maximum when the flux is 
changing most rapidly and is zero when 
the flux is at a high or low point and not 
changing. The inductive nature of the 
field circuit will not allow the field current 
to change instantly, thus a transient com- 
ponent of voltage also must be present. 
This must have an initial value equal to 
the initial induced voltage but of the 
reverse polarity. The decrement factor of 
this transient voltage will depend upon 
the d-c field coil inductance and re- 
sistance. 

When the ordinates of all of the com- 
ponents of voltage at each instant of 
time are added, the resulting curve is the 
actual voltage acting in the field circuit 
to cause current to flow.. Thus the field 


Figure 10. Typical partial hysteresis loop for 
alternator 


ELECTRICAL ENGINEERING 


ea ay, ee oe 


NY 


ok ba 


(a) 
| [ 
VW | T a | 
wl AS 
ia 
\ = 
aN = 


TIME OR UNITS OF ANGLE 


Figure 12. Armature and field decrement 
curves 


current would be a similar curve, but 
lagging the voltage by some amount. A 
comparison of this constructed field- 
voltage curve with the field-current waves 
of oscillograms shown in Figures 14 and 
15 shows the same characteristics. 

The oscillogram in Figure 14 shows the 
voltage across one phase, the three-phase 
currents, the d-c field current, and the 
air-gap flux on a rotating-field type of 
alternator. Figure 15 shows the same 
values taken on a machine with stationary 
field poles anda rotating armature. This 
machine has a rather strong 11th har- 
monic due to armature slots. 

The lower trace in all alternator oscillo- 
grams shows the actual value of the air- 
gap magnetic flux recorded by means of a 
bismuth-bridge type of magnetic-flux 
meter.!4-15 Using this with a stationary- 


Figure 11(a) and (b). 
Components of mag- 
netic fluxes and vector 
combinations to give 
instantaneous values 
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(b) 


pole type of alternator as in Figure 15 
shows the rapid decrease of the flux due 
to armature reaction at the center of the 
pole face. On the leading tip the decrease 
is even more rapid, while on the trailing 
tip the flux often rises above the no-load 
value before it decreases, indicating flux 
distortion. In Figure 14 the increase in 
flux just after load is thrown on is caused 
by the position of the probe under a 
trailing pole tip at that instant. 

Many attempts have been made to 
express mathematically the armature and 
field currents during such transient 
periods. Doherty and Nickle® give the 
following equations for the armature 
currents in phases A, B, and C: 


< é Xq—Xq" 
i4=— cos (wt—a) +e, ax 
Xa Xa Xa 
"2 
i a ine 
€~ 7s cos (wt—a) —@g-5 — €- °°" X 
2xq' Xq 


xq’ —X , 
cos ate, - 4-28! cos (2wt—a) (5) 
2x'q Xg 


ig = same as phase A except for the use 
of (a+27/3) instead of a (6) 


ig=same as phase A except for the use 
of (a+4/3) instead of a (7) 


Each phase current is made up of the 
algebraic sum of the four components 
shown. The first is the sustained value 
of current and corresponds to the sus- 
tained value of current in Figure 8b. 
The second is a full-frequency decaying 
current caused largely by the high no- 


Figure 13. Magnetic-field variations and 
voltage components in field winding 


load voltage, and decays as the armature 
reaction reduces the field flux to its final 
steady-state value. The coefficient of 
its decay factor 0; depends upon the field- 
circuit constants. This component was 
aceounted for by the loss of flux @,. 
The third factor is the unidirectional 
decrement corresponding to the decre- 
ment curves in Figure 8b. Its initial 
magnitude is equal to, but of the opposite 
polarity to, the instantaneous value of 
the sustained current corresponding to 
the point on the voltage wave at which 
the load switch was closed. The coeffi- 
cient of its decay factor o, depends upon 
the circuit constants of the armature 
circuit. The fourth factor, which is 
usually not very large and is absent or 
neatly so in some types of generators is 
a double-frequency component, the decay 
of which depends upon the armature 
constants. No attempt was made to 
indicate this in Figure 8b. This com- 
ponent often appears in salient-pole types 
of machines which have no damper 
windings. There are possible sources 
for many small-scale variations other 
than those mentioned, as changes pro- 
duced in the field by armature reaction 
will in turn cause altered generated 
voltages and currents in the armature. 
These in turn will further alter the field. 
There is no limit to the reflected effects 
back and forth between armature and 
field, but fortunately each succeeding re- 
flection rapidly decreases toward zero. 

The same authors give the field-current 
equations as 


Xq—Xq" 
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— —ayt 
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Xqg—Xq' 


lo ser 4") cos ait (8) 


Xq 
This equation might be altered thus 
ip=I,+KI,€~%' —KI,€~°* cos wt (9) 


where K is a constant depending upon 
the reactances involved. Here the three 
components are shown similar to the three 
components of voltage in Figure 13. The 
first is the current due to the direct 
voltage, the second is the unidirectional 
decaying component, the decay of which 
depends upon the field-circuit constants, 
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the third is the component due to the 
full-frequency alternating induced volt- 
age, the decay of which depends upon the 
armature circuit constants. 

Doherty and Nickle express all initial 
current components in terms of the no- 
load voltage e,, assuming no saturation, 
and a percentage factor derived from the 
reactance acting, as the resistance of an 
alternator is usually so low its effect may 
be neglected in such factors. Thus the 
final steady-state current is the ideal no- 
load voltage e, divided by the direct-axis 
component of synchronous. reactance %q. 

A brief comment on the various react- 
ances used in such mathematical studies 
might be of value here. In any circuit 
the current for a given voltage is limited 
by the impedance of the circuit. Each 
component of the impedance will absorb 
a proportional component of the total 
voltage, and the countervoltage of each 
reactance through which the current 
flows will just balance a corresponding 
component of the voltage applied. The 
reactance is then the ratio of that com- 
ponent of voltage to the current. 

Referring to the armature current 
tracings in oscillograms such as Figures 
7, 15, or 16, the impedance, or reactance 
if resistance is neglected, must con- 
tinually vary from instant the switch is 
closed to the time when final steady-state 
conditions prevail, if the generated 
voltage is to be assumed constant. Since 
constant values of reactances are desired, 
certain limiting values are used. Further 
subdivisions of the reactances also are 
used. For example, synchronous react- 
ance is a function of the armature current 


Figure 14 (left). 
an alternator with rotating field poles 


Oscillogram of transients in 


Figure 15. Oscillogram of transients in an 
alternator with stationary field poles 


magnetomotive force, largely acting as 
armature reaction. At any given power 
factor of the load the armature magneto- 
motive force, which has been assumed to 
produce flux ¢z in Figure 9, might be 
considered as the resultant of two com- 
ponents, one acting on the axis of the main 
field, producing a demagnetizing action, 
the equivalent reactance of which is 
termed direct-axis synchronous reactance 
%q, and the other acting at right angles 
to the main field, causing flux distortion 
of the main field, the equivalent reactance 
of which is termed quadrature-axis syn- 
chronous reactance %,. 

Thus the direct-axis synchronous react- 
ance xq for the balanced steady-state 
conditions might be defined as the ratio 
of the fundamental component of the 
reactive armature voltage, due to 
the fundamental direct-axis component 
of armature current, to this component 


Figure 16 (left). Oscillogram of transients in 
an alternator suddenly loaded with three-phase 
inductive load 


Figure 17. Oscillogram of transients in alter- 
nator suddenly loaded with a three-phase ca- 
pacitive load 
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of armature current, at rated frequency. 


The quadrature-axis synchronous re- 
actance is defined in a very similar 
manner. 

The reactance during the first several 
cycles after short circuit must be lower 
than the steady-state value, as the cur- 
rent is higher, which gives rise to the term 
transient reactance x’. This might be 
defined as the ratio of the fundamental 
component of reactive armature voltage 
due to the fundamental component of the 
armature current to this initial com- 
ponent of current at the time short circuit 
occurs, providing such current follows the 
normal decrement curve of the decreasing 
current. This initial value of current 
must be obtained by projecting the 
normal current transient back to the time 
of closing the switch. For most ma- 
chines, and especially for those having 
damper windings on the rotor, the first 
two or three cycles do not follow the 
normal decrement curve but are ab- 
normally high, though they decay rapidly 
down to the normal decrement values. 
For this portion of operation the re- 
actance is still less and is accounted for by 
a subtransient reactance x’’. This is 
the ratio of the generated voltage to the 
highest initial value of current which was 
produced at the instant of closing the 
switch. Such initial values are only the 
average of all three phases. 

In practice both of these again are 
divided into the direct, xg’ and x,4/", and 
quadrature, x,’ and x,’’, values. All of 
these terms are defined in the AIEE 
“Standard Definitions of Electrical 
Terms’’ and may be determined by tests 
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Figure 18. 
three-phase alternator with rotating field poles, 
symmetrical type 


Single-phase short circuit on a 


or calculation, as proposed by various 


aithors. 24 

Closely related to the reactance values 
in their importance during the transient 
period, are the decrement factors or their 
reciprocals, termed time constants T. 
In equation 2 the decrement factor is 
R/L, while the time constant is L/R 
and is a factor which gives an indication 
of the time required for the decreasing 
term to approach zero. In modern a-c 
machinery the reactance x which is a 
function of the inductance L purposely 
is made large either in the design of the 
machine or by introducing reactance in 
some part of the circuit, in order to limit 
the currents under short-circuit condi- 
tions. This can be done since the 
voltage regulator will maintain a constant 
voltage under steady conditions. The 
resulting large time constant causes the 
transient condition to persist for a con- 
siderable period after such changes, up 
to several seconds. The persistence of 
such high currents often may require 
higher settings on protective equipment 
than otherwise would be desired. 

Many other transient conditions in 
alternators or synchronous motors might 
be analyzed in a similar manner. Two 
other oscillograms of such conditions are 
shown. Figure 16 shows the voltage, 
armature currents, field, and air-gap 
flux for the same alternator used for 
Figure 14, except that it is suddenly 
loaded with a highly inductive air-core 
inductance load. Here the inductance 
requires energy from the generator for a 
portion of the cycle and returns the 
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energy the next half cycle. The resulting 
armature reaction in reducing the field, 
both during the transient period and 
after, is less than for the near short 
circuit. Figure 17 again is the same 
machine suddenly loaded with a capacity 
load. Here the capacity causes the cur- 
rent to lead the voltage, which gives a 
decided increase in the air-gap flux due 
to armature reaction. 


Load Changes in a Single-Phase 
Alternator 


The single-phase alternator proves 
quite interesting as a study of inter- 
related electric and magnetic fields, both 
under transient conditions as well as 
steady-state conditions. The theory is 
also important since faults often result 
in single-phase operation for their dura- 
tion. The usual distortions in the voltage 
and current waves when using one phase 
of a three-phase alternator for careful 
tests may introduce considerable error 
in the results. The same is true for any 
single-phase alternator, unless it is 
specially designed to give a fair sine 
wave at all loads. 

Such an alternator has the usual d-c 
excited field but has only one armature 
winding which usually does not use the 
whole periphery of the armature core. 
As the field rotates 180 electrical degrees 
for each half cycle, the armature reaction 
on the field always acts in the same direc- 
tion, causing a continuous double- 
frequency pulsation in the field flux. 
When the load on such an alternator 
suddenly is changed or the alternator is 
short-circuited, two possible types of tran- 
sient relations are possible. In the first, 


Figure 19. Single- 
phase short circuit on 
a three-phase alter- 
nator with stationary 
field poles, sym- 
metrical type 
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Figure 20. Single-phase short circuit on a 
three-phase alternator with rotating field poles 
asymmetrical type 


or symmetrical case, fairly perfect exam- 
ples of which are shown by the oscillo- 
grams in Figures 18 and 19, the load 
switch was closed at a point on the volt- 
age cycle at which, under steady-state 
conditions, the current value would have 
been zero, and the second, of which 
Figure 20 is a typical example, where 
the switch was thrown at a point on the 
voltage cycle where the steady-state cur- 
rent would not have been zero. This will 
be termed the asymmetrical case. 

In making an analysis of these single- 
phase cases, certain assumptions again 
will be made which would alter the final 
general results only slightly. First the 
current waves will be assumed to be sine 
wave in shape, and second the effects of 
iron saturation will only be approxi- 
mated. 


Symmetrical Case 


If the switch of a series resistance and 
inductance circuit is closed at a point on 
the voltage cycle when, under steady- 
state conditions, the current would have 
been zero, the usual inductive type of 
transient as in Figure 2 will not be 
present; the current will start at zero 
and continue at its final steady-state 
value. However, in the case of the single- 
phase alternator, as in the three-phase 
case, the no-load field flux and generated 
voltage are much higher than after the 
armature reaction has been able to re- 
duce the strength of the field. Because 
the voltage is high at this first instant, 
the current also will be high but will 
drop as the armature reaction becomes 
effective in reducing the field. There 
then will be a decay of the armature cur- 
rent value but an equivalent decay will 
occur on both the positive and negative 
halves of the wave, and the resulting 
current will be symmetrical with respect 
to the zero. 

Such a decaying alternating current in 
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Figure 21. Armature and field components 
and their phase relations in a symmetrical 
single-phase alternator short circuit 


a single-phase alternator is shown as the 
top constructed curve in Figure 21. 
Since the d-c excited field, because of its 
rotation is always in a position to receive 
the same armature reaction effect for 
both polarities of the armature current, 
the magnitude of the flux will have two 
pulsations per cycle. If the usual short- 
circuit conditions are assumed the 
reaction will be to cause the flux to de- 
crease most when the current is maxi- 
mum, and the resulting field flux curve 
construction will be as shown by the 
second curve. 

The variations in the field flux will 
generate a voltage in the d-c field winding 
of the same frequency and of a corre- 
spondingmagnitude. Thispulsatingvolt- 
age is indicated as a dash curve in the 
lower set of curves. Since the field cur- 
rent and thus the field voltage must 
start at the no-load value and cannot 
jump instantly, the usual unidirectional 
decrement voltage, shown as a dash 
line, also must be present. The sum 
of the d-c, the pulsating, and unidirec- 
tional decrement components of voltage 
will give the actual voltage acting on 
the field circuit as shown by the full-line 
oscillation. This corresponds very well 
with the actual field current in oscillo- 
grams, Figures 18 and 19. 


Asymmetrical Case 


If the load switch is closed at a point 
on the voltage wave when, under steady- 
state conditions the current would not 
have been zero, then the type of transient 
shown in Figure 2 will be present. How- 
ever, the effect of the high no-load voltage 
will amplify the magnitude of the current 
peaks, both positive and negative, just 
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after closing the switch, but this excess 
current will die away to the final steady- 
state current after armature reaction has 
reduced the field flux to its final steady 
pulsating value. The upper curve in 
Figure 22 shows such an armature cur- 
rent curve. The second constructed 
curve is that of the resulting field flux 
because of armature reaction. In the 
lower set of field-circuit voltage curves, 
the pulsating induced voltage component 
due to the field-flux pulsations, and also 
the unidirectional decrement component, 
are shown in dash lines. Again the sum 
of these components, together with the 
direct voltage, gives the full-line curve 
as the actual voltage acting in the field 
circuit which corresponds well with the 
field current in oscillogram, Figure 20. 

The induced voltage in the field cir- 
cuit, as well as the current component 
resulting from this voltage, could have 
been further subdivided into a sustained 
pulsation at double-frequency component 
and a full armature-frequency pulsating 
component which decays with a decre- 
ment factor, depending upon the arma- 
ture circuit constants. 

Again Doherty and Nickle’ have 
worked out quite complete and reasonably 
accurate. equations for the armature 
field currents, as well as for the open- 
circuit voltage where a _ three-phase 
generator is supplying a single-phase 
load. For the armature current in the 
symmetrical case they give 


ki Ie 
i=2ke, — sin wlt2ke,—e-%' sin wt (10) 
Sf i 
and for the asymmetrical case 
: iV 
4=2ke, i €~%a' cos a—2ke, 3 x 
iE t 
cos (wh-+-a) —2ke, ne” cos (wt tea) (11) 


In the symmetrical case, equation 10, 
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Figure 22. Armature and field components 
and their phase relations in an asymmetrical 
single-phase alternator short circuit 


the current is made up of the alternating 
sustained value plus an alternating value 
at the same frequency but decaying with 
a decrement factor depending upon the 
field-circuit constants. This second com- 
ponent is due to the high no-load field 
causing a high armature voltage and cur- 
rent at the instant of closing the load 
switch but dies away as armature re- 
action reduces the field. In the asym- 
metrical case, equation 11, the last two 
terms are components similar to those of 
equation 10. The additional first term 
is a unidirectional decaying component 
with a decrement factor depending upon 
the armature-circuit constants, with the 
initial magnitude depending upon the 
point on the voltage wave at which the 
load switch was closed. These compo- 
nents correspond very closely to the 
components necessary to give the arma- 
ture currents assumed in Figures 21 and 
22 respectively. 

For the symmetrical case they give 
the field current as 

CK FP FK 


se ee aa 


14 = Co 


Eee, 
cos a as ef’ cos wt = (12) 


and for the asymmetrical case 
CK CR FK 


hoa arse a wt j38-« 


FP 
cos (2wt+2a)+e, The cos (2wt-+2a) — 
G t 
es HW €~%a Cos (wt-+a) cos a (13) 


Thus the actual field current of equation 
12, similar to the field voltage shown in 
Figure 21, is made up of a steady d-c 
component, plus the usual decrement 
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component, where a change in direct 
current takes place, plus a sustained 
double-armature-frequency pulsating 
component caused by armature reaction 
of the sustained armature current, plus 
a similar double-frequency component 
which decays with a decrement factor 
depending upon the field circuit constants. 
This component is the result of the 
decreasing armature current as it reduces 
to the final sustained value. 


The field current of equation 13 similar 
to the field voltage of Figure 22 consists 
of four similar components plus a fifth 
decaying component, the decay of which 
depends upon the point on the voltage 
wave at which the load switch was closed. 
Notice that this is the full-frequency 
component before mentioned. All of 
the components in the equation are not 
shown as definitely separate components 
in Figures 21 and 22, 

The constants in equations 10 to 13 are 
all rather involved factors made up of the 
various reactances of the machine and 
can be found in the original article; thus 
they will not be given here. 


One additional observation might be 
mentioned. The voltage across the open- 
circuit phase in Figures 18, 19, and 20 
are very distorted, and the phase current 
likewise is distorted. This is charac- 
teristic of single-phase loads on alter- 
nators not specially designed. The 
generated voltage is a function of the 
magnitude of the field flux and speed of 
rotation. If the magnetic flux is constant, 
the constant speed will generate a good 
sine wave shape of voltage. However, 
when the field flux is pulsating because 
of the single-phase armature reaction, 
at one instant the rate at which armature 
conductors are cutting flux is increased 
above that due to rotation by the increase 
in flux value and will generate a high 
peak of voltage, while at the next quarter 
cycle the flux is decreasing, which tends 
to decrease the total flux cutting action 
with the result that little or no voltage 
is generated at this time Rather high 
voltage peaks may be the result, es- 
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pecially at the instant just after the load 
switch was closed. 


Conclusion 


No claim is made in offering more than 
a very approximate method of arriving 
at definite values in transient conditions 
of this nature. Other workers have 
covered quite adequately the more ac- 
curate mathematical phases. However, 
the analysis does attempt to offer a 
simple means of visualizing what to 
expect in such cases and of comparing 
the component parts thus visualized to 
the mathematical components derived by 
others. In short, the author has at- 
tempted first to offer a reasonably simple 
means of interpreting and visualizing the 
changes which result in such cases for 
the station operator or engineer who has 
little interest in knowing the magnitude 
of results and, second, to help acquaint 
the engineer who must deal with such 
magnitudes with the aid at his disposal, 
as well as to offer him a simple means of 
visualizing the components and reasons 
for components involved. 


Nomenclature 


R=total series resistance of the circuit in 
ohms 

L=total inductance in circuit in henrys 

€,=no-load voltage generated by the alter- 
nator, assuming no saturation 

xq = three-phase line-to-neutral synchronous 
reactance on the direct axis 

xq’=three-phase line-to-neutral transient 
reactance on the direct axis 

%q = three-phase line-to-neutral synchronous 
reactance on the quadrature axis 

%q'=three-phase line-to-neutral transient 
reactance on the quadrature axis 

w=2nf, where f is normal frequency 

wt=angle in radians at time ¢ 

a =displacement angle between armature 
winding axis and axis of field pole 
at time of closing the switch 

y=angle between time of zero voltage and 
time of closing switch 

6 =phase angle between current and voltage 

44=current in phase A of alternator 

4p =current in phase B of alternator 
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1g =current in phase C of alternator 

t=current in d-c excited field winding of 
alternator 

oq =decrement factor of armature circuit, a 
function of armature resistance and 
inductance 

oy=decrement factor of field circuit, a 
function of field resistance and 
inductance 

Other constants are explained in text. 


References 


1. TRANSIENT ELECTRIC PHENOMENA AND OSCIL- 
LaTions, C. P. Steinmetz. McGraw-Hill Book 
Company, Inc., New York, N. Y. Chapter 14. 


2. A SIMPLIFIED METHOD OF ANALYZING SHORT- 
Circuit PROBLEMS, R. E. Doherty. AIEE Trans- 
ACTIONS, volume 42, 1923, pages 841-9. 


3. TRANSIENT CONDITIONS IN ELECTRIC Ma- 
cHINERY, W. V. Lyon. AIEE TRANSACTIONS, 
volume 42, 1923, pages 157-79. 


4. SyncHRONOUS MACHINES, R. E, Doherty, C. A, 
Nickle. Part I. AN EXTENSION OF BLONDEL’S 
Two-RBACTION THEORY. Part II. StTsApy- 
SraTE Powsgr-ANGLE CHARACTERISTICS. AIEE 
TRANSACTIONS, volime 45, 1926, pages 912-47. 
PART II. TorgQue-ANncLe CHARACTERISTICS 
UNDER PowER‘ConpiTions. AIEE TRANSACTIONS, 
volume 46, 1927, pages I-18. 


5. SyNcHRONOUS MaAcHINES—ParT IV. SINGLE- 
PHASE ALTERNATOR OPERATION. AIEE TRANs- 
ACTIONS, volume 47, 1928, pages 457-92. 


6. SyNCHRONOUS MACHINES—PART V. THREE- 
PHASE SHORT-CIRCUIT SYNCHRONOUS MACHINES. 
AIEE TRANSACTIONS, volume 49, 1930, pages 700- 
14, 


7. TRANSIENT ANALYysIS oF A-C MACHINERY 
Ho H. Ku. AIEE Transactions, volume 48, 
1929, pages 707-15. 


8. Two-REACTION THEORY OF SYNCHRONOUS 
Macsuines, R. H. Park. AIEE TRANSACTIONS, 
volume 48, 1929, pages 716-30. 


9. THE REACTANCES OF SYNCHRONOUS MACHINES, 
R. H. Park, B. L. Robertson. AIEE TRANSACTIONS, 
volume 47, 1928, pages 514-36. 


10. CALCULATION OF THE ARMATURE REACTANCE 
oF SYNCHRONOUS Macuings, P. L. Alger. AIEE 
TRANSACTIONS, volume 47, 1928, pages 493-513. 


11. DETERMINATION OF SYNCHRONOUS-MACHINE 
CONSTANTS BY TEST REACTANCES, RESISTANCES, 
AND TIME Constants, Sherwin Wright. AIEE 
TRANSACTIONS, volume 50, 1931, pages 1331-50. 


12. MEASUREMENT OF THE SUBTRANSIENT IM- 
PEDANCES OF SYNCHRONOUS MACHINES, Gordon 
F. Tracy, W. F. Tice. AIEE TRANSACTIONS, volume 
64, 1945, February section, pages 70-5. 


13. Trst CopE FOR SYNCHRONOUS MACHINES. 
Preliminary Report. AIEE Standards, January 
1937. 


14. A New Macnetic-FLtux METER, G. S. Smith. 
AIEE Transactions, volume 56, 1937, April 
section, pages 441-5, 


15. Use or BismMuTH-BRIDGE MAGNETIC-FLUX 
MereR FoR A-C Fretps, G. S. Smith. AIEE 
TRANSACTIONS, volume 58, 1939, February section, 
pages 52-5. 


TRANSACTIONS 69 


Lightning Performance of 220-Kv 


Transmission Lines—ll 


AN AIEE COMMITTEE REPORT 


HE LIGHTNING performance of 

high-voltage transmission lines in the 
nominal 220-kv class was presented in a 
paper! before the Institute in 1935. That 
report presented data on the construction 
of these lines as well as their operating 
performance from a lightning viewpoint. 
There were then only ten companies 
operating transmission lines in the 220-kv 
class, and the significant data on all these 
companies’ lines were reported. 


The collection of data at one time and 
presentation in one place on the perform- 
ance of these lines were of such interest 
and value in the transmission field that 
the committee recently was requested to 
bring the record up to date. Complying 
with this request, the committee is pre- 
senting this present paper. To obtain 
the data on which the present record is 
based, questionnaires were sent to 13 
companies which were known to have 
lines built for operation in the 220-kv 
range, and replies were received from all 
13 companies. The questionnaire, which 
was set up carefully by the lightning and 
insulator working group, comprised a 
total of 36 questions dealing with line 
construction, lightning outages, features 
used to improve lightning performance, 
and other features of the lines believed 
significant in studying and evaluating the 
lightning performance of the lines. 


Purpose and Scope 


The purpose of this report is, as just 
mentioned, to bring up to date the record 
of the lightning performance of lines in 
the 220-kv class. In presenting the data 
the lightning outage record, which was 
given on transmission lines reported in 
the previous paper,! has been continued 
to 1944 inclusive, and in one or two cases 
the major part of the record for 1945 is 
included. The record includes data from 
all companies in the United States and 
Canada known to be operating lines in 
the 220-kv class. . 


The plan of this paper is to present most 
of the data which are considered pertinent 
to the lightning record of the line and to 
comment on and compare in some cases 
the relative benefits of various factors 
which are known from experience and be- 
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lieved by theory to be conducive to better 
performing lines. 

Another feature of value which it was 
expected would appear in replies to the 
questionnaire was any unusual means 
taken to improve lightning line perform- 
ance and the benefits actually obtained. 
In addition to giving the outage record of 
the lines involved, the discussion presented 
herein gives the committee’s evaluation of 
the effectiveness of different features of 
line construction. However, it is recog- 
nized that with so many variables in- 
fluencing the lightning performance of 
lines of this type, opinion may differ as 
to the relative merits of different remedial 
measures which have been taken in actual 
line construction. Therefore, practically 
all of the data received from the contribu- 
tors have been presented, so that anyone 
who chooses may study and analyze them 
in his own way. 


Presentation of Data 


Practically all the data which are con- 
sidered pertinent to the subject at hand 
are included in Table I. In all cases the 
data are presented practically as submit- 
ted by the separate companies involved 
but may differ in minor features where the 
questions asked or the replies received 
were not wholly clear. Although the lines 
in this table are referred to as nominal 
220-kv class, it should be pointed out 
that one (reference 2) operates at 190 
kv and two (references 14 and 15) at 
287.5 kv. 


Paper 46-16, recommended by the AIEE committee 
on power transmission and distribution for presenta- 
tion at the AIEE winter convention, New York, 
N. Y., January 21-25, 1946. Manuscript sub- 
mitted November 16, 1945; made available for 
printing November 21, 1945. 


This report was prepared by the lightning and insu- 
lator working group of the AIEE committee on 
power transmission and distribution. The personnel 
of the working group comprised: I. W. Gross, 
American Gas and Electric Service Corporation, 
New York, N. Y., chairman; H. A. Frey, Locke 
Insulator Corporation, Baltimore, Md.; W. W. 
Lewis, General Electric Company, Schenectady, 
N. Y.; J. T. Lusignan, Jr., Ohio Brass Company, 
Mansfield, Ohio; G. D. McCann, Westinghouse 
Electric Corporation, East Pittsburgh, Pa.; F. W. 
Packer, Pennsylvania Power and Light Company, 
Allentown, Pa.; Philip Sporn American Gas and 
Electric Service Corporation, New York, N. Y.; 
S. K. Waldorf, Pennsylvania Water and Power 
Company, Baltimore, Md.; E. R. Whitehead, 
Duquesne Light Company, Pittsburgh, Pa. 

The committee expresses its appreciation to all 13 
electric power companies for their prompt co- 
operation in supplying the records on which this 
paper is based, and also to G. D. Lippert for his 
efforts in compiling the data for analysis. 
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The extent of the 220-kv systems 
covered is shown in Table II, wherein it | 
is shown that 13 companies are operating 
35 lines totaling approximately 3,988 
miles of line (right of way) and 6,601 
miles of 3-phase circuit. 


Discussion of Data 


A brief summary and discussion of the 
outstanding features of line construction 
and line performance are presented. For 
convenience of analysis, however, some 
of the various factors which influence 
lightning performance have been segre- 
gated and discussed separately. It is 
realized that the effect of any one of these 
factors is so interlaced with that of the- 
others, that it is not possible to evaluate 
definitely its influence from the insufficient 
data available. 


Structural and Related Features 


LOCATION OF LINES 


The lines reported on are located in 
lightning territory which ranges from very 
light to heavy, the isokeraunic levels 
ranging from 5 in California to 45 in 
Illinois, but none being in the 70 to 90 
range of the extreme southeastern section 
of the country. The isokeraunic levels 
shown in column 25 of Table I were taken 
from the United States Weather Bureau 
isokeraunic map.* The lightning severity, 
reported by each company is in column 24. 

The average elevation of each line above 
sea level is given in column 21. These 
values range from 68 feet in California to 
3,020 feet also in California. These 
figures are not considered particularly 
significant: first, because elevation above 
sea level in this range is not believed to 
have any appreciable influence on light- 
ning frequency and severity; and sec- 
ondly, because lines shown located in low 
average terrain may, and in some cases 
do, have part of their length in high- 
elevation country. L 

The types of country traversed by the 
lines (column 22) range from flat to roll- 
ing, hilly, and even mountainous. Most 
of the lines are in rolling to hilly country. 

The average height of top conductor 
above ground (column 37) varies from 37 
feet to 122 feet, the higher figure being on 
a 2-circuit line where right-of-way diffi- 
culties controlled. The more general 
range of top conductor elevation is from 
about 55 to 85 feet. 


TOWERS, CONDUCTORS, AND OVERHEAD 
GROUND WIRES 


Towers. The towers may be classi- 
fied in three general types, as illustrated 
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GROUND WIRES SS 


220-ky 


in Figures 1, 2, and 3. Figure 1 is a 
single-circuit line with conductors hori- 
zontally arranged. About 73 per cent of 
all the lines reported have this arrange- 
ment. Figure 2 isa double circuit struc- 
ture with conductors vertically arranged. 
About 26 per cent of the lines have this 
arrangement. A part of only one line 
was arranged as in Figure 3, or about 1 
per cent of the lines reported. 


Line Conductors. The line conduc- 
tors vary from 500,000 circular mils to 
1,034,000 circular mils, with one line 1.4 
inch in diameter. About 85 per cent of the 
lines have aluminum conductor steel re- 
inforced conductors, and 15 per cent cop- 
per. 


Overhead Ground Wures. About 14 
per cent of the lines reported have no 
overhead ground wires, except that two 
lines have wires extending out one mile 
from the terminals. About 19 per cent 
have one overhead ground wire, and about 
67 per cent have two overhead ground 
wires. The material is steel, aluminum 
conductor steel reinforced, Copperweld, 
and copper in the proportion of about 63 
per cent, 16 per cent, 11 per cent, and 10 
per cent respectively of the lines with over- 
head ground wires. The sizes vary for the 
steel wires from 3/8- to 3/4-inch diameter, 
for the aluminum conductor steel rein- 
forced from 184,000 to 203,000 circu- 
lar mils, for the Copperweld from 3/8- to 
1/2-inch diameter, and for the copper 
from 2/0 to 4/0. 


INSULATION 


Insulator Strings. In columns 12 
and 13 of Table I are given the number of 
insulator disks and spacings between 
disks. The spacings vary from 4°/, to 
61/2 inches. In order to place these on a 
comparable basis, so that published flash- 
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Figure 1 (left). Typ- 
ical 220-kv single- 
circuit tower 


Figure 2. 
double-cir- 
cuit tower 


GROUND WIRES 


ELS 


Typical 


over data may be used, the suspension 
strings are reduced to equivalent number 
of units spaced 53/4 inches apart (column 
59). It will be noted that these vary 
through a wide range, from approximately 
10.6 to 18.4 units for lines operated at 220 
to 240 kv, 8.4 to 12.3 units for lines 
operated at 190 to 200 kv, and 21 units 
for the 287-kv lines. 

The critical flashover values of the in- 
sulator string? based on the 1.5x40 posi- 
tive impulse wave are given in column 60. 


Clearance to Structure. In column 57 
is given the clearance to the tower with 
the conductor swung from the vertical 
to the angle given in column 58. These 
angles are 30 degrees, except in one case 
in which the angle is given as 45 degrees. 

In column 61 are given the critical 
flashover values based on the 1.5x40 posi- 
tive wave, assuming that the conductors 
are swung to the angle given in column 
58. The rod gap values? are used to ob- 
tain the flashover values. 

It is believed that under the wind and 
loading conditions prevailing in the 
lightning months, a 30-degree swing is 
ample to cover practically all cases. 


AVERAGE SPAN 


Average span lengths range from 590 
feet to 1,320 feet or 9 to 4 towers per mile. 
The general average for all lines reported 
is in the order of 1,000 to 1,100 feet, or 
about 5 towers per mile. 


GRADING AND ARCING DEVICES 


The practice varies in the use of devices 
to grade the voltage on the insulator string 
or to take the arc on flashover. Some 
companies report using grading rings 
(column 26) or rings and horns, and others 
report horns only. In the light lightning 
severity territory of California, horns, 
or rings and horns, are used even for the 
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early lines built between the years 1914 
and 1923. 

A number of companies report not using 
any grading or arcing devices, particu- 
larly where lines have been built in the 
last 15 years or so. It is suggested that 
the reason for the omission of these de- 
vices may be the high immunity from in- 
sulator and conductor damage experienced 
in service. This in turn possibly may be 
the result of faster clearing of faults over 
the insulator strings by high-speed circuit 
breakers or shortened relay time. It 
seems from the record that the use of 
grading shields and arcing devices on the 
newer lines generally is being abandoned. 


Analysis of Lightning Performance 


The three most important features of 
line construction that correlate most 
closely with actual lightning performance, 
although not necessarily in their order of 
importance, are thought to be: 


1. Use and location of overhead ground 
wires. 


2. Insulation. 


3. Tower footing resistance. 


LINE OUTAGES 


The actual line outages are shown in 
column 54 for all lines. These have been 
reduced to a 100-mile-per-yeat basis in 
column 55 and to an isokeraunic level of 
50 in column 56. On the 100-mile-per- 
year basis, actual outages vary from a 
high of 11.5 to a low of 0, with an average 
of about 2.30, The high figure of 11.5, 
references 7 and 7A, comprises the record 
of a line which initially was built and 
operated without ground wires and was 
located in a heavy lightning territory. 
It is interesting to note that this line, since 
protective features such as ground wires, 
counterpoises, and so forth, were installed, 
has a record for the past four years of 1.2 
outages per 100 miles of line per year. 

In case of 2-circuit lines, the single- 
line outages only usually are considerably 


Figure 3. Special 
220-kv single-circuit 
tower 
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Table |. Lightning Performance and Design Features of 220-Kv Lines 
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1. Suspension assemblies: 12 units after 1943-44. 7. 1 mile of ground wire at terminals only. 12. 142 miles: 2 circuits in 1923. 43 miles: 1 cir- 
2. First value suspension; second value dead end. 8. 20 per cent porcelain, 80 per cent glass. cuit added in March 1944. 29 miles: 2 circuits 
3. Armor rods on 25 per cent of line. 8A. Apparently now being added. eae 

A Sl Faerie WOVE. 9. Experimental devices on 25 per cent of line (not 13. Data from 1935: 220-kv paper. 

CRM icedetln: AGB a: described). 14, Except 43 miles of single circuit. 


10. 222.65 miles: 1 circuit per tower. 40.85 miles: 
5. 10.5 after 1943-44. 2 circuits per tower. 15. See note 23. 


6. 637 towers: 1 circuit per tower. 124 towers: 11. 60 miles in 1923, 9 miles added in 1925, 14 1° Estimated. 
2 circuits per tower. miles added in January 1944. 17. To August 1, 1945. 
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Lightning Performance and Design Feature of 220-Kv Lines (Continued) 
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18. 


18A. First value for 2-circuit towers. 
value for 1-circuit towers. 


Data not reported. 


Second 


19. ToSeptember 1, 1945. 

20. Ground wire installed 1943. 

21. Line completely equipped with ground wire 
1941. 

22. Counterpoise as required to reduce resistance 
to25 ohms. First 10 miles from Chats Falls only. 
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23. Operating at 165 kv to January 1944. 
24. 88.5 miles is 3 circuit. 28.8 miles is 2 circuit 
25. First number for outer conductor. Second 


number for middle conductor. 


26. On basis of 50 isokeraunic level. 

27. First figure for east line. Second figure for 
west line. 

28. No ground wire for 64 miles of line due to 


severe sleet loading. 
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29. 17 miles: 1-circuit towers. 9 miles: 2-circuit 
towers. 

30. 17 miles: 2-ground wires. 9 miles: 1l-ground 
wire. 

31. Also some 12 and 14 units of fog type in sus- 
pension. 

32. Originally designed for 150 kv. 

33. North line June 22, 1939. 
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Table Il. Extent of 220-Kv! Lines 


13 Companies, 35 Lines 


Approximate 
Miles 
Singlecircuit..)./. 001. sie) Right of way..... 1,838 
Two circuit on single 
ROWErSmee crete eile sof Right of way..... 717 
Two circuit on sepa- 
rate towers......... Right of way..... 970 
Three circuit on sepa- 
rate towers......... Right of way..... 463 
Total miles........... Right of way... ..3,988? 
Total ‘circuit miles of 
S-phaseslinescs serials sense eels ener eele nis 6,6012 


1. 135.3 miles of right of way operated at 190 kv 
and 263.5 miles operated at 287 kv. 


2. Not including 550 miles of right of way for com- 
pany references 12 and 13 (Table I) which were 
mentioned but not reported on, 


Table Ill. Average Lightning Outages! on 
220-Kv Lines 
Outages 
Per 100 Miles 
of Line Per 
Right Per Year on Basis 
of Way, Year of 50 Storms 
Miles Actual Per Year 
ALL Mines secienertae ers 8,988.5. .92.83...... 9.97 
Lines without 
ground wires.. 916.8..21.92...... 19.30 
Lines with 
ground wires. .3,071.7..70.91...... 7.19 
With ground 
wires?....... SAO OMRS20 Oe. sche 24.20 
With 1 
ground wire.. 87.1 Tore 4.3 
With 2 
ground wires 2,446.8. .32.91...... 3.8 
With 1 and ; 
2 ground 
wires?....... 8632.5" 0)\.A6T. -2 or 0.53 
With ground 
wire on part 
oflineonly... 102.6.. 3.54...... 34.5 


1. Based on actual outages and actual miles (not 
average of columns 55 and 56, Table I). 


2. Lines having ground wire added during period 
of outage record 1934-45. 


3. Lines having 1 ground wire on part of line, 
balance 2 ground wires. 


higher than 2-line outages, as would be 
expected. The one exception is the case 
of line reference 2, where the single-circuit 
outages on a 100-mile-per-year basis is 
1.4, and double-circuit outages 2.6, or 
nearly double. 


The outage record seems to indicate 
clearly that, even with the highest insula- 
tion used in 220-kv lines, the insulation 
alone does not render the line lightning- 
proof without the aid of other remedial 
measures, such as ground wires and low 
tower-footing resistances. 


OVERHEAD GROUND WIRES 


Benefit of Use. A summary of light- 
ning outages for all lines and for lines 
with and without ground wires is given in 
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Table III. Of the nearly 4,000 miles of 
line (right of way) covered by this report, 
the outages on a 100-miles-of-line-per- 
year basis at a 50 isokeraunic level is 
9.97. Twenty-three per cent of the line 
mileage does not have ground wire, and 
its outage record is 19.3 per 100 miles of 
line per year. Of the line mileage 63.5 
per cent has either one or two ground wires 
over the entire line, and its outage record 
is 3.8 to 4.8 outages on the above basis, 
the lower figure being for two-ground-wire 
lines, and the higher for the single- 
ground-wire groups. 

In Figure 4 a further breakdown of the 
outage data on nonground-wire and 
ground wire lines where tower footing 
resistances were reported is shown. 
Based on a 50 isokeraunic level, the aver- 
age outages per 100 miles of line per year 
is 27.5 for lines without ground wires, and 
4.5 for ground wire lines. Ground wire 
lines of over 25 ohms average footing re- 
sistance have 15.4 outages, and lines with 
25 ohms or less 1.94 outages. 


The foregoing record clearly demon- 
strates the value of overhead ground 
wires and low footing resistance in reduc- 
ing lightning outages. 


‘Height and Spacing. Column 40 
gives the horizontal spacing between the 
overhead ground wires where there are 
two ground wires. These spacings vary 
from 21 to 48 feet for the lines in the 190- 
to 240-kv class and from 40 to 50 feet 
for the 287-kv lines. The height of the 
ground wire plane above the plane of the 
conductors at the towers is given in 
column 41. This varies from approxi- 
mately 10 to 29 feet for the 190- to 240-kv 
class lines and is 32 feet for the 287-kv 
lines. In Figure 5 is plotted the height 
of ground wires above conductors from 
column 40 against outages per 100 miles 
per year at isokeraunic level 50 from 
column 56. In cases where two ground- 
wire heights are given in the length of the 
line, the average height is plotted. 


There does not appear to be any con- 
sistent relation between height of ground 
wires and outages experienced. A num- 
ber of lines with heights ranging from 22.5 
to 32 feet show outages from zero to 1.34. 
per 100 miles per year (column 56), but 
other lines with heights from 11.7 to 
16.2 feet show outages in the same range. 
For example, two lines, 21 and 23, with 
the same impulse insulation level, 1,415 
kv, show practically the same outage per- 
formance (1.28 and 1.34 per 100 miles per 
year,, although one has the ground wires 
13.3 feet and the other 26.9 feet above the 
conductors. 


Shielding Angle. In column 62 is 
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1 


given the angle between a vertical line 
through the ground wire and the slanting 
line between the ground wire and line 
conductor, or the so-called shielding 
angle. This angle varies widely, from a 
minimum of 13 degrees to a maximum of 
47 degrees for the outside conductors of 
horizontally arranged lines and for the 
top conductor of vertically arranged lines. 
For the middle conductors of horizontal 
lines the angle is in one case as much as 
53 degrees. In Figure 6 are plotted 
shielding angles from column 62 against 
tripouts per 100 miles per year at iso- 
keraunic level 50 from column 56. Where 
the angle for middle conductor is different 
from the angle for outside conductor, the 
angle for the outside conductor is used. 

The relationship between shielding 
angle and outages does not follow a con- 
sistent pattern. There is a zone of low 
outages with shielding angles ranging 
from 13 to 44 degrees (zero to 1.5 outages 
per 100 miles per year). Low footing 
resistance seems to be more important 
than small shielding angle. 


INSULATION VALUES 


The flashover strength of the line is the 


* lower of the values given in columns 60 


or 61, that is, the insulator string flashover 
or the flashover from conductor to tower 
when the conductor is in the swung posi- 
tion. 

In Figure 4 are plotted the impulse 
flashover strengths of the various lines 
(taking the value from column 60 or 61, 
whichever is lower), against the number 
of outages reduced to a common iso- 
keraunic level of 50. The points are 
pretty well scattered, as a result of the 
masking effect of ground wires and tower 
footing resistance already discussed. 

It will be noted, on comparing columns 
60 and 61, that in many cases the flash- 
over strength in column 61 is less than the 
insulator flashover in column 60. That is, 
the clearance from conductor to tower is 
not sufficient to develop the full strength 
of the insulator strings. 


Mip-SPAN FLASHOVERS 


The possibility of getting mid-span 
flashovers long has been an unanswered 
question. If such occur to any extent, 
they are always difficult to detect, as the 
evidence, such as burned conductor at 
mid-span, is almost impossible to locate 
with certainty in the field. 

A study of this feature from the data 
of Table I shows that mid-span clearances 
between ground wires and conductors 
have been increased by all companies. 
The vertical separation between ground 
wire and top conductor varies from 9.8 
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Figure 4. Insulation 
strength to ground 
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versus outages per 
100 miles of line 
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INSULATION STRENGTH TO GROUND — IMPULSE 


to 32 feet at the tower (column 41) with 
an increase of minus 3 feet to 18 feet at 
mid-span (columns 19 and 20) with a 
general range of 10 to 15 feet increase on 
the lines of newer design where this fea- 
ture apparently was given consideration. 
Whether this increase in ground-wire-to- 
conductor spacing was predicated on 
lightning performance only or, in some 
cases, on sleet considerations, the records 
at hand do not show. 

Taking the rough average height of 
ground wire above conductor at the tower 
as 15 feet, the increase in mid-span as 
15 feet, and an average shielding angle of 
30 degrees, there results an average 
ground-wire-to-line-wire separation of 
about 35 feet. At 180 kv per foot spark- 
over in air, this spacing would have a 
1.5x40-microsecond positive wave critical 
flashover of about 6,300 kv and, of course, 
much higher on a steep-front short-tail 
lightning voltage wave. Comparing 
these values with the insulation flashover 
at the tower, which range from about 800 
to 1,600 kv, there does not seem much 
likelihood of mid-span flashover in gen- 
eral, even with waves of extremely rapid 
rate of rise. 


TowER FooTING RESISTANCE 


The data given on tower-footing resist- 
ance are rather meager in many instances 
(columns 28 to 33 inclusive) but do indi- 
cate extremely wide variations between 
maximum and minimum on particular 
lines, for example, 2 to 1,550 ohms on 
line 20A. 

In some cases a marked decrease may 
be noted after counterpoises or ground 
rods have been used. As an example, the 
maximum footing resistance of line 3 
came down from 700 to 45 ohms. 


Means for Reducing Footing Resistances. 
In about 68 per cent of the lines reported, 
means have been taken to reduce the 
tower footing resistances. These means 
consist of various arrangements of 
counterpoises, driven rods, and buried 
plates, the percentages of the cases where 
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Figure 5. Height of overhead ground wires 
versus outages per 100 miles of line per year 
at isokeraunic level of 50 


e—Over 95-ohms footing resistance 
o—25-ohms-or less footing resistance 


improvements have been made being 
about 62, 28, and 10 per cent respectively. 


Effect on Outages. In Figures 4, 5, 
and 6 are plotted line outages against 
insulation strength, height of ground 
wire, and shielding angle, for two different 
ranges of footing resistance, that is, over 
25 ohms and 25 ohms or less. In some 
instances a change was made in the 
shielding or in the footing resistance dur- 
ing the period covered, and these data 
were prorated for the figures. The bene- 
fit of low footing resistance is apparent 
from these figures. 


LINE DAMAGE 


Although a definite attempt was made 
by specific questions in the questionnaire 
to obtain information on line damage in- 
cluding damage to insulators, broken 
strings, and damaged conductors, replies 
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Figure 6. Shielding angle of ground wire 


versus outages per 100 miles of line per year 


at isokeraunic level of 50 


e—95-ohms-or-less footing resistance 


Lightning Performance of 220-Kv Lines 


indicated that these are so extremely 
rare as not to present a real problem. 
Only two companies reported damage of 
any kind to hardware or conductors. 
One reported two cases where an insula- 
tor string was severed, and the other re- 
ported shattered insulators. 

Likewise, duration of line tripouts of 
lines in this voltage class does not appear, 
from the replies received, to be of great 
concern. In one of the cases mentioned 
the line was out for ten hours. The 
second company reported merely “long 
outages’ without giving the time in- 
volved. 


IMPROVED LIGHTNING PERFORMANCE 
BEING CONSIDERED 


Only three companies report that they 
are giving any consideration to making 
further changes in their line construction 
to improve its lightning performance. 
One (reference 3) is adding two counter- 
poises. The second company (references 
12 and 13) is experimenting with devices 
not described in an attempt to better the 
line performance. Still a third company 
(references 16 and 16A) reports that it is 
considering installing ground wires be- 
cause of the increase in lightning outages 
reported during the past year. This im- 
provement apparently is being con- 
sidered on only one line of the company. 
It should be noted in this connection that 

‘this line is in an area where the iso- 
keraunic level is indicated as 5. 


Summary and Conclusions 


The lightning outage records of 35 
transmission lines in the 220-kv class 
(operating at 190 to 287 kv) have been: 
presented and discussed. Data also are 
given on some of the design features of 
these lines which are believed to be fac- 
tors in their lightning performance. 

If equal lightning intensities are as- 
sumed, theory and experience have shown 
that certain factors have a predominating 
influence on flashovers and outages, 
namely : 


1. Overhead ground wires. 
2. Insulation strength. 
8. Tower footing resistance. 


In the data disclosed by the present 
survey, it is difficult to separate definitely 
these influences and to place relative 
values upon them. However, the follow- 
ing conclusions seem to be justified: 


1. The beneficial effects of overhead ground 
wires clearly is indicated in reducing light- 
ning outages. Nonground-wire lines have a 
yearly outage record per 100 miles of line 
per year of 19.3 against 7.19 for lines now 
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Combined Light and Power Systems 
for Industrial Plants 


D, L. BEEMAN 


MEMBER AIEE 


HE upward trend in illumination 
levels in industrial plants has re- 
sulted in an increased power demand of 
the lighting load. Illumination levels of 
50 foot-candles are in general considered 
good practice at the present time, with 
some thinking of illumination levels as 
high as 100 foot-candles. The lighting 
load is a sizable portion of the total plant 
load. In many average manufacturing 
plants the lighting load will represent 2 
to 4 volt-amperes per square foot, and 
the power load 8 to 10 volt-amperes per 
square foot. The same technique that 
has been applied in distributing power to 
machine tools and other power loads will 
pay dividends in distributing power to the 
lighting load. 
-For incandescent lamps 120-volt sys- 
tems have been used almost universally. 
Higher-voltage incandescent lamps are 


Paper 46-52, recommended by the AIEE committee 
on industrial power applications for presentation at 
the AIEE winter convention, New York, N. Y., 
January 21-25, 1946. Manuscript submitted 
November 23, 1945; made available for printing 
December 4, 1945. 


D. L. BEEMAN is in the industrial engineering di- 
visions, General Electric Company, Schenectady, 
Nawe 


fragile and generally not satisfactory. 

With the introduction of fluorescent 
lamps the 120-volt restriction no longer 
applies. All fluorescent lamps have bal- 
lasts in series with them. By combining 
a slight transformer action with the bal- 
last, the fluorescent lamp ballast can be 
supplied at any voltage from 120 to 260 
volts. The industry, however, has stand- 
ardized on the following ballast ratings: 
118, 208, 230, and 260 volts. The intro- 


duction of higher-voltage fluorescent lamp 
ballasts has opened new avenues for using 
higher-voltage lighting circuits, thereby 
reducing the cost of the power system 
which supplies the lighting load. The 
trend toward load center power distribu- 
tion systems also has enabled the use of 
combined light and power systems for in- 
dustrial plants. This paper outlines the 
economy of combined light and power sys- 
tems and higher-voltage lighting circuits. 


Conclusions 


1. Combined light and power systems are 
less expensive than systems using separate 
substations for light and power. 


2. High-voltage lighting circuits are gen- 
erally most economical when using 260-volt 
2-lamp 100-watt fluorescent lamp ballasts, 
so that the lighting load may be operated 
directly off the 480-277-volt substation 


Table |. Cost Per Kilovolt-Ampere of Transformers, Panel Boards, and Wiring as a Function 
of Ballast Voltage 


= = 


Branch 
Ballast Transformer *Transformer **Panel Board Wiring Cost 
Line Voltage Rating Cost, Installed Cost, Installed (See Figure 8) Total Cost 

I boedito Sete LS eeerereee 3 phase, 480— 

208Y-120 volt........ WEB Ola ct leek nee ne 5: GOR saat: GF4O 5 8 te Aleeete $24.50 
Qierotnors 2085). - ms 3 phase, 480— 

208Y—-120 volt........ TQ BO Piece apstere atereees DOO aaron teers DeOUsat ence =e 21.90 
eae ate LO ae 1 phase, 480-—240- 

LZORVORGM) vereee. «icrante: Ht S5Oss sks eee 52 GO. aksen ae aes 6.40 23.50 
BO aon oe 230). ce 1 phase, 480—240— 

EZOs VOLES co cree euscsuet pores USOT. cc dspetareteens Sis rae amie tees BOO srndneweree 19.75 
Divaifaver tte 260 rvs 1 phase, 480—265- 

18255: Volt actor DL GO re) hoes aie BESO aettee etree cvehs Ze 50 re ehe on ote 18.85 


* Installation included at $2.50 per kilovolt-ampere. 


** Installation included at $1.85 per kilovolt-ampere. 


having ground wires (Table III). For lines 
having ground wires throughout the ten 
years covered by this report, the correspond- 
ing outage figures are 4.3 for one-ground- 
wire lines and 3.8 for two-ground-wire lines. 
One outstanding case of the benefits of 
ground wires is shown on line reference 7, 
where the observed outages averaged 19.2 
for 7 years before the line had ground 
wires and 1 per year for 4 years after 2 
ground wires were installed. 


2. The sag of ground wires ranges from 
11 to 45 feet, averaging 25 to 30 feet. Ver- 
tical separations between ground wire and 
line wire at mid-span are greater than at the 
tower by a range from minus 3 to 18 feet, 
with a general average of about 15 feet. 


8. The shielding angles of ground wires 
vary from 18 to 59 degrees with a trend 
indicated that the smaller shielding angles 
reduce line outages. 


4. Regarding overhead ground-wire loca- 
tion, in general these are placed from 9.8 
to 32 feet above the horizontal plane of the 
top conductors at the towers. The general 
average of elevation of the ground wire, 
however, is about 15 feet above the top con- 
ductor. 
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5. Insulation supplied by a practical 
length of insulator string, or by a similar air 
clearance from conductor to tower, is not 
sufficient in the 220-kv class to prevent 
lightning flashover of the line. Flashovers 
have been experienced on the lines reported 
with impulse strengths as high as 1,600 kv. 


6. Where reduction of tower footing re- 
sistances has been made, the final average 
values range in the general order of 1 to 20 
ohms. The data submitted show definite 
benefits derived from the lowering of ground 
resistance. Reduction of ground resistances 
to 10 ohms or less reduces outage rates to 
the order of 1 per 100 miles of line per year, 
assuming shielding of the type reported 
herein, and an isokeraunic level of 50. 


7. The reduction of tower footing resist- 
ances has been accomplished largely by 
ground rods and counterpoises, with the 
use of counterpoises predominant. 


8. Average span lengths range from 590 
to 1,480 feet with the majority of lines hav- 
ing a span of approximately 1,100 feet. 
There are insufficient data to indicate the 
effect of these practical span lengths on the 
lightning outage record of the lines. 
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9. Arcing devices on insulator strings, 
which were prevalent in the earlier designed 
lines, are being omitted on later built lines, 
with no adverse operating experience re- 
ported. ‘ 


10. Damage to lines, caused by lightning, 
appears in general to be very infrequent 
and of minor concern to the service perform- 
ance of the lines. Only two companies 
report prolonged outages; these involved 
shattered or broken insulators. Both cases 
were on lines not equipped with ground 
wires. 
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Figure 1. One-line diagram of system with 
separate substations for power and light 
services—system A 


without intervening transformation. Gen- 
erally 120 volts are most economical over- 
all for 40-watt fluorescent lamp installa- 
tions. 


3. With the modern load center power sys- 
tem, the objectionable flicker from welders 
practically can be eliminated by using sepa- 
rate transformers for resistance welders or 
by serving the lights from one transformer 
and the resistance welders from another in 
a secondary selective system, Figure 17. 


Combinations Studied 


Three basic combinations of power sup- 
L ply for lighting systems are considered in 
- this paper. These are: 


1. A 208Y-120-volt 3-phase 4-wire power 
system for lighting load, with separate sub- 
stations for 460-volt power for motors, and 
‘ the like, Figure 1. 


2. Combined substations for power and 

light, that is, one 480-volt substation serving 
- motors directly and the lighting load through 
A step-down dry-type transformers located at 
strategic points through the factory, Fig- 
ure 2. 
8. A 460Y-265-volt combined power and 
lighting system in which the motors are 
operated at 3 phase, 460 volts and fluores- 
cént lights from phase to neutral at 265 volts, 
from the same substation, Figure 3. 


Figure 2. One-line diagram of system with 
one substation for power and light services 
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PANEL BOARD FOR 
25-KVA LOAD AREA 


460-V,3¢ 

4-WIRE FEEDER 
NO 1 4-CONDUCTOR 
100-KVA LOAD SS Sete oder 


: i 
L oy sult comparison 4 Awe | BASIC SUBSTATION 
UNIT. SUBSTATION a FOR 460.0’ ----— Not considered in ane ANO.460-V POWER © 
(AND 120-v POWER) p20si/lz0 ee cost comparison abr aca 
% A / 
aoe aes 460 V 
ae’ > ae ae a Saad 

E > > eq a y an Hy r 4 
500 00erCIRaudil ¥ y ¥ ui L.GHTING FEEDERS ——>p> pp 
3-CONDUCTOR Ne oasis ctl 


ISECONDARY FEEDERS 
IFOR 460-V POWER 


CIRCUIT BREAKER—* > ¢* 


NO. 12 2-CONDUCTOR 0 : 


moe FEEDER $ § i 
; 


RL icHTING FIXTURES 


NO !2 2CONDUCTOR 
BRANCH FEEDER 


fon 
Pats 


\ 
DETAIL OF | 


Figure 3. One-line dia- CIRCUIT 


gram of system with one 
substation for power and 
light services 


val TRANSFORMER»: 
<SWITCH (SIZE 1 leiGure 
COMBINATION pee D2 

MOTOR STARTER) 

; PANEL BOARD FOR 


MISCELLANEOUS 
POWER AT l20V 


R= =5 
ee aS 


Y~LIGHTING FIXTURE 


| 
| 


PROTECTION | 
|“ TENE | prancH FEEDERS 


960-volt fluorescent. lights supplied from 460-volt feeders—system C 


Items Included in Study 


It is assumed that the primary feeder 
system is the same, regardless of which of 
the three afore-mentioned systems are 
selected. Therefore, the items considered 
are the step-down substations, secondary 
feeder circuit breakers, secondary feeders, 
dry-type transformers, panel boards, and 
branch wiring, as illustrated by the solid 
lines in Figures 1, 2, and 3. 

The type of unit substation considered 
throughout this study is shown in Figure 
4. To allow for diversity it is assumed 
that 1 kva of transformer capacity in the 
substation would have 1.25 kva of light- 
ing load connected to it. Hence, the 
secondary feeder circuit breakers and 
cable have a capacity of 1.25 times the 
transformer kilovolt-ampere rating of the 
unit substation. 
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Installation cost of the substations is 
considered at 20 per cent of the substation 
price. These values—that is, 20 per cent 
for installation and 1.25 allowance for di- 
versity—will be used throughout this 
study. The cost of substations as a func- 
tion of kilovolt-ampere capacity is shown 
in Figure 6. 

All secondary feeders are assumed to be 
varnished-cambric-insulated interlocked- 
armor cable, Figure 5. 

The branch wiring from the panel board 
or control switch to the trough of the 
fluorescent lighting fixtures is included, 
but the wiring within the fixtures is not. 
The branch circuits have been limited to 
number 12 BX wire, with a current carry- 
ing capacity of 20 amperes, because it is 
believed that a 20-ampere fuse or circuit 
breaker is the largest which will give 
reasonable short-circuit protection to the 
ballasts. In most cases the load current 
per circuit is about 16 or 17 amperes. 
Branch circuit wiring costs are assumed 
to be 25 cents per foot of 2-conductor 
number 12 BX. To approximate the 
amount of branch circuit wiring for the 
various voltages, typical layouts were 
made—Figure 8. 


System A—Separate Substations for 
Light and Power, Figure 1 


This type of system may operate at 
either 208Y—120 volts, 3 phase, 4 wire, or 
230-115 volts, single phase, 3 wire. In 
line with modern practice the 208Y—120- 
volt system will be used in the com- 
parison. 

A 208Y-120-volt system will care for 
the general area fluorescent lights, as well 
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Table Il. Summary of System Comparisons 


Safety 
First 
Cost, Voltage on 
Per Fluorescent 
Kiloyolt- Voltage to Lampsand_ Short-Circuit Flicker Caused by 
Type of System Ampere Ground Starters Current 


460-Volt PowerLoad Power System 


Ground on 
Where Most Adaptable 


nn a EE 


A—Separate lighting and..... S454 one: Less than 150...Sameforall...High (more...None............ Not required. . Where all 460-volt busses have too 
power substations, Figure systems than 5,000 a ae are bier 
a amperes ue to resistanc 7 
Sak cea ee where the total 120-volt load 
is over 50 per cent of the total 
load at 600 volts or less 
B—Combined power and..... 39.95....Less than 150...Same for all... Low (less. . . Possible (due to... Not required. . Plants now having 460- or 575-volt 
lighting substations, step- systems than 5,000 resistance delta systems. Where total 
down lighting transform- amperes) welders) lighting and miscellaneous load 
ers, Figure 2 is less than about 50 per cent of 
the total load at 600 volts or less. 
Adaptable for incandescent, 
fluorescent, or any other kind of 
lighting f 
C—Combined power and..... 22.95....265 .. Same forall...*Low (less... Possible (due to...Yes.......... In new factories, or in old factories 
lighting substations, 3 systems than 3,000 resistance where new 460-volt power sys- 
phase, 4 wire, 480Y-277 amperes) welders) tems are installed. Adaptable 


volt, Figure 3 


only for fluorescent or mercury- 
vapor lighting. Not adaptable 
to 575-volt power systems 


nn 8 et te et pa 


* Using size 1 fused combination motor starters for controlling lighting circuits. 


as the miscellaneous 120-volt power and 
lights. The system is laid out on the 
basis of 41/2 volt-amperes load per square 
foot to evaluate that part of the substa- 
tion and secondary feeder cost which 
must be charged to the general area 
lighting system. 

The minimum installed cost of the 
208Y-120-volt substation and secondary 
feeders is $28.75 per kilovolt-ampere of 
substation rating when using 500-kva 
substations, the most economical size— 
top curve, Figure 6. A deviation from 
this size will increase the cost per kilovolt- 
ampere as shown by the curves. 

The load per secondary feeder has been 
assumed to be 100 kva. The 4-conductor 
300,000 - circular - mil secondary - feeder 
cable has an installed cost of $2 per foot. 
Each feeder will supply four circuit 
breaker panel boards of the type shown in 
Figure 7, with 25 kva of lighting load per 
panel board. The total cost of panel 
boards is estimated at $5.60 per kilovolt- 
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ampere installed and wired (installation 
$1.85 per kilovolt-ampere). 

It is realized that the circuit breakers 
in these panel boards do not have suffi- 
cient interrupting rating (only 5,000 am- 
peres) for this service. However, there 
are no available devices which meet the 
space requirements for this service and 
which have adequate interrupting rating 
for the short-circuit current duty imposed 
on them. 

The total cost of system A is 
$28.75...Substations and secondary feeders 


5.60... Panel boards 
6.40... Branch wiring at 120 volts 


$40.75 


per kilovolt-ampere of lighting demand. 
In general lighting substations as large 
as 500 kva (the most economical size 
from Figure 6) are not used. The sub- 
stations often are laid out with a larger 
power and a smaller lighting substation 
at the same location. Where these small 
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lighting units, that is, 150 kva, are used, 
the cost of the substation is increased. 
Using the cost from the top curve on 
Figure 6 for 150-kva substations, the total 
cost of system A is increased to 


$33.00...Substation and secondary feeders 
5.60... Panel boards 
6.40... Branch wiring at 120 volts 


$45.00 


per kilovolt-ampere of lighting demand. 

The cost may be increased even further 
if a primary protective device is required 
on the small lighting substation trans- 
former. Hence, the cost of system A may 
go as high as $75 per kilovolt-ampere of 
lighting demand. Therefore, it is be- 
lieved that $45 per kilovolt-ampere is a 
fair average to use in the general compari- 
son with other systems. 


System A With 208-Volt Ballast 


The figures of $40.75 and $45 per kilo- 
volt-ampere mentioned will be reduced to 
$38.15 and $42.40 per kilovolt-ampere, if 
208-volt ballasts are used for the general 
area fluorescent lamps instead of 118-volt 


Figure 4 (left). Typical unit substation considered in cost analysis 


Figure 5. Interlocked-armor type of secondary feeder cable considered 
in cost comparison 
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ballasts considered in the foregoing tabu- 
lations. The saving is made in branch 
circuit wiring only because the system is 
3 phase, 208Y-120 volt up to that point. 
Since detail circuit arrangements may 
alter materially the branch circuit wiring 
costs, it is felt that the saving from using 
208-volt ballasts rather than 118-volt bal- 
lasts may not be as great as shown. For 
the sake of uniformity of ballasts through- 
out a plant, many operators would use 
118-volt rating for all ballasts if they 
elected to use system A. 


System B—Combined Light and 
Power Substation, Figure 2 


It is assumed that the same 480-volt 
substation will supply power to the 460- 
volt power feeders and to the 460-volt 
feeders which supply step-down trans- 
formers for the lighting load. The only 
portion of the step-down substation com- 
mon to both the lighting and the power 
system is the primary switch, transformer, 
and main secondary circuit breaker. This 
is referred to as the basic substation, the 
installed cost of which is shown in curve 
A, Figure 6. Since other studies have 
shown the most economical size substation 
to be 750 to 1,000 kva, an average figure 
of $7.50 per kilovolt-ampere has been 
selected from curve A to represent the 
basic substation cost for the combined 
light and power system. 
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Figure 7 (left). 


Typical circuit breaker panel board for branch 
feeder protection 


Figure 8. Diagrams used for determining branch circuit length 


All branch circuits are number 12 9-conductor BX wire. 25- 
kva of lighting demand per load area 
A—120-volt 1-phase branch circuits; total length 510 feet, in- 


cluding 240 feet for vertical runs 


B—208-volt 1-phase branch circuits; total length 7/s of 510 feet 
to adjust for 7 circuits; length of 7 circuits 300 feet, including 


140 feet for vertical runs 


C—930-volt 1-phase branch circuits; total length 240 feet, in- 


cluding 120 feet vertical runs 


The 460-volt secondary feeder circuit 
breakers for the lighting system have been 
chosen with 25,000-ampere interrupting 
rating (large enough for 1,500-kva 480- 
volt 5.5 per cent impedance transformers). 
The load per feeder is maintained at 100 
kva. On this basis the assumed installed 
cost of the secondary feeder circuit break- 
ers is $5.40 per kilovolt-ampere. 

The secondary feeder layout of Figure 9 
is used to determine the length of cable 
for a 100-kva circuit. The 3-conductor 
number 1 interlocked-armor cable has an 
assumed installed cost of 90 cents per 
foot or $3.55 per kilovolt-ampere. Each 
secondary feeder connects directly to four 
step-down dry type transformers. 


Use of Small Dry Type 
Transformers 


Because they are the largest single- 
phase 480-240-120-volt transformer of 
standard design which can be used and the 
secondary short-circuit currents kept 
within 5,000 amperes, the interrupting 
rating of the circuit breakers in the panel 
boards, 25-kva transformers were chosen. 
Taps may be used in the 480-volt winding 
of these transformers to compensate for 
transformer voltage drop when necessary. 

Separate 460-volt feeders are assumed 
to be used for serving lighting load only. 
There are many more outages on power 
feeders than on lighting feeders because 
of the greater number of changes made in 
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TRANSFORMER 
Figure 9. Diagram for determining length of 
secondary feeder serving 425-kva load areas— 
system B 


Total length of secondary feeder cable ap- 
proximately 315 feet 


power feeders. Furthermore, the power 
feeders may have more voltage drop due 
to fluctuating loads. Hence, separate 
lighting feeders often are used for greater 
reliability and to reduce voltage drop. 

A typical outline of an installation of 
a dry type transformer and a panel board 
is shown in Figure 10. The installation 
view in Figure 11 shows two small dry 
type transformers and panel boards, one 
for the general area lights and one for 
miscellaneous 120-volt power. 

Switches or circuit breakers are not 
used ahead of the dry type transformers 
on the lighting feeder, because the second- 
ary feeder circuit breaker at the unit sub- 
station will provide adequate short-circuit 
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protection for these transformers. Since 
the lighting load is constant, it is assumed 
that overload protection is not required. 
However, should these transformers be 
connected to heavy power feeders, indi- 
vidual air circuit breakers should be used 
ahead of each transformer for protecting 
the transformer under short-circuit con- 
ditions and due to overload.. The main 
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Figure 10. Arrangement of branch feeder 
panel board and small dry type transformer 
installations 
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circuit breaker at the unit substation will 
afford practically no protection for a 
small dry type transformer connected to 
a heavy power feeder. 

There is a negligible difference in the 
cost of dry type step-down transformers 
and panel boards for various single-phase 
and 3-phase combinations of transformers 
and various ballast voltages—that is, 118, 
208 volts, and so forth. Therefore, the 
selection between single-phase and 3- 
phase banks of small dry type step-down 
transformers is dependent upon local con- 
ditions. 


Selection of Ballast Voltage for 
System B 


The elements of system B considered 
thus far have the same cost regardless of 
ballast voltage. There are several differ- 
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Figure 12 (above). 
Diagram for deter- 
mining length of 
second feeders to 
‘serve 7 14-kvaload 
areas, 260-volt fluo- 
rescent lamp ballasts 
—system C 


Total length of 
secondary _ feeder 
cable approximately 
417 feet 
A — Motor - starter 
used as switch for 
lighting circuit 
B—Secondary feed- 
er number1 3-con- 
ductor and neutral 
interlocked armor 
cable 


Figure 11 (left). In- 
stallation view of two 
panel boards and 
two small dry type 
transformers on a 
building column 


Figure 13. Typical 
fused combination 
motor starter used for 
switching 265-volt 
fluorescent light cir- 
cuits—system C 
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ent ballast voltages which may be se- 
lected—namely, 118, 208, 230, or 260 
volts. To simplify the selection of ballast 
voltage, the cost of the items which are 
affected by ballast voltage are summarized 
in Table I. There is a slight saving in 
branch wiring for the higher voltages, but, 
as pointed out previously, the saving may 
largely disappear, depending upon local 
conditions. Hence, to have uniform bal- 
fast rating throughout the plant when 
using system B, many operators will use 
120 volts, even though there is slightly 
higher branch circuit wiring cost for that 
voltage. However, the cost of branch wir- 
ing should be studied on each particular 
job to see if there is any substantial eco- 
nomic benefit to be gained from ballast 
voltages higher than 118 volts. 
The total cost of system B is 


$ 7.50... Basic substation 
5.40...Secondary circuit breakers 
3.55. ..Secondary cable 
23.50...Step-down transformers, panel 
boards, branch circuit wiring, 
line 3, Table I 
$39.95 


per kilovolt-ampere of lighting demand. 

Using 230-volt ballast instead of 118- 
volt ballast would, according to the figures 
of Table I, reduce the cost of system B to 
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CONTROL WIRES 


20FT 


PUSH BUTTON 


Figure 14. Typical mounting arrangement of 
fused combination motor starter for switching 
265-volt fluorescent light circuits—system C 


$36.20 per kilovolt-ampere of lighting 
demand. 


System C—Combined Light and 
Power Substation, Figure 3 


This system is similar to system B, 
Figure 2, except that the fluorescent lamp 
ballasts are rated 260 volt, and the power 
system substation is rated 480Y-—277 volt, 
3 phase with grounded neutral. Several 
large aircraft assembly plants built at the 
start of the war used this system for sup- 
plying fluorescent lighting loads for gen- 
eral area illumination. It also has been 
used in many other types of plants since 
that time. The reason for using this sys- 
tem in the aircraft plants was to save 
material and not to save money. How- 
ever, the economic considerations now are 
more important than material considera- 
tions; hence, that system is being re- 
evaluated on the basis of economics. 

The substation and secondary feeder 
circuit breaker costs are the same as for 
the system B, that is, $7.50 and $5.40 per 
kilovolt-ampere, respectively. 

The secondary feeder cost is higher than 
for system B, because a greater length is 
required to reach the smaller load areas, 
Figure 12, and because 4-conductor cable 
is used for the lighting feeders (3-conduc- 
tor cable for the power feeders). The 
secondary cable cost is assumed at $1 
per foot or $5.20 per kilovolt-ampere. 

The branch circuits for the lighting load 
may be controlled by a 3-pole size 1 fused 
combination motor starter (for application 
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on circuits with 50,000-ampere available — 


short-circuit current) with three thermal 
overload elements, Figure 13. Three 
branch circuits at 265 volts phase to neu- 
tral are taken from each motor starter. 
Since these circuits are limited to about 20 
amperes, the lighting load per motor 
starter is limited to about 14 kva. 
A typical method of installing a motor 
starter for this service is shown in 
Figure 14, where the motor starter is 
mounted up on the column at the same 
level as the lights, so that the branch cir- 
cuits do not have to be run up and down 
the column. The push button may be 
located at any convenient spot. The 
motor starters and push buttons are as- 
sumed to cost $3.85 per kilovolt-ampere 
installed and wired (installation $1 per 
kilovolt-ampere). 

The branch circuit wiring cost, Figure 
15, is assumed at $1 per kilovolt-ampere. 

The total cost of system C as described 


$7250 Bares Basic substation 
340 pee Secondary feeder circuit breaker 
BAD 52 Secondary feeder cable 
Bio ier od Controller 
TOOK ee Branch wiring 


$22.95 


per kilovolt-ampere of lighting demand. 

In some plants now using 260-volt 
fluorescent ballasts panel boards have 
been used instead of combination fused 
motor starters for switching lighting cir- 
cuits. That substitution reduces the 
secondary feeder cable required and in- 
creases the expense for panel boards and 
branch wiring. If panel boards with 25 
kva of load per board are used, the 
cost of system C is 


$ 7.50... Basic substation 
5.40...Secondary feeder circuit breakers 
3.95...Secondary cable 
4.85... Panel boards 
2.50... Branch wiring 

$24.20 


per kilovoit-ampere of lighting demand. 


Short-Circuit Currents 


Some operators have objected to system 
C at first glance because of the high short- 
circuit currents of the power system being 
available on the lighting circuits. The 
short-circuit currents on the lighting sys- 
tem are actually very low when the fused 
combination motor starter is used for 
controlling the light circuits. The fuses 
in the motor starter are decidedly current 
limiting in their action. The three ther- 
mal overload elements have a very high 
impedance and limit the current to even 
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lower values than the fuses would with- 
out the thermal elements. The combined 
effect is to allow not more than about 
3,000-ampere peak short-circuit current 
to flow for a fault in the lighting system, 
even though the available short-circuit 
current on the 460-volt power system may 
be as high as 50,000 rms amperes. To 
get proper performance of the fused com- 
bination motor starter, it is necessary to 
use not larger than 20-ampere fuses and 
to have the three thermal overload ele- 
ments in place in the starter. 

The panel board circuit breakers have 
no current-limiting action; therefore, 
they allow larger short-circuit currents to 
appear on the lighting system. However, 
the application of panel board circuit 
breakers may allow no higher short-cir- 
cuit currents to flow in this system than 
in system A, which also is supplied di- 
rectly from.larger transformers. Panel . 
board circuit breakers have the same 
limitations for application in system C as 
application in system A relative to their 
short-circuit rating. 


Other Than General Area 
Lighting 


In systems A and B 120 volts are avail- 
able for general area lighting, as well as 
for miscellaneous 120-volt power and 
lighting. Therefore, all load other than 
the 460-volt load can be taken off the 
same circuits in those two systems. 

With system C 260-volt ballasts should 
be used only in fixtures for general fac- 
tory area lighting. These fixtures must be 
more than 8 feet from the floor and must 
not have individual switches mounted in 
the fixtures. The National Electric Code 
requires that all lighting for offices, indi- 
vidual benches, machines, and so forth 
should be operated at 120 volts. Since 
there is always some load of this nature 
around any plant, it is necessary to ob- 
tain the power for that load from the 460- 


COMBINATION MOTOR STARTER 652 /s 
USED AS SWITCH 


b<— 66.7 FT —>| 


® 


BRANCH CIRCUITS” 


Figure 15. Diagram for determining length of 
branch circuits for 14-kva load area for 
system C 


Branch circuits are number 12 92-conductor 
BX wire 
Total length of branch circuit 45 feet 
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volt feeders of system C. This can be ob- 
tained just as in the case of system B 
with small step-down, dry type trans- 
formers as shown to the right of Figure 3. 
If these transformers are connected to 
heavy 480-volt feeders, the same precau- 
tions should be used in protecting the 
small transformers as outlined under sys- 
tem B. 

It is believed that no sacrifice in safety 
is made with the higher-voltage fluores- 
cent ballasts for the general area fluores- 
cent lighting system, because the lamps 
and starter voltages are essentially the 
same, regardless of the voltage rating of 
the ballast. When the ballasts are 
changed, the circuit to which the ballasts 
are connected should be de-energized 
regardless of the circuit voltage. 


Summary of Economic Comparison 


Representative first costs of systems A, 
B, and C are 


A..Separate light and 


power substation, 
208Y-120 volt— 
iguresle tic wie het $45 per kilovolt- 


ampere 
B..Combined substations 
(step-down lighting 
transformers)—Fig- 

URCDS oes aie rs 39.95 per kilo- 
volt-ampere 
C. .Combined substations 
(460Y-265 volt)— 

HiIgUurers see err. nae 22.95 per kilo- 


volt-ampere 


On the basis of system A being 100 per 
cent, system B costs only 89 per cent as 
much, and system C only 51 per cent as 
much, The savings of the combined light 
and power system will justify the selec- 
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Figure 16. A fluorescent lighting installation 
for general area illumination 


tion of this system where the total 120- 
volt load is as high as 50 per cent.of the 
total load at 600 volts or less. 


This general comparison also will hold 
true where incandescent lamps are used 
throughout, or where other types of gase- 
ous discharge lamps are employed. The 
ballast for certain types of mercury vapor 
lamps may be operated from 460-volt 
circuits. 

Although cost comparisons of fluores- 
cent lighting systems are beyond the scope 
of this paper, it is well to point out that 
the afore-mentioned figures must be con- 
sidered in relation to the specific fluores- 
cent lamp layout. The first cost of the 
power system is small compared with the 
first cost of the lighting fixtures. The 
carrying charges on the capital invest- 
ment of the power system is small com- 
pared with the operating cost of the light- 
ing system. Taking all those factors into 
account, some general guides as to over- 
all costs of power systems and the lighting 
fixture system are given in Table III. 


Table III shows that even in over-all 
system cost, combined power and light 
systems are less expensive than system A 
using separate substations. System A 
does not appear once in the tabulation. 

The choice between system B and sys- 
tem C depends, if one looks at the over- 
all picture, upon the type of fluorescent 
lighting fixture used. 

For general illumination of very large 
areas, such as the general working area of 
a factory, many operators prefer the 100- 
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watt lamp, because it takes fewer lamps 
and fewer fixtures to light a given area. 
When this combination is used, system C, 
using 260-volt ballasts, is the least expen- 
sive, either from the power system stand- 
point or from the over-all cost picture. In 
other cases the 3-40-watt lamp type of 
fixture is used for general area lighting, 
and in these cases system B, using 208- 
volt or 118-volt lamp ballast, is the least 
expensive when the over-all operating 
costs are considered. 

These figures refer only to general area 
lighting systems, Figure 16, for, as pointed 
out previously, all fixtures less than 8 feet 
from the floor in factory areas, or all fix- 
tures in offices or other places readily ac- 
cessible to factory personnel should be 
operated from 120-volt systems. 


Grounding of 460-Volt Power 
Systems 


The 460Y—265-volt system must have 
the neutral grounded to accommodate 
260-volt lighting fixtures. While some 
operators who have not had experience 
with 460-volt grounded Y systems may 
object to grounding, there are many ad- 
vantages to having the system neutral 
grounded, even though 260-volt lighting 
fixtures may not be used. The biggest 
single advantage of grounding any power 
system is immediate isolation of a ground 
fault before it develops into a double 
line to ground fault, tripping out a con- 
siderable portion of the load. 

Grounding of the 460-volt system neu- 
tral does not necessitate three thermal 
overload elements (1940 National Elec- 
tric Code) in the motor starter for motor 
circuits. The thermal overload elements 
are for protection of the motor against. 
overloading and not for short-circuit pro- 
tection. It does require that all three 


Table Ill 
SSS] _a5 SS 
**Type of System With 


Lowest Cost 

Type of *Ballast First Operating Annual 

Fixture Voltage Cost Cost Cost 
3-40 watt..... 208 so c.<.0' Daeareniete haere B 
3-40 watt..... AE inary Sarat’ ston ance B 
3-40 watt..... 260 Re ene iCoc cape meee (E 
2-40 watt..... ZOOS a eiery « Clentecdntte Goteremetnron Cc 
2-40 watt..... 208 hienr DL attire Bat ene B 
2-40 watt..... LUGS, ie sD ce tawruoele ates B 
2-100 wattwin-260es «ce Gen eee ( 
2-100 “watts. b Sint ee eee B 
2-100 Watt. (5... s208h 4 ee in Bonet eee B 


* Voltages are in order of cost, the top representing 
the least expensive combination and the bottom the 
most expensive combination for each particular type 
fixture. 


iG Includes capital investment in power system, 
lighting fixtures, cleaning and maintenance, energy 
cost, and so forth. 
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phase branch circuit breakers have three 
overcurrent elements or three fuses. 


Voltage Flicker of Combined Light 
and Power System 


Voltage flicker due to fluctuating power 
loads will not cause objectionable light 
flicker in the average factory. Large re- 
sistance welders, or large motors which 
start frequently, should not be connected 
to the 460-volt bus that serves the plant 
lighting. Resistance welders are being 
used in increasing quantities in manufac- 
turing plants, particularly in those that 
fabricate metal products. In many larger 
plants employing load center power dis- 
tribution systems, the welders are con- 
nected to a separate transformer which 
supplies nothing but welding load. In 
these plants there is no problem of lamp 
flicker due to resistance welders, unless 
the plant is supplied by a very weak pri- 
mary system, in which case the flicker 
problem will be essentially the same 
whether or not combined light and power 
systems are used. 

In manufacturing plants where the total 
resistance welder load is not sufficient to 
justify separate welding transformers or 
where there are no exceptionally large 
welders, the secondary selective arrange- 
ment of the load center distribution sys- 
tem may be used, with one of the two sub- 
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stations (Figure 17) for general power load 
and resistance welders and the other for 
combined light and power. During nor- 
mal operation the two substation busses 
are not in parallel, and the flicker on the 
bus to which the welders are connected 
will not affect the lights connected to the 
other bus. When during an emergency 
one of the primary feeders or one of the 
transformers is out of service, the busses 
may be paralleled, and during that emer- 
gency period the flicker may be notice- 
able. In general there has been no diffi- 
culty with combined light and power sys- 
tems where the principles mentioned have 
been followed. 


Increased Reliability of Lighting 
Circuits 


With any of the systems discussed in 
this paper, consideration should be given 
to overlapping the area fed by one sub- 
station, so that an outage on that substa- 
tion will not cause complete outage of 
lamps in any one area. One method of 
accomplishing increased reliability eco- 
nomically with the secondary selective 
load center power system is shown in 
Figure 18. 

Small plants with demands of 500 to 
1,500 kva usually require only one substa- 
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Figure 18. Secondary selective arrangement 
of load center power distribution system with 
overlapping areas of lights supplied for differ- 
ent substation busses to prevent complete loss 
of light should one bus be de-energized 


tion. It has been common practice to 
install a power transformer bank and a 
lighting transformer bank. The welders 
and power load are connected to the larger 
bank, and the lights to the smaller one. 
By using the arrangement shown in 
Figure 18 with two transformers equiva- 
lent in total kilovolt-amperes to the light- 
ing plus the power demand, considerable 
increase in service reliability can be ob- 
tained without incurring objectionable 
flicker from the welders. With two trans- 
formers of equal size, both stepping down 
to 460 volts, the plant may be kept in at 
least partial operation with lights and 
major power apparatus in service with one 
transformer de-energized. Where sepa- 
rate lighting and power banks are used, 
this cannot be done. Increased service re- 
liability for the same reason can be ob- 
tained in larger plants by using the second- 
ary selective system with substations in 
pairs, both stepping down to 460 volts, 
instead of individual light and power sub- 
stations scattered through the working 
area, 
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Effect of Altitude on Ventilation and 
Rating of Aircraft Electric Machines 


CYRIL G. VEINOTT 


MEMBER AIEE 


Synopsis: Fundamental problems involved 
in the cooling and rating of aircraft electric 
machinery at medium and high altitudes are 
discussed in this paper, primarily to assist 
users in the application of such equipment, 
and to assist builders in designing equipment 
to meet the requirements. In addition flight 
tests are reported which confirm in part the 
blast-tube theory developed in a previous 
paper. For blast-cooled generators, an 
equation has been developed to show the 
maximum permissible output in terms of 
entering-air temperature and density, ram- 
ming-head pressure, and winding tempera- 
ture. For motors curves of total winding 
temperature at rated load have been plotted 
as a function of altitude; these curves were 
plotted for selected values of sea-level tem- 
perature rise. Specific conclusions are 
drawn as to: 


1. Permissible generator output as a function of 
altitude and sea-level rise. 


fo) 


LIFE OF THE INSULATION AT {50°C 


fe) 


RELATIVE LIFE AT ALTITUDE (1.0 
= ° 


20 30 40 50 60 70 80 


SEA-LEVEL TEMPERATURE RISE 
— DEGREES CENTIGRADE 


Figure 1. Effect of sea-level temperature rise 

of fan-cooled motors, open or enclosed, upon 

the insulation life at different altitudes (derived 
from Figure 8) 


A—At sea level +60 degrees centigrade 
ambient temperature 

B—At 20,000 feet +10 degrees centigrade 
ambient temperature 

C—At 40,000 feet —40 degrees centigrade 
ambient temperature 

D—At 50,000 feet —40 degrees centigrade 
ambient temperature 
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2. Limiting sea-level temperature rises for motors 
on the basis of constant or reduced life at altitude. 


This paper presents a qualitative method of 
analysis rather than a definitive solution of 
the problems involved. 


NE of the first steps tobetaken when 

applying a blast-cooled generator to 
any given airplane is to determine the 
amount of pressure head available for each 
significant flight condition. By compar- 
ing this head with the pressure on which 
the machine’s rating is based, the applica- 
tion engineer can determine approxi- 
mately what output can be obtained with- 
out danger of overheating the generator. 
One object of this paper is to demonstrate 
a method for readily determining the 
available pressure head without as many 
flight tests as now commonly taken. A 
knowledge of this pressure head under 
more conditions makes it possible to ap- 
ply generators more accurately and to 
obtain more representative altitude- 
chamber data. 

Altitude rating of generators is ap- 
proached from the standpoint of deter- 
mining the load required at all altitudes 
to give the same total winding tempera- 
ture. This approach leads to the permis- 
sible output of the generator for constant 
insulation life at all altitudes. 

Altitude rating of motors has been ap- 
proached from a somewhat different angle. 
Load and speed are assumed constant, 
and relationships are established between 
sea-level rise and total winding tempera- 
ture at altitude. By assuming that insu- 
lation life halves with each 10-degree- 
centigrade increase in temperature, the 
effect of sea-level temperature rise on the 
altitude life of insulation was determined 
and plotted in Figure 1, which was derived 
from Figure 8. 

It must be emphasized, however, that 
generator outputs above full load well may 
be limited by commutation or by excita- 
tion power. This paper is concerned only 
with the influence of temperature on 
rating and starts with a study of blast- 
cooling phenomena. 


Summary and Conclusions 


A. A theory of blast-tube cooling has been 
developed and confirmed in part by actual 
flight tests. 
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B. Application of this theory appears to 
offer the following advantages: 


1. Reduction in number of flight tests required. 


2. More accurate information on ram-head pres- 
sures available for specific generators in specific 
airplanes. 


3. More accurate information in applying genera- 
tors. 


4. More accurate information for altitude-chamber 
tests. 


C. Salient features of this blast-tube theory 
are: 


1. Air flow is measured in terms of velocity head. 


2. Blast-tube characteristics can be represented by 
two factors: 


(a). Closed-end pressure, analogous to open-circuit 
voltage of a battery. 


(6). Air-flow resistance, analogous to internal re- 
sistance of a battery. 


3. A generator without a fan has air-flow resistance 
only. 


4. A generator with internal fan has air-flow re- 
sistance plus internal pressure. 


5. Calculations of air flow (in terms of velocity 
head) are analogous to, and as simple as, the ap- 
plication of Ohm’s law. 


6. Closed-end pressure of a blast tube is independ- 
ent of altitude, but for any given airplane is ap- 
proximately proportional to the square of the indi- 
cated air speed. 


7.  Air-flow resistance of the blast tube, or genera- 
tor, is independent of altitude, and independent of 
the indicated air speed. 


8. Total pressure head on a blast-cooled generator, 
at any given indicated air speed, is substantially in- 
dependent of altitude, unless the generator has an 
internal fan. 


D. Generally speaking, the permissible out- 
put of a blast-cooled generator varies with 
the ramming-head pressure: above full load, 
the output tends to vary as the fourth root 
of the pressure; below full load, the output 
tends to vary as the square root of the pres- 
sure. 


E. Altitude adversely affects the rating of 
the following classes of machines in the order 
given: 

1. Fan-cooled machines (open or enclosed) —most 
affected. 

2. Blast-cooled machines. 

3. Totally-enclosed machines (not fan-cooled)— 
least affected. 

F. Increase in altitude has its greatest ef- 
fect on the rating of all classes of electric 
equipment in the isothermal stratosphere 
which begins, according to Army maximum 
standards, at 40,000 feet. 


G. Asa rule the higher the sea-level tem- 
perature rise, the more the output is affected 
adversely by increase in altitude. Con- 
versely, the higher the specified maximum 
altitude, the lower must be the sea-level rise. 


H. Since apparatus with a high sea-level 
temperature rise is affected more adversely 
by altitude than apparatus with a low sea- 
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level rise, it follows that the use of high- 
temperature insulation offers less promise of 
weight reduction as the specified maximum 
altitude is raised. 


I. Blast-cooled generators with class A 
insulation should be able to deliver full out- 
put up to 49,000 feet, provided the entering- 
air temperature does not exceed the Army 
maximum specification. If class B insula- 
tion is used, and if the sea-level rise is in- 
creased accordingly, full output should be 
expected only up to 40,000 feet. 


J. Fan-cooled generators generally are not 
practicable for altitudes above 20,000 feet. 


K. Fan-cooled motors which are expected 
to deliver full rated output with full life 
expectancy at 40,000 feet should have a sea- 
level temperature rise not exceeding: 


1. 50 degrees centigrade if class A insulation is 
used. 


2. 56 degrees centigrade if class B insulation is 
used. 


These figures are based on an ambient tem- 
perature per Army maximum specification 
and full life expectancy at altitude. Con- 
siderable reduction in life expectancy at 
altitude does not increase the permissible 
sea-level rise so much as might be supposed. 
See Figure 1. 


L. Fan-cooled motors which are expected 
to deliver full rated output with full life ex- 
pectancy at 50,000 feet should have a sea- 
level temperature rise not exceeding: 

1. 33 degrees centigrade if class A insulation is 
used. 

2. 37 degrees centigrade if class B insulation is 
used. 

These figures are likewise based on an am- 
bient temperature per Army maximum 
specification and full life at altitude. Re- 
duction of altitude life for changes in sea- 
level rise is shown in Figure 1. 


M. Fan-cooled motors designed for a maxi- 
mum altitude of 50,000 feet may be as much 
as 20 per cent heavier than comparable 
motors designed for 40,000 feet, unless the 
life at top altitude is considerably reduced. 


N. Enclosed motors, and static apparatus 
cooled by radiation and free convection, 
can be permitted a sea-level rise of 70 de- 
grees centigrade for class A insulation, or 90 
degrees centigrade for class B insulation; 
such apparatus should be satisfactory for all 
altitudes up to 50,000 feet, provided the 
ambient temperature does not exceed the 
Army maximum value. 


Air-Flow Mechanics of Blast-Tube 
Cooling 


Heretofore the only method available 
for determining the, total pressure head 
available for a particular blast-cooled 
generator has been by an actual flight 
test. This method has the advantage of 
being simple and direct. But it has the 
important disadvantage of requiring a 
flight. test for every generator—airplane 
combination to be studied. Because this 
procedure would require too many flight 
tests, there is an unfortunate tendency to 
take a mere guess at the pressure. A 
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PRESSURE ABOVE ACCESSORY 
COMPARTMENT — INCHES OF WATER 


140 160 180 200 
INDICATED AIR SPEED —MILES PER HOUR 


Figure 2. Flight-test measurements of the 
total pressure head available at the generator 
end of the blast tube with no generator 


Four-engine bomber, number 2 nacelle 
A—Closed-end readings 
B—Open-end readings 
Altitude: 5,000 feet 


somewhat different approach to this prob- 
lem was presented to AIEE in 1944.1 
Since then some flight tests have been 
made which tend to confirm the practica- 
bility of this approach. The method 
therein presented is summarized in the 
following paragraphs, together with flight- 
test data. 

The underlying philosophy of this 
method is to measure, by means of a 
flight test, the pressure-flow curve of the 
blast tube itself; that is, a curve of total 
pressure head available versus the quan- 
tity of air taken from the tube. Similarly, 
by means of a laboratory test the pres- 
sure-flow curve of the generator under 
consideration is determined by measuring 
the pressure required to force different 
amounts of air through the generator. 
When these two pressure-flow curves are 
plotted on the same curve sheet, the point 
of intersection automatically gives the 
pressure across the generator as well as 
the amount of air flow. Likewise, the 
pressure-flow curve for any other genera- 
tor then can be determined and plotted 
in order to determine the pressure and 
amount of air available for that particular 
generator without an additional flight 
test. But the pressure and amount of air 
can be computed even more easily by 
making use of the equations of Figure 4 
which have been arranged in the form of 
simple electric-circuit equations; use of 
these equations is explained more fully 
later. 

Extremely significant to this method is 
the factor selected as an indication of 
“quantity of air,’ namely, velocity head. 
Because of its importance the significance 
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TOTAL HEAD — INCHES OF WATER 


° ' 2 3 4 5 6 
VELOCITY HEAD IN BLAST TUBE 
—INCHES OF WATER 


Figure 3. Pressure-flow curves of blast tubes 
and aircraft generators 


Two-inch-diameter blast tube 
O Blast-tube pressure-flow curves determined 
by flight tests without generators 
4 Generator pressure-flow curve determined 
by laboratory tests 
+ Generator pressures measured on flight test 


A—Pressure-flow curve of 4 representative 
generator 
B—Blast-tube pressure-flow curves at 200- 
miles-per-hour indicated air speed 
C—At 180-miles-per-hour indicated air speed 
D—At 160-miles-per-hour indicated air speed 
E—At 140-miles-per-hour indicated air speed 
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E. =open-circuit volts 

Rt =line resistance 
=current 

Rg =load resistance 


Closed-end heed =he 
Blast-tube resistance =Re 
Velocity head of how =hy 
Generator resistance =Rg 


=e rag is 
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Rgh RoE. 
hg =hwRo eee liar ca 


he ate thos ! = FetEot 
Ri+Rg Ri+Ro 
hg =hoRo— hos Eg =IRo—Eos 
_ Pohe—Rthos RoE-—ReEoy 
~ Rt-+Ro Ry +Re 
Note: If hg is —, gen- Note: If Eg is —, Eg, 


helps overcome Rras well 
as Ry; and more current 
would flow if terminals 
Eg were short-circuited. 


erator fan helps overcome 
Rias well as Rg, and more 
sir would flow through 
generetor if blest tube. 
were removed from gen- 
erator. 


Figure 4. Electric circuit analogue 
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of the use of velocity head as an indication 
of flow merits some discussion. 


VELOCITY HEAD AS AN INDICATION OF 
AIR FLow 


Air flow through the blast-tube might 
be measured in any number of ways: 
cubic feet per minute, pounds per 
minute, linear velocity, or velocity head. 
Of these, velocity head is by far the most 
useful for a number of important reasons. 
One reason is that, when flow is expressed 
in terms of velocity head, the pressure- 
flow curve of the blast tube, as well as 
the pressure-flow curve of the generator, 
is substantially independant of air density 
and, therefore, substantially independent 
of altitude. Asecond, and very important 
advantage of the use of velocity head, is 
that the pressure-flow curves of both blast 
tubes and generators alike become 
straight lines. Now, since the pressure- 
flow curve of a blast tube is a straight line, 
it is necessary to measure only two points 
on it. (For a generator pressure-flow 
curve, only a single point is needed.) 
These two points can be determined most 
conveniently by measuring the open-end 
and closed-end pressures, as pointed out 
in a previous paper.! 


FLicut TESTs TO CHECK Basic THEORY 
OF BLASstT-TUBE COOLING 


Flight tests were made at Vandalia, 
Ohio, with the co-operation of the Army 
Air Forces, for the purpose of verifying 
the principle and for obtaining specific 
data on at least one particular airplane. 
For purposes of these tests, a 4-engine 
bomber was selected. The generator was 
removed from number 2 nacelle, and in its 
place a 24-inch length of straight tubing 
2 inches in inside diameter was used. 
Near the end of this straight tube a con- 
ventional pitot tube was installed. For 
the first flight test the end was capped 
and the airplane flown at various indicated 
air speeds at various altitudes. Total 
pressures at the end of the blast tube 
above accessory compartment were meas- 
ured and recorded. A second flight test 
was made with the end of the blast tube 
open and with the tube discharging freely 
into the accessory compartment. It 
was found, as expected, that the total 
pressure above the accessory compart- 
ment, whether the end was closed or open, 
depended upon the indicated air speed 
but was substantially independent of the 
altitude. The open- and closed-end read- 
ings which were taken at an altitude of 
5,000 feet have been plotted in Figure 2. 
Two additional similar curves were taken 
flying at altitudes of 10,000 and 15,000 
feet, respectively; the resulting data 
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PER CENT OF FULL-LOAD LOSSES 


10 20 
PER CENT OF FULL-LOAD CURRENT 


30 40 5060 80100 200 
Figure 5. Variation of total losses of an air- 
craft generator as a function of output am- 
peres and rpm 

A—At 4,000 rpm 

B—At 6,000 rpm 

C—At 8,000 rpm 
Generator rating: 9 kw, 30 volts, 300 am- 

peres, 4,400-8,000 rpm 


were nearly identical with those of 
Figure 2. 

From the open- and closed-end read- 
ings taken on the flight tests, pressure-flow 
curves of the blast tube were plotted for 
different indicated air speeds; these 
curves are given in Figure 3. (In Figure 3 
each point is the average of several read- 
ings taken at three different altitudes.) 
Next the generator was set up in the lab- 
oratory, and total pressure heads of 4, 6, 
8, and 10 inches, respectively, were im- 
pressed on the generator. Temperature 
of the entering air was held at various 
values from —5 degrees centigrade to 
+20 degrees centigrade, and the pressure 
altitude of the incoming air was varied 
from 5,000 to 15,000 feet. Velocity heads 
of the entering air were measured and 
averaged for each different applied pres- 
sure. In Figure 3 velocity head in the 
blast tube has been plotted against total 
pressure head applied, obtaining the pres- 
sure-flow curve of this particular genera- 
tor. (Ordinarily it is sufficient to measure 
the flow for a given pressure at ground- 
level conditions; entering-air temperature 
and atmospheric pressure have relatively 
little effect in this measurement, because 
velocity head is used as the measure of 
flow.) 

Points of intersection of the pressure- 
flow curve of the generator with the re- 
spective pressure-flow curves of the blast 
tube give the pressures to be expected 
upon that generator in flight; these inter- 
section points also give the velocity heads 
of air flowing through the blast tube and 
generator. As a check, this generator 
was installed and flight tested; observed 
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values of generator head are indicated by 
crosses on the curve. The agreement is 
remarkable and demonstrates that the 
theory is workable. 


ELeEctTrRIc-Circuir ANALOGUE AN AID TO 
BLASt-TUBE CALCULATIONS 


Instead of actually plotting pressure- 
flow curves and determining the point of 
intersection, it is much simpler to calcu- 
late the point of intersection. For this 
purpose one concept needs to be intro- 
duced—that of air-flow resistance—which 
is defined as the ratio of the lost head to 
the velocity head. This concept makes 
air-flow resistance comparable to ohmic 
resistance in an electric circuit, which is 
the ratio of the voltage drop to the cur- 
rent. In a blast tube, however, a note of 
caution must be given: in any given 
blast-tube system, all velocity heads must 
be referred to the same diameter of tube. 
Air-flow resistance of the blast tube is 


_Ie—ho 
= in 


Air-flow resistance of a generator without 
a fan is 
hg : 

Rg= ik (2) 
A tube resistance, R,, of 4.0 means that 
the head loss in the tube is equal to 4.0 
velocity heads. Thus, air-flow resistance, 
as defined and used herein, does have a 
definite physical significance. 

Just as the characteristics of a battery 
can be expressed in terms of open-circuit 
voltage and internal resistance, so can the 
pressure-flow curve of a blast tube be ex- 
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ALTITUDE — THOUSANDS OF FEET 
Figure 6. Influence of altitude on the permis- 
sible continuous outputs of blast-cooled gen- 
erators 


Calculations are based on the constant winding 
temperatures shown on the respective curves 
—— Output based on Army maximum ambient 
temperatures 
— — Output based on NACA ambient tem- 
peratures 


A—Army maximum ambient temperature 
B—NACA ambient temperature - 
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pressed in terms of closed-end pressure 
and tube resistance. The blast-tube 
pressure-flow curves of Figure 3 are rep- 
resented in Table I. It will be noted 
that the open-end pressures are given; 
these were used in calculating the tube 
resistance. It is particularly gratifying 
to note that the tube resistance does not 
vary with altitude, nor does it vary to any 
significant extent with indicated air speed. 
There is no particular reason why it 
should vary with altitude or with air 
speed, and the slight discrepancies noted 
may be due to test errors. 

Equations for calculating the pressure 
head available for any generator of known 
air-flow resistance are given in Figure 4, 
where they are compared with exactly 
analogous equations for a simple d-c series 
circuit. The analogy is of great assist- 
ance in remembering the equations. 
Extension of this theory to include gen- 
erators with an internal fan was a natural 
development of the electric-circuit ana- 


logue. 


GENERATORS WITH INTERNAL FAN 


Internal fans alone usually do not pro- 
vide enough ventilation to make genera- 
tors satisfactory above 20,000 feet. 
However, use of an internal fan does pro- 
vide some ground power capacity and, 
when used in conjunction with blast cool- 
ing, has the general effect of increasing the 
air flow. Let the pressure of the internal 
fan be denoted by fy. This pressure is 
proportional to the square of the speed 
and to the first power of the air density; 
it can be represented by the equation 


VEG \Ge pA 
har= F. ——— z= 3 
of x( 5) aN (3) 


where F, is an empirical constant. 
Physically, F, is the pressure developed 
by the fan at sea-level air density at 1,000 
revolutions per minute. This constant 
F, might be measured by blocking either 
the inlet or the outlet and measuring the 
pressure at the blocked end of the gen- 
erator; readings should be taken at dif- 
ferent speeds and the constant F, deter- 
mined from equation 3. 

Air-flow resistance of a fan-cooled gen- 
erator can be determined by applying a 


Table |. Blast-Tube Characteristics Obtained 
From Flight Tests 
Indicated Open-End Closed-End Tube 
Air Pressure, Pressure, Resistance, 
Speed ho he Rt 
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ALTITUDE — THOUSANDS OF FEET 
Figure 7. Influence of ambient temperatures 
on the permissible continuous output of a 
blast-cooled generator at various altitudes 


Generator rating: 9 kw, 300 amperes, 30 
volts 

Winding temperature: 150 degrees centi- 
grade 


— ~— — NACA temperature 

— Actual ambient temperatures used in 
laboratory tests 

weeee Army maximum temperatures 


known pressure head h, and measuring 
the velocity head h,, of the entering air. 
The air-flow resistance is then 


Ree ene 
g hog 


(4) 


Velocity head of the air flowing into a 
fan-cooled generator and pressure head 
across it can be computed by using the 
equations of Figure 4. It is to be noted 
that the same constants of the blast tube 
apply whether the generator has an in- 
ternal fan or not. However, since the 
pressure of the generator fan does vary 
with altitude, the pressure drop across the 
generator also will vary with altitude. 
If there is no internal fan in the generator, 
the pressure across the generator will not 
vary with altitude. If there is an internal 
fan, the general effect of altitude will be to 
reduce the velocity-head flow and to in- 
crease the pressure across the generator. 

Of interest is the case of the blast- 
cooled generator with internal fan operat- 
ing on the ground with no ram-head pres- 
sure applied. From the equations of 
Figure 4, the air flow through the genera- 
tor and blast-tube combination and the 
pressure across the generator (necessarily 
negative) readily can be computed. The 
cooling effect, of course, is determined by 
the weight of air flowing, rather than by 
the pressure head. 
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Factors That Determine the 
Permissible Output of a Generator 


In a blast-cooled generator the total 
watts taken away by the cooling air can 
be assumed to be approximately propor- 
tional to the total weight flow of the cool- 
ing air and also to the temperature rise 
of the windings above the entering-air 
temperature. In other words 


Pi « W(T;—Ta) (5)* 
but, for the general case, 


We phe (6) 


for blast-cooled generators with no in- 
ternal fan 


hy= hg 


so that we may assume 


Wa phy (6a) 
therefore, 
Pi= CV phg(Ts—Te) ) 


Equation 7 is of inestimable value in 
evaluating altitude performance. It 
shows how the heat-dissipating capacity 
of the cooling air depends upon: 


Air density. 

Pressure head across the generator. 
Winding temperature. 

Ambient temperature. 


Hee co iboats 


Of even greater interest to the user of 
generators; however, is a knowledge of 
how the permissible output, rather than 
permissible loss, depends upon these same 
factors. For this purpose, it is necessary 
to know how the total losses in the ma- 
chine vary with the output. 

There is no single fixed relationship be- 
tween output and losses which holds for 
all aircraft electric machines. Generally 
speaking the losses may be divided into 
two broad classes: 


1. Constant losses. 


2. Variable losses which generally vary as 
the square of the current. 


Maximum efficiency of the generator 
is obtained when the constant losses 
are equal to the variable losses, and, at 
this point, the efficiency curve is usually 
quite flat. An efficiency curve flat over 
a range means that the losses are directly 
proportional to the output over the same 
range. Below the maximum-efficiency 
point they decrease more slowly than the 
output. How these total losses vary with 
the current has been plotted in Figure 5 
for a typical 9-kw d-c aircraft generator. 


* More accurately, W should have an exponent 
slightly less than 1.0, but for the purposes of this 
paper the gain in accuracy in using a decimal ex- 
ponent here is hardly justifiable. 
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TEMPERATURE — DEGREES CENTIGRADE 
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ALTITUDE — THOUSANDS OF FEET 
Figure 8. Fan-cooled motors, open or en- 
closed; effect of altitude on the winding 
temperature for different values of sea-level 
rise 


Output, losses, and rpm assumed constant 
A—Anbient temperature (Army maximum) 
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Figure 9. Curve showing approximately how 
the weight of an open fan-cooled motor is 
affected by the maximum altitude for which it 
is designed 
Based on Army maximum ambient temperature 
curve and a motor designed for 40,000-foot 
altitude as unit weight 


It will be noted that the variation of 
losses with current also is affected by the 
generator’s operating speed, which 
changes the distribution between the con- 
stant and variable losses. It will be ob- 
served on this curve that, the higher the 
load, the faster the losses increase with 
increase in current. It would be conveni- 
ent if we could express the losses as a 
simple function of the load current, such 


as 
P,=CJ6 (8) 


Unfortunately the value of 8, which is the 
slope of the curve, is not constant through- 
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out the load range. However, it is suf- 
ficiently accurate and generally safe to 
take 6 equal to 2.0 for outputs above full 
load and to assume it equal to 1.0 for 
loads from full load down to half load. 

Variation of the output with the ram- 
head pressure, 4, on the generator now 
can be expressed. Equation 7 can be 
rewritten, first, in terms of permissible 
loss, as follows: 


rae (y= Tsa- fa) 
P19 Po hoo UG Tite Tao 
Subscript A denotes any altitude, and 
subscript o denotes sea level. This equa- 
tion shows how the losses that can be 
dissipated vary with altitude conditions, 
and with ramming-head pressure. It will 
be noted that the permissible watts vary 
as the square root of this ramming-head 
pressure. This relationship then can be 
interpreted in terms of current output as 
follows: 


(9) 


fa[ (ei) (Fates) (10) 
I, Po Ngo T'so—Tao 

When the expression in brackets is 
greater than unity, 6 may be taken equal 
to 2.0. When the expression in brackets 
is less than unity, 8 may be taken equal to 
1.0. In other words, if the pressure avail- 
able is less than the rated pressure, the 
generator should be derated propor- 
tionally to the square root of the applied 
pressure; if the pressure is more than the 
specified value, the generator could be 
uprated, so far as overheating is con- 
cerned, as the fourth root of the pressure. 
However, it must be borne in mind that 
commutation, field excitation, or some 
limit other than temperature rise may 
limit the uprating of the generator. 

Equation 10 was developed for the 
most common case of a generator without 
afan. To take into account the effect 
of an internal fan, equation 10 can be 
written as follows: 


-[ ¥(2\2) (Fs ret) 0a) 
Io Po hoo Tgo— Tao 

In this equation, h,, represents the veloc- 
ity head of the air entering the generator 
at sea level with rated pressure applied. 
Theoretically, this equation should be 
applicable when no ram head is applied; 
practically, the equation is of rather 


doubtful value when extended so far be- 
cause: 


1. The 8 exponent does not hold so well for 
low values of load, for instance, below 30 
per cent. 


2. The effect of the rotation of the arma- 
ture, which is more important under these 
conditions, is not fully taken into account. 
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Effect of High Altitude on Output of 


Blast-Cooled Generators 


Factors affecting the rating of a genera- 
tor at altitude, from the standpoint of 
winding temperature, are: 


1. Density of the cooling air. (See Table 
II.) 


2, Ram-head pressure or hy; for a blast- 
cooled. generator, this does not vary with 
altitude. 


3. Ambient temperature. In the following 
analysis this generally was assumed to be as 
specified by the Army maximum curve (see 
Figure 6, and Table II), but this may not 
always be so. Test data are needed on 
entering-air temperatures of blast-cooled 
generators. 


4. Permissible or assumed temperature of 
the windings. 


5. £8, that is, how much the losses vary with 
the current output. 


A general relationship between the fore- 
going factors is shown in equation 10. 
In Figure 6 are plotted some curves cal- 
culated from this equation. In all of 
these curves the total winding tempera- 
ture has been assumed constant at all 
altitudes. These curves show the in- 
fluence of altitude on the permissible con- 
tinuous output of blast-cooled gen- 
erators. Three different machines were 
taken for this analysis, having assumed 
winding temperatures of 130 degrees 
centigrade, 150 degrees centigrade, and 
200 degrees centigrade respectively. This 
would correspond approximately to class 
A insulation, class B insulation, and-~ 
special high-temperature insulation. It 
further was assumed that the temperature 
of the entering air was at Army maximum 
value, as shown in Figure 6 and Table II, 
and that the machine had rated tempera- 
ture rise at sea level. Also, the permis- 


® 
° 


1 
4S 
je) 


TEMPERATURE — DEGREES CENTIGRADE 


1 
@ 
[o) 


10 20 30 40 50 
ALTITUDE — THOUSANDS OF ‘FEET 


Figure 10. Enclosed motors; effect of altitude 
cr the frame temperature for different values of 
sea-level rise 


Output and losses assumed constant 
A—Anbient temperature (Army maximum) 
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sible outputs of these same machines were 
computed on the basis of entering-air tem- 
peratures equal to National Advisory 
Committee on Aeronautics ambient tem- 
peratures; these temperatures are also 
shown in Figure 6 and Table II. Some 
interesting conclusions are deducible from 
the curves in Figure 6. 


If the sea-level temperature rise is not 
over 70 degrees centigrade, full output 
rating can be obtained up to 49,000 feet. 
However, if the machine is designed for a 
higher sea-level temperature rise, such as 
90 degrees centigrade, full rated output 
can be maintained only up to 42,000 feet. 
If extra-high-temperature insulation is 
used that permits the machine to have a 
sea-level rise of 140 degrees centigrade, 
full rating can be maintained only up to 
20,000 feet. Any given machine can 
develop more output without overheating 
in an NACA standard atmosphere than 
in an Army maximum standard atmos- 
phere, because the former has lower tem- 
peratures. This effect is shown in Figure 
6 for the three hypothetical machines by 
plotting the permissible output for both 
ambient-temperature curves. The dif- 
ference in output decreases with altitude, 
especially above 40,000 feet. 

Curves shown in Figure 6 should be 
fairly representative of blast-cooled gen- 
erators. For purposes of comparison, 
similar curves, except that they are based 
on actual tests on a typical aircraft gen- 
erator, are given in Figure 7. These 
curves are based on altitude-chamber 
tests on a 9-kw d-c generator. Actual 
temperature rises were measured at dif- 
ferent altitudes in the chamber, and the 
three output curves at the top of the sheet 
were corrected by calculation to corre- 
spond to the three different ambient tem- 
perature curves shown at the bottom. In 
making these corrections, it was assumed 
that temperature rise was directly pro- 
portional to watts loss. Permissible watts 
loss was converted to current output by 
making use of Figure 5, which applies to 
the particular generator that was altitude- 
tested. In general these curves agree with 
the 150 degrees centigrade curve of 
Figure 6 with a reasonable degree of ac- 
curacy. However, they tend to show 
that there is some loss in permissible out- 
put above 34,000 feet, whereas the theo- 
retical curve of Figure 6 shows full out- 
put being maintained up to 42,000 feet. 


Effect of Altitude on Aircraft Motors 
Permissiblelossinan aircraft motor varies 
with speed as well as with permissible tem- 


perature rise and air density. Hence, it is 
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Table Il. Standard Temperatures and Densities of Air for Both National Advisory Committee 
on Aeronautics and Army Maximum Standards 


nS 
NACA Standard Conditions 


Army Maximum Conditions 


Pressure Tem- Tem- 
——_—— perature, Pounds perature, Pounds 

Alti- Centi- Degrees Per p Degrees Per ep 
tude, Inches, meters, Centi- Foot, .————— Centi- Foot, .—————-_- 
Feet Hg Hg grade p 0.07651 0.07651 grade p 0.06617 0.06617 

0 29.921..76.00 .. 15 ..0.07651 ..1.0000 ..1.0000.. 60 0.06617 ..1.0000 ..1.0000 
5,000 24.89 63.23 .. 5.1..0.06591 ..0.8615 ..0.9282.. 47.5..0.05719 ..0.8643 ..0.9297 
10,000 20.58 ..52.26 ..— 4.8..0.05651 ..0.7386 ..0.8594.. 35.0..0.04921 ..0.7437 ..0.8624 
15,000 16.88 ..42.88 ..—14.7..0.04813 ..0.6291 ..0.7932.. 22.5..0.04207 ..0.6358 ..0.7974 
20,000 13.75 ..34,.91 ..—24.6..0.04076 ..0.5327 ..0.7299.. 10.0..0.03578 ..0.5407 ..0.7353 
25,000...11.10 ..28.19 ..—34.5..0.03427 ..0.4479 ..0.6693..— 2.5..0.03022 ..0.4567 ..0.6758 
30,000... 8.880. .22.56 ..—44.4..0.02861 ..0.3739 ..0.6115..—15.0..0.02535 ..0.3831 ..0.6190 
35,000... 7.036..17.87 ..—54.3..0.02369 ..0.3096 ..0.5564.. —37.5..0.02200 ..0.3325 ..0.5766 
40,000... 5.541..14.07 ..—55.0..0.01872 ..0.2447 ..0.4947.. —40.0. .0.017513..0.2647 ..0.5144 
45,000... 4.364..11.08 ..—55.0..0.01474 ..0.1927 ..0.4390.. —40.0. .0.013793..0.2084 ..0.4565 
50,000... 3.436.. 8.730..—55.0..0.011607. .0.15171..0.3895..—40.0..0.01086 ..0.16412..0.4051 
55,000... 2.707.. 6.876..—55.0..0.009143. .0.11950. .0.3457.. —40.0. .0.008556. .0.1293 ..0.3596 
60,000... 2.132 5.415... —55.0..0.007201. .0.09412. .0.3068. . —40.0. .0.006738. .0.10182..0.3191 
65,000... 1.679.. 4.265..—55.0..0.005671. .0.07412..0.2723.. —40.0..0.005307. .0.08020. .0.2832 


difficult to express the output as a function 
of altitude because of the variation in 
speed, particularly in the case of a series 
motor. Furthermore, for many applica- 
tions the load imposed on the motor does 
not vary with altitude, so that the motor 
has to carry the same load at all altitudes. 
Therefore a new and somewhat different 
approach has been used. This approach 
involves investigating the actual tempera- 
tures encountered by the windings at dif- 
ferent altitudes, assuming a constant load 
and a constant speed. However, in some 
applications, notably fan, the load falls 
off at altitude, and the speed will increase 
if a series motor is being used. For the 
present, however, the following discussion 
is confined to motors operating at a con- 
stant load and a constant speed. 

There are two types of motors to be con- 
sidered: fan-cooled, open or enclosed; 
and enclosed. 


Fan-Coo_ep Motors (OPEN OR 
ENCLOSED) 


Temperature-rise tests taken in an alti- 
tude chamber on a number of aircraft 
motors under different conditions showed 
that the temperature rise was approxi- 
mately inversely proportional to the den- 
sity raised to the 0.9 power. By use of 
this empirical fact, the winding tempera- 
ture of open fan-cooled aircraft motors 
has been calculated and plotted in Figure 
8 as a function of altitude with sea-level 
rise aS parameter. From these curves a 
number of interesting conclusions can be 


deduced: 


1. Winding temperatures start to increase 
sharply above 40,000 feet. For satisfactory 
performance at high altitude, a compara- 
tively low sea-level temperature rise is es- 
sential. 


2. Use of high-temperature insulation is 
not particularly helpful, either in increasing 
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the maximum altitude rating or in reducing 
the weight by increasing the permissible 
sea-level rise. 


3. Fora maximum altitude rating of 40,000 
feet, at a maximum ambient temperature of 
—40 degrees centigrade, the maximum per- 
missible sea-level rise is: for class A insula- 
tion, 50 degrees centigrade; for class B in- 
sulation, 56 degrees centigrade. 


4, Fora maximum altitude rating of 50,000 
feet, at a maximum ambient temperature of 
—40 degrees centigrade, the maximum sea- 
level rise would be: for class A insulation, 
33 degrees centigrade; for class B insula- 
tion, 37 degrees centigrade. Use of a high- 
temperature insulation which would permit 
a temperature rise of 140 degrees centigrade 
(total temperature of 200 degrees centigrade) 
still would require the motor to have a sea- 
level rise as low as 46 degrees centigrade. 


These conclusions are somewhat pessi- 
mistic for motors smaller than 4 inches in 
diameter, and optimistic for motors larger 
than this. 

Weight is always a matter of primary 
concern, and it would be interesting to 
know how the weight of a motor is af- 
fected by the maximum altitude at which 
the motor is intended to operate. Curves 
in Figure 8 show what the sea-level rise 
has to be in order not to exceed safe 
temperatures at any given altitude, but 
it is not so easy to determine how the 
weight of the motor is affected by the 
sea-level temperature rise for which it is 
designed. However, since it frequently is 
assumed that weight is proportional to 
the square root of the output, it seems 
fairly reasonable to assume that the 
weight would vary inversely as the square 
root of the specified sea-level temperature 
rise. On this assumption, Figure 9 was 
plotted to show how the weight of an 
open fan-cooled aircraft motor is affected 
by the maximum altitude for which the 
motor is designed. This curve shows that 
a motor actually designed for 50,000 feet 
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might be as much as 20 per cent heavier 
than similar motors designed for a maxi- 
mum altitude of but 40,000 feet. 


EncLosep Morors (Not Fan Cooep) 


The dissipating capacity of an enclosed 
motor does not fall off with increase in 
altitude so fast as that of a fan-cooled 
motor, primarily because: 


1. Watts loss dissipated by radiation is 
independent of the air density. 


2. Watts loss dissipated by natural con- 
vection is proportional to the square root of 
the density. (With forced convection, as in 
blast-cooled or fan-cooled machines, the 
watts dissipated are proportional to the first 
power of density.) 


Using a combination of empirical and 
theoretical data, the frame temperature 
of a totally enclosed motor has been cal- 
culated as a function of altitude, with sea- 
level temperature rise of the frame as 
parameter. These curves are given in 
Figure 10. (It must be borne in mind 
that the temperature of the winding will 
be somewhat higher than the frame tem- 
perature.) Comparing these curves with 
those of Figure 8, it readily is concluded 
that the rating of enclosed motors is not 
reduced so much at altitude as those of 
fan-cooled motors. In fact, if a totally 
enclosed motor is designed for a sea-level 
rise of 70 degrees centigrade, it should give 
satisfactory performance at all altitudes 
from sea level up to well above 60,000 
feet. It also appears likely that a motor 
designed for class B insulation with a 90- 
degree-centigrade temperature rise at sea 
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level would be satisfactory at all altitudes 
from sea-level up to 50,000 or 60,000 feet. 


Summary of Effect of Altitude on 
Heat Transfer 


Generally speaking, the heat generated 
in an aircraft electric machine may be 
dissipated in a number of different ways. 
How altitude conditions affect the amount 
of heat lost by each of the different com- 
ponents of heat transfer are summarized 
in the following equations. 


Forced convection, blast cooling, without 
internal fan :* 


= AOC) 
Pig Po/\hgo / \T so—Ta0 


Forced convection, fan cooling: 


de RPM, Tsa- 
eee =. SA aA (12) 
Pro Po RPM, Wi Tao 


(11) 


Free convection: 


Fis. (24) (Fates yi (13) 
et Po iso= Ta0 

Radiation: 

Pia (Usa+273)*— (Taa+273)4 (14) 


Py (Tso+273)4— (Tao+273)* 


Symbols 


A =subscript A denotes “‘at altitude.”” May 
be added to any of the following 
symbols 

o=subscript o denotes ‘‘at sea level.”” May 
be added to any of the following 
symbols 


* If an internal fan is used, substitute hoa and hyo 
for hgA and hgo, respectively. 


Veinott—Effect of Altitude on Ventilation and Rating 


h,=closed-end pressure of a blast tube above 
accessory compartment, inches of 
water 

9 = open-end pressure of a blast tube above 

accessory compartment, inches of 
water 

h,=total head across the generator, inches 
of water 

h,=velocity head of air flowing through 
blast tube, inches of water 

h:g=velocity head of air entering generator, 
inches of water (equation 4) 

h,y= pressure head developed by an internal 
fan, inches of water 

F,=pressure developed by an internal fan 
at 1,000 rpm at sea-level air density 

N =revolutions per minute 

T,=temperature of exit air, degrees centi- 


grade 

T,;=temperature of stator windings, degrees 
centigrade 

T,=temperature of ambient air or of air 
entering generator 

P,=total watts loss carried away by cooling 
air 

W=weight flow of cooling air, pounds per 
minute 

p=specific weight of air, pounds per cubic 
foot 


Ci, Co,... =proportionality constants 

8 =exponent in equation 8 

I,=current rating of generator at sea-level, 
amperes , 

I,4=permissible current output (thermal 
basis only) at altitude, amperes 
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Synopsis: This paper describes the applica- 


tion of the transient analyzer to the solution 


of servomechanism problems by the elec- 
trical-mechanical analogy method. The 
analogies for angular position servomecha- 
nisms are developed in detail together with 
the fundamental concepts by which the sys- 
tems can be defined in terms of dimension- 
less parameters. This permits the results to 
be given in dimensionless form suitable for 
general application. Typical solutions of 
representative systems are given in the form 
of transient response curves. These show 
the response characteristics for suddenly 
applied constant velocity and sinusoidal 
motion. Also shown are the effects of vary- 
ing the controlling parameters of the system 
including the stiffness constant, one, two, and 
three time delays, and methods of producing 
system stability including negative RC feed- 
back and anticipatory control. A method is 
developed for setting up the analogy for a 
specific system on the transient analyzer by 
a suitable change in time and impedance 
bases. 


ITH THE RAPID INCREASE in 

the use of accurate servomechanisms 
it has become desirable to provide a prac- 
tical means of quickly and accurately 
analyzing in detail their performance 
under various operating conditions. The 
complexity of most servo systems makes 
it impractical to calculate transient re- 
sponse in any detail by conventional 
mathematical methods. Although it is 
usually possible to determine natural fre- 
quencies and damping rates, sufficient cal- 
culations to determine actual response for 
an optimum design is quite laborious and 
time consuming. The method of elec- 
trical analogy now has been applied to this 
type of system. Additional facilities in 
the form of special amplifier circuits have 
been developed to be used in conjunction 
with the mechanical-transients analyzer!” 
for setting up the electrical analogue of 
many of the basic types of servo systems. 
With this equipment an analogous electric 
circuit is set up; the desired transient or 
steady-state condition to which the servo 
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system must regulate is generated as an 
electrical excitation function; and the 
complete solution for its response is 
viewed or recorded on the screen of a 
cathode-ray oscilloscope. This paper 
treats the application of the transient 
analyzer to angular position servomecha- 
nisms, a fundamental analysis of which is 
given in reference 3. 


Electrical Analogies for Angular 
Position Servomechanisms 


For most systems involving mechanical 
motion there are several practical elec- 
trical analogies.2 Thus several com- 
pletely electric circuits can be used to 
represent an electromechanical system. 
The one used here for angular position 
servomechanisms is illustrated in Figures 
1 and 3. Figure 1 shows the case of a 
simple error-control system with no elec- 
tric time delays. A single differential 
equation (equation 1) can be formed ex- 
pressing the mechanical motion of the 
system in terms of both mechanical and 
electrical parameters. The inertia is 
represented by an inductance and the 
motor-generator armature circuit losses 


A—Mechanical system 
Equation for armature circuit: 


-, 04 

Ey= Rito 
Equation for motor torque: 

2 eee 
bi= lie 
Combining in a single torque equation: 
bE, a0. bg d% 

= =M,=K(6,—86 1 

R, 5 aes) ™ 
Figure 1. Electrical analogy used for simple 


error-control servomechanisms with no electric 
time delays 


by aresistor. The analogue for the error 
measurer is the capacitor Cy of Figure 1. 
The voltage across it is proportional to the 
charge that is analogous to angular dis- 
placement 0; — 0) when the circuit for 
simulating the motion 6; to be followed by 
the servo system is connected as shown. 
A wide variation in the character of the 
motion 6, can be simulated with the excita- 
tion circuits of the mechanical-transients 
analyzer.2 With these a voltage is pro- 
duced proportional to the assumed veloc- 
ity of the device to be followed. This 
feeds current into C, through a relatively 
high resistor, so that the voltage across 
C, is negligible during the period in which 
the solution is obtained. The capacitor 
voltage (which is the error voltage) also 
must be very small compared to the volt- 
ages across L and R of the servo analogy 
so as not to distort its motion. This 
requires a fairly large value of capacitance 
for C,. The amplifier of Figure 1 com- 
pletes the analogous circuit. Its output 
voltage E, is analogous to the controller 
torque M,, giving the simple relationship 
of equation 2 (Figure 1) for the stiffness 
constant K. 

General solutions? of this simple system 
can be expressed readily in dimensionless 
form as shown in Figure 2. This is of con- 
siderable value, as it greatly increases the 
usefulness of the solutions. As will be 


shown later, solutions for the more com- 


t 
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iz 


e) 


C—Complete analogous circuit 
M. = K(@:— %0)=ACei— eo) 


61 — 4% 
Co 


(ex ae en) = 


A 
Soars (2) 
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plex practical servomechanisms also can 
be put in this same dimensionless form. 
It is this characteristic that allows the use 
of a calculating board device (with a 
limited range of variation in its circuit 
constants) for the general solution of such 
problems. Thus for convenience in set- 
ting up a given system on the analyzer 
the time base and the impedance base can 
be changed arbitrarily to form a new 
system from which either the actual nu- 
merical solution for the given system or a 
dimensionless solution readily can be 


Lo 


Ra 


a. Representation of armature circuit induc- 
tance 


A—Mechanical system 
B—Anelogous all-electric circuit 


dj d4% 
E,=R,i+L,—+53— 
ge helo: ae ot 
_ 20 
j= |— 
dt? 
giving 
M bey _ ell 30 dA bg dO 
“Ra Ra dt8 dt? Ra dt 
Electric circuit equation: 
ain dig 
Fo =RCL—+L— + Rj 
0 Clee The + Rig 
g La hh 
where, R=—, L=/, C= 
Ra bg R 
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obtained. The conversion formulas for 
making these changes are given in Table I. 
These are understood readily from con- 
sideration of the equations at the bottom 
of the table. Since the ratios of the angu- 
lar motion @ to the system torques are re- 
duced by the factor a in the simulated 
system, its stiffness constant K’’ must be 
greater than the actual stiffness K by the 
same ratio. The application of this 
table to the solution of an actual problem 
will be illustrated later. 


EFFECT OF ADDITIONAL TIME DELAYS 


The analogous circuit for cases where 
the motor generator armature circuit in- 
ductance is taken into account is de- 
veloped in Figure 3a. This inductance 
has its analogy in a capacitance C, 
resulting in an RC time delay 7;. Other 
time delays, such as that in the generator 
field, can be represented by RC circuits 
placed between stages of the amplifier as 


ADDITIONAL 
TIME RELAYS 


3 STAGE 
AMPLIFIER 


b. Analogous circuits for time delays and 


negative RC feedback 


Equation for feedback voltage: 


rCap 
= =M, 
Ga 
d 
Pe oe ti=RaCa, Fes 
npt 
tes =. 
2G Epi ; ) 


Figure 3. Electrical analogies used for various 
elements of angular position servomechanisms 
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6(t) = error angle as function of time 
Ossc= steady-state error angle for critically 
damped systems 


@1 
Osse= 2— 
n 


w, =magnitude of applied constant velocity 


K 
wig = = sndened natural frequency 


K=stiffness constant 
/=total system ‘inertia 


c : “ih s 
r=——==ratio of actual to critical damping 
VIK 


c= actual damping 


shown in Figure 3b. It is necessary, 
however, that each delay circuit be iso- 
lated by a stage of amplification. Such 
time constants must be changed, when the 
time base is changed, as shown in Table I. 
When defining them for a general solution 
in dimensionless form they must be multi- 
plied by wy. 


STABILIZATION WitTH RC FEEDBACK 


For servomechanisms of this type sys- 
tem stability frequently is obtained by 


SYNCHRONOUS 
WITCH 


circuit for error-plus-error 


rates control 


c. Analogous 


For actual system: 


Me = K(81— 80) + KTap( 81 — 80) + 
K(T,)p*(61 — 60) 


In analogous circuit: 


Fo aM, 


A 
Eo= G (1— 9)+AR P(A — 6.)+ 
0 
Alop*(, = 60) 
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TIME DELAY CIRCUITS 


GAIN CONTROL 


opt (REGULATED) 


Figure 4. Circuit 

elements of amplifier 

used for seryomech- 
anism analogies 


FEED BACK CIRCUIT 4 
R 


d Cq 


using a resistance-capacitor network con- 
nected across some voltage that is pro- 
portional to the controller torque M,. 
The equation for the feed-back voltage 
from this type of circuit is shown in 
Figure 3b. It is put in general form by 
expressing it in terms of a dimensionless 
ratio m and a time constant 4. For di- 
mensionless solutions 4; must be multi- 
plied by w,. 


ERROR-PLUS-ERROR RATES CONTROL 


Other forms of system stability consist 
of providing an additional control torque 
term proportional to the first derivative 
of the error angle 6,—6) and possibly a 
negative term proportional to the second 
derivative of the error angle. The forms 
for these control functions together with 
their electrical analogy are given in Figure 
3c. These functions are expressed in 
terms of the stiffness constant K and time 
constants, so that they can be defined 
readily in dimensionless form. In actual 
systems the control term proportional to 
the rate of change of the error angle 
(commonly called anticipatory control) 
usually must be produced by a mechanisin 
having its own time delays. This is 
sometimes a gyroscopic mechanism. The 
method of representing these additional 
terms is shown in an example to be dis- 
cussed later (see Figure 11). 
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Description of the Servomechanism 
Analyzer 


Suitable amplifiers and associated cir- 
cuits have been developed to be used in 
conjunction with the mechanical-tran- 
sients analyzer to provide facilities for the 
rapid analysis of such servomechanisms 
as have been described above. The ampli- 
fier, typical elements of which are illus- 
trated in Figure 4, is of the conventional 
resistance coupled type, designed to have 
a frequency response that is flat down to 
10 cycles per second, that being the fre- 
quency at which the transient forcing 
functions usually are repeated on the 
analyzer.1.? This response is achieved 
by using large coupling and by-pass ca- 
pacitors and by using a regulated power 
supply which prevents regeneration at 
low frequencies. Although the amplifiers 
must be linear, the added complicaticn 
involved in using push-pull resistance 
coupled amplifiers was not justified, and 
single-ended triode amplifiers were found 
to be satisfactory. The maximum har- 
monic distortion in the last stage is about 
5 per cent; the distortion in the previous 
stages is entirely negligible. Power ampli- 
fiers are used for all but the first stage, so 
that various damping and time delay cir- 
cuits connected to the outputs of the vari- 
ous stages do not affect the amplification. 


Figure 5. Setup in 
transients analyzer : 
laboratory for the 
solution of servo- 
mechanism problems 


Time delay, such as that arising from 
the field of an exciter, is represented by a 
circuit such as Re, C, of Figure 4. The 
voltage developed at the grid of the third 
tube will lag behind the plate voltage of 
the second tube in exactly the same way 
that an exciter armature voltage will lag 
behind the voltage applied to its field 
terminals. The time constant which de- 
scribes this delay is R,C, in seconds. Ad- 
ditional time delays can be introduced as 
shown at the input to the second stage. 
Resistance-capacitance feed-back damp- 
ing voltages from the amplifier output are 
fed back to the input by using an isolating 
transformer. This transformer has very 
good frequency response down to 10 
cycles per second, thus reproducing ac- 
curately the voltage which appears at the 
output of the amplifier. These trans- 
formers also may be used as damping 
transformers when simulating voltage 
regulating systems.4 Flexibility in the 
general application of the amplifier is 
obtained by making the amplifier stages, 
the time delay circuits, the isolating trans- 
formers, and the RC feed-back circuit 
each a separate entity. 

Figure 5 shows the laboratory equip- 
ment. To the right are the synchronous 
switches which repeat the transient 10 
times per second. Next to the switches 
is the central control desk from which the 
operator can measure on the oscilloscopes 
any voltage across or any current flowing 
in the various circuit elements. This desk 


also contains generators for producing 


various types of arbitrary forcing func- 
tions. To the left is the servomechanism 
analyzer cabinet, which contains the am- 
plifiers and associated circuits described 
in the accompanying paragraph. Low- 
loss inductances and capacitors for 
representing mechanical systems are con- 
tained in the cabinets arranged behind the 
control desk and servomechanism ana- 
lyzer cabinet. 
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85 
Figure 6. Response curves of 


error servomechanism, with one 


: 4 
time delay, to constant velocity 


Typical Solutions 


In Figure 2 oscillograms are shown of 
general solutions for the response of the 
simple error control system to a constant 
velocity for comparison with calculated 
curves. The value of this method of 
analogy can be appreciated when it is 
considered that such a set of oscillograms 


Figure 8. Response curves of error servo- 
mechanism with three time delays, to constant 
velocity 
r=0.5 

Gln te 
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Figure 7. Response 
curves of error servo- 
mechanism, with two 
time delays, to con- 
stant velocity 


r=0.5 


3 Whylz#142 Wpl,= 85 =n +1.42 


can be obtained in a matter of minutes, 
Figures 6, 7, and 8 show the effect of time 
delays on the response of the typical 
angular position servomechanism to a 
suddenly applied constant velocity. Fig- 
ure 6 shows the effect of varying the 
magnitude of a single time delay. The 
magnitudes of the time delays are given 
in the dimensionless form, w,T, so that 
the results have general application. The 
results with w,7, constant and a second 
time delay, w,7T2, varied are given in 


Figure 7. Similarly, Figure 8 shows the 


85, Wpl= 34 
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effect of varying w,73 with w,7, and 
W_l2 constant. In a practical case the 
three time delays could represent arma- 
ture, generator field, and exciter field 
time delays, respectively. The range of 
parameters used represents practical con- 
trol systems. 

Obtaining system stability by negative 
RC feedback is probably the most com- 
mon method in use today. Figure 9 
shows two cases of stability obtained by 
negative RC feedback. The time con- 
stant of the RC circuit, w,t,, as well as 
the system damping and time delays, all 
are given in dimensionless form. The 
large initial overshoot and the consider- 
able reduction in system frequency which 
is always characteristic of negative RC 
feedback is quite apparent in each of the 
two examples shown in Figure 9. The 
RC time constants are large, when com- 
pared with the system time delays, and 
are in the optimum range for best results. 

The response of any servomechanism to 
a sinusoidal forcing function is usually of 
great interest in design. Figure 10 shows 
the response of an angular position servo- 
mechanism to a suddenly applied sinus- 
oidal motion of varying frequency, @). 


Figure 9. Response curves of error plus nega- 
tive RC feedback servomechanism with two 
time delays to constant velocity 
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The response at frequencies well below 
the system frequency, wo is quite good 
with hardly any error appearing. How- 
ever, as the frequency is increased, the 
response becomes poorer with large fol- 
lowing errors. When w, is very close to 
Wo, such as the case w,/wo= 1.10, the error 
actually becomes larger than the applied 
disturbance 6;. The steady-state response 
to sinusoidal motion also can be obtained 
quite easily when an oscillator is used as 
the excitation function for 4}. 


TANK TURRET TRAVERSE SERVO SYSTEM 


The following example serves to further 
illustrate the application of the electrical 
analogies and the conversion formula of 
Table I to the solution of a specific system. 
This problem is that of an electric drive 
that had been designed for the traverse 
movement of a tank turret.’ The sche- 
matic of the mechanical system, its equa- 
tion of motion, the analogous electric 
circuit, and the units for both the actual 
system and the electrical analogy are 
given in Figure lla. The gyroscope in 
the actual system serves as the means for 
obtaining system stability. If the gyro- 
scope is rotated proportional to 6= (6; — 60) 
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and is also capable of restrained rotation 
about an axis 90 degrees from the 6 axis; 
any point of the gyroscope not on either 


Table I. 


vance that tends to compensate for the 
system time delays. The rate component 
of gyroscope movement is caused by the 
gyroscope torque, exerted about the 90- 
degree axis, that is proportional to the 
speed of rotation about the 6 axis. There 
is spring restraint, inertia, and critical 
damping about the 90-degree axis, so that 
instead of a rotation instantaneously pro- 
portional to p@ (as shown in Figure 3b) it 
is delayed and appears as the term 


KTop(0i— 9%) 
(1+hp)? 


of the mechanical system equation shown 
in Figure lla. JT, is the ratio of torque 
per unit velocity error, p§, to torque per 
unit displacement error, 6. 

With the constants shown in Figure 
lla, the calculated turret frequency was 
1.4 cycles per second and the damping 
decay 78.1 per cent per cycle.’ The oscil- 
loscope record of Figure 11b with delayed 
anticipation represents the same calcula- 
tion and checks to within 5 per cent or 
better. The remaining oscillographs of 
Figure 11b show the system as it would 
hunt without any means of obtaining 
system stability; what could be done 
with negative RC feedback, with unde- 
layed anticipation, and what could be 
done by a combination of negative RC 
feedback and delayed anticipation. The 
two disadvantages of negative RC feed- 
back compared with anticipating control 
are quite apparent in Figure 1lb. The 
initial overshoot is much greater, and the 
system frequency has been considerably 
reduced. The combination of anticipa- 


Conversion Formula for Changing Time and Impedance Bases in Setting Up Analogy 


for Servomechanisms 
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Time Base Changed Impedances Multiplied 


Actual System to t’=t/n by Constant a 
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Equation for simple error servomechanism: M-.=K(@i1—60) = oe = [—_— oa 
a 


Oo! 
dt’2 
aR da"’ 
(De ih lt 


Transformation to time base t’=t/n: Mc’ =L/n? 
rs ; aL d?6o"’ 
Multiplying impedances by @: Maar ore 


axis has a motion proportional to 6+ p0. 
This motion is used to operate a silverstat 
in the generator field circuit. This is 
anticipating control and is a phase ad- 


+ 


dt? 
R 60’ 
n dt’ 


tion and some RC feedback gives the best 
response for this particular example. It 
is to be noted, however, that the improve- 
ment over anticipation alone is not too 
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MECHANICAL SYSTEM 


GYRO 
ANTICIPATOR 


PUSH PULL 
SILVERSTAT 


SYNCHRONOUS 
SWITCH 


11a. Analogous circuit and system constants 


Equation for mechanical system: 


Tap ) 
K\ 1+————__ Jo 

cpb ( 1G +tp) 
1+hp d+Npa + Top) 


Ip?60-+ 


Units 
Actual mechanical system: 


!=7.78X 107-2 pound-inch seconds? 
¢=0.33 inch-pound per radian per second 
T,=0.02 second 

2=0.1 second 

K=4 inch-pounds per radian 

T,=0.15 second 

t;=0.01 second 


Converted electric system with n=200 and 
a=3.1X108 


[Me = =6.02 henrys 
n 


great and would not warrant the use of 
much extra equipment. 


Conclusions 


From the examples shown it can be seen 
that the transients analyzer offers an ex- 
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cellent method for solving fundamental 
servomechanism problems. The ease with 
which the response of systems involving 
high order differential equations can be 
obtained points the way toward many 
useful solutions not only of particular 
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A—No RC feedback or an- 
ticipation 
B—RC feedback 
C—Undelayed anticipation 
D—Delayed anticipation plus 
RC feedback 
E—Delayed anticipation 


11b. Response curves to constant velocity 


Tank turret traverse servomechanism 


systems but also in dimensionless form for 
general application. The accuracy of the 
method has been demonstrated by close 
checks with previously calculated cases. 
It therefore provides a reliable and prac- 
tical method for the general analysis of 
certain basic types of servomechanisms 
and of specific systems too complex for 
adequate study by conventional mathe- 
matics. 


References 


1. System REcovERY VOLTAGE DETERMINATION 
BY ANALYTICAL AND A-C CatcuLaTING BOARD 
Metuops, R. D. Evans, A. C. Monteith. AIEE 
TRANSACTIONS, volume 56, 1937, June section, 
pages 695-705. 


2. A New Device ror THE SOLUTION OF TRAN- 
SIENT VIBRATION PROBLEMS BY THE METHOD oF 
ELECTRICAL-MECHANICAL ANALOGY, H. E. Criner, 
G. D. McCann, C. E. Warren. Journal of Applied 
Mechanics, September 1945, volume 12, number 3, 
page 135. 


3. CONSIDERATIONS IN SERVOMECHANISM DESIGN, 
S. W. Herwald. AIEE TRANSACTIONS, volume 63, 
1944, December section, pages 871-6. 


4. Recent DEVELOPMENTS IN GENERATOR VOLT- 
AGE Recuvation, C. R. Hanna, K. A. Oplinger, 
C. E. Valentine. AIEE TRANSACTIONS, volume 59, 
1940, pages 692-700. 


5. ELecrric TURRET TRAVERSING MECHANISM 


FOR THE M-4 Tank, S. J. Mikina, Jr. Applied Me- 
chanics, December 1945, page 334. 


ELECTRICAL ENGINEERING 


Qe ee ee SS ae 


Investigation of Arc Starting 
Characteristics of D-C Welders With 


Reference to Electrode Freezing 


JOSEPH M. TYRNER 


ASSOCIATE AIEE 


Synopsis: A method for investigating the 
starting characteristics of an arc in d-c are 
welding was developed and equipment was 
designed and built to simulate the behavior 
of an operator in starting such an arc. This 
testing equipment was used to compare the 
arc striking ability and the arc freezing tend- 
ency of an electrode when used with various 
types of welding generators. It was found 
that the determining factor is the electrode 
contact duration, that is, the time during 
which the operator leaves electrode and work 
in contact when he attempts to start an arc. 
Generators, to be satisfactory, should permit 
at least 40 milliseconds contact duration. 
Where the permissible contact duration be- 
tween work and electrode is less than 40 
milliseconds, only experienced welders are 
able to start an arc. Less trained men 
freeze the electrode to the work piece in a 
large percentage of their attempts. Five 
generators of different design were tested 
with the apparatus. Oscillograms of the 
current surge during the contact period 
were taken and the freezing point marked 
on the curves. It was found that the loca- 
tion of the freezing point depends on the 
shape of the current surge. Characteristics 
of a welding generator as developed in these 
tests which yield good striking and non- 
freezing results are not contradictory to good 
general welding characteristics. 


UCCESS IN STARTING an arc us- 
ing power froma d-c welding genera- 
tor does not depend on the electric cir- 
cuit alone, but also to a great extent on 
the skill of the operator. An experienced 
man has fewer failures than an untrained 
one. If we want to design an apparatus 
with something like ‘‘adjustable operator 
skill” we have to analyze the skill of a 
welder. We find that operators when 
striking an arc may differ in the contact 
pressure they exert, and also in the time 
they leave the electrode in contact with 
the work. 
As far as the contact pressure is con- 
cerned, it is reasonable to assume that 
every operator tries to keep the contact 
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pressure as low as possible in order to 
avoid freezing. 

On the other hand, the aptitude of the 
man determines the duration of the con- 
tact between electrode and work piece. 
Therefore, it seems justified to accept 
this contact duration as the predominant 
characteristic of his skill. 

With the foregoing in view, an appa- 
ratus was built which makes contact be- 
tween the electrode and work for an ad- 
justable and measurable duration. Fig- 
ures 1 to 3 show various views of the ap- 
paratus. Figure 4 is a diagrammatic pic- 
ture of it. 

The apparatus consists of three parts 
as shown in Figure 4 numbered 1, 2, and 
3. These three parts may move inde- 
pendently around the common axis A-A. 
Part 1 is a pendulum, on the upper ex- 
tension of which an adjustable bracket 
(5) together with a chuck (6) is provided. 
The test electrode (7) is clamped in this 
chuck (6). The pendulum is kept in a 
raised position as long as the electro- 
magnet (8) is excited to hold the arma- 
ture (9). If the circuit of the coil (10) is 
opened, the magnet (8) releases the arma- 
ture and the pendulum is free to swing. 

Part 2 is the support of the work piece 
(11), which is used for the freezing test 
with the electrode (7). The weight (12) 
on part 2 tends to turn it counterclock- 
wise, but part 2 is held in approximately 
horizontal position by the bracket (13), 
which rests on part 3. 

The position of part 3 may be adjusted 
by the stop (15), against which it is held 
by the weight (14). In this way, the stop 
(15) establishes not only the position of 
part 3, but by means of the bracket (13), 
the position of part 2 as well. 

When the pendulum (1) swings in a 
clockwise direction, the electrode (7) 
eventually reaches the test piece (11) and 
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makes contact. The impact of the elec- 
trode (7), striking against the test piece 
(11), moves part 2 clockwise, lifting the 
bracket (13) from part 2. Electrode and 
test piece stay in contact until, on the re- 
turn swing, the bracket (13) touches part 
3 again. This stops part 2 and electrode 
and test piece become separated. In this 
way, the position of part 3, adjusted by 
the stop (15), determines the length of the 
contact duration. If the electrode (7) 
freezes to the test piece (11), the support 
(2) must follow, even after the bracket 
(13) reaches part 3. In this case, part 3 
is pushed from the stop (15) and the 
weight (14) is lifted. 

It is obvious that one weight (12) con- 
trols the contact pressure of electrode and 
test piece while the force which tends to 
separate electrode and test piece is deter- 
mined by the other weight (14). 

Contact pressure and breakaway force 
were not varied during the experiments. 
They were adjusted to conditions com- 
parable to actual welding as performed 
by an experienced operator. 

The contact duration is measured by 
the cycle counter (16). If the switch is in 
its ‘up’ position, an a-c circuit through 
the cycle counter is closed as long as elec- 
trode and test piece are in contact. Swings 
of the pendulum with the switch in its 
upper position are used to adjust the con- 
tact time by setting the stop (15). The 
operator is protected from electric shock 
by the limit switch (18), which keeps the 
alternating voltage from the electrode- 
test piece gap, as long as the pendulum is 
held by the electromagnet (8). 

The actual freezing test is made by 
putting one switch (17) into its down 
position. This removes the alternating 
voltage from the electrode-test piece gap 
and applies it to the holding coil (19) of 
contactor (20), which connects the genera- 


Paper 46-12, recommended by the AIEE committee 
on electric welding for presentation at the AIKE 
winter convention, New York, N. Y., January 


21-25,1946. Manuscript submitted September 18, 
1945; made available for printing December TS 
1945. 


JosperH M. TyRNeEr is in the apparatus research de- 
partment, Air Reduction Sales Company, New 
York, N,N 


The author acknowledges and appreciates the co- 
operation given by J. J. Crowe, assistant vice-presi- 
dent, and E. E. Tisza of the apparatus research 
department, and the assistance of E. H. Cushman 
who built the apparatus and ran the tests covered 
by this paper. Acknowledgment is made also of the 
encouragement given to the investigation by C. I. 
MacGuffie, R. F. Wyer, and R. C. Freeman. 


TRANSACTIONS 97 


tor being investigated to the apparatus. 
Another switch (18), in this case, prevents 
energization of the coil as long as the 
pendulum is held by the solenoid. Thus, 
the operator is protected against an acci- 
dental flash. The circuit of the holding 
coil contains a second limit switch (25), 
which is opened by the movement of 
part 3 in case of freezing. This termi- 
nates the flow of welding current through 
the short circuit of electrode and test 
piece. If the electrode does not freeze, 
the lengthening of the arc drawn by the 
electrode breaks the circuit automatically 
and no switch is necessary. 

Tests are initiated with the push but- 
ton (24) which breaks the circuit of the 
coil (10) of the electromagnet (8). 

The coil (10) of the electromagnet (8) is 


Figure 2. Front view of apparatus 
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Figure 1. Apparatus 
with cycle counter 


energized by direct current from the weld- 
ing generator. It was found that the 
slight vibrations caused by an a-c magnet 
at that place falsify the test results. 

The contact duration during the freez- 
ing test can be checked by taking an 
oscillogram as shown in Figure 5. 


Procedure of Test 


The operator clamps an electrode in the 
chuck (6) and provides a proper test piece 
(11). He adjusts the electrode roughly 
by moving the sleeve of the bracket (5) on 
the pendulum. The switch (17) is put 
into its ‘‘up’”’ position. The button (24) 
is pressed and the pendulum released. 
The contact time is observed on the cycle 
counter. Then the stop (15) is adjusted 
to bring the contact time nearer to the 
desired value and the test repeated. 
After several trials, the apparatus is 
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ready for test. To increase accuracy 
three timing swings are made without re- 
setting the counter to zero. The reading 
thus becomes the sum of three contact 
times and one third of this value is con- 
sidered to be the average contact time 
for the actual striking test. After the 
apparatus is adjusted to the desired con- 
tact time, switch (17) is put into its 
“down” position for the application of 
welding power. The next swing pro- 
duces either a flash or the electrode 
freezes to the test piece. 

A series of tests for different contact 
durations is run with a fairly large num- 
ber of tests for each setting. For each 
setting, a number of freezings and a num- 
ber of flashes are obtained. The fre- 
quency of freezings is calculated and 
plotted as a function of the contact dura- 
tion. A curve thus is obtained which 
moves from a low percentage of freezings, 
at short durations, to a high percentage at 
long durations. The change from the low 
percentage to the high percentage is sud- 
den. The contact duration yielding an 
equal number of freezings and flashes is 
called arbitrarily the ‘freezing time” of 
the generator. 


Influence of Circuit Setting, 
Electrode Size, and Electrode 
Coating 


It can be shown theoretically that the 
curve of the surge does not change much 
with different current settings. There- 
fore, the freezing time also does not 
change. The electrode size has no in- 
fluence because the contact in the testing 
apparatus is a point contact only, and it 


Figure 3. Rear view of apparatus 
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Figure 4. Diagrammatic picture of apparatus 
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Figure 5. Oscillogram of current 


does not matter whether the contact- 
making point is on a 1/16-inch diameter 
or on a 1/8-inch diameter electrode. 

The coating has no influence provided 
the coating is kept away from the point of 
contact. 

Consequently, it was decided to make 
all tests with bare electrodes of 3/32-inch 
diameter with generator settings of about 
70 amperes welding current. 

A few tests were made with other set- 
tings and with electrodes of other sizes 
and with different coatings. They con- 
firmed these conclusions. 

In order to eliminate the influence of 
scale, electrodes were ground square and 
test pieces cleaned thoroughly. 


Generator Tests 
Four commercial and one experimental 


generator with different circuits, but all of 
the same rating, were tested. All genera- 
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Freezing of electrodes 


tors were set for the same welding out- 


put. The test results are shown in 
Table I. 
Table | 
Critical Contact 
Time in 
Generator Tested Milliseconds 

Aa oad eae PRT por aa Nn a et Ts 70 
Berge SE eae et le 40 
C (Generator B without external 

LEACLOL ine caenisors oa teae erek os Ores totes 25 

Bigot eer AAPA Abt ar eh OE coe TEAS 50 
(Experimental) pic scerin ss) ea auiotens 3 1,000 


In order to correlate these tests with the 
properties of the different electric cir- 
cuits, open circuit short circuit transients 
of the five generators were determined by 
taking oscillograms. The freezing times 
are marked on the current curves shown 
in Figure 6. These curves show that 
freezing occurs some time after the high- 
est point of the surge. The explanation 
may be that, during the decline of the 
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surge, not enough heat is furnished to 
keep in a molten state the metal which 
melted at the height of the surge. The 
conclusion would be that the generator 
should reach its maximum current as late 
as possible. This is corroborated by the 
curve of generator E which approaches 
the maximum short circuit extremely 
slowly. Tests show that this generator 
practically never freezes. 


Operator Requirements 


The requirements of the operator were 
determined by watching the reaction of 
different men to the generators which 
had been tested. 

It was found that the average operator 
is satisfied with a generator which does 
not freeze during the first 40 milliseconds. 


Rie 
Oo 40 50/560, 70 80 90 100 =O 
MILLISECONDS 


Generators with contact times as long as 
70 milliseconds are very good. Every- 
thing beyond that is excellent. 


Simplified Tests 


An apparatus of the kind described 
here usually is not available and it would 
be advantageous to be able to use stand- 
ard equipment to judge a generator for its 
starting properties. Fortunately, an 
oscillogram of an open circuit short circuit 
test yields sufficient information. The 
curves of Figure 6 show that the critical 
time is approximately twice the time the 
generator needs to reach the crest of the 
surge. If we accept this without trying 
to find any reason for it, we may say that 
a generator should take at least 20 milli- 
seconds to reach the crest of the surge. If 
it takes less, the generator is difficult to 
handle. On the other hand, a longer time 
indicates a generator with improved 
starting properties. 
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Stress Measurement by Electrical Means 


ROBERT E. KERN 


ASSOCIATE AIEE 


HE ADVENT of electric strain 

gauges! suitable for the measurement 
of mechanical performance on a strength 
basis not only has widened the field of the 
electrical engineer with regard to equip- 
ment and techniques but gradually has 
imposed upon him a responsibility to the 
aeronautical or mechanical engineer in 
his role as interpreter. For if the de- 
signer turns to electric strain gauges (and 
by this is meant herein the bonded wire 
gauge,” unless otherwise stated) for veri- 
fication of his work, it is only natural for 
him eventually to leave the whole prob- 
lem of gauge operation and data analysis 
to the electrical engineer. It is essential 
that both the man who measures and the 
man to whom the measurements are re- 
ported clearly understand the scope of 
their separate responsibilities. Otherwise 
there may exist a gap which will destroy 
the accuracy necessary to the honest 
affirmation or negation of the design. 
Accordingly, the authors here endeavor 
to present the strength evaluation prob- 
lem broadly enough for one working in a 
relatively narrow element of it to appre- 
ciate the requirements of the whole, while 
emphasizing the electrical aspects pri- 
marily and keeping always in sharp focus 
the prime requisite, accuracy. 


The Mechanical Problem 


DESIGN 


As Sir Charles Darwin explained in his 
illuminating James Forrest lecture’ en- 
titled ‘‘The Extreme Properties of Mat- 
ter’ there is more opportunity for im- 
provement in the strength of materials 
than in the refinement of almost any other 
property of materials. The theoretical 
ultimate shear strength of steel as given 
by Darwin is the shear modulus of elas- 
ticity divided by 2 7. Depending on the 
grade of steel, this represents a possible 
improvement of 10 to 50 times, which 
values well might be assumed to be applic- 
able to steel strength in general. These 
are figures to conjure with, but their ulti- 
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mate realization probably will stand for 
years as the goal of physicists and metal- 
lurgists. A more realizable goal is the 
safe reduction of safety factors—or igno- 
rance factors—relating the actual strength 
to the necessary strength. These are 
smaller in magnitude than the figures 
just quoted, lying perhaps in the range 
of 2 to 20, but represent possible weight 
and dimension savings in every industry 
large enough to guarantee a broad and 
lasting activity in strength analysis and 
strength measurement. 

This, then, is the beginning of the prob- 
lem. The optimum design stems from an 
accurate knowledge of the loads to be im- 
posed. The quiescent and dynamic loads, 
their interrelation, the expected life and 
the relative importance of an occasional 
failure, make this problem complex. And 
it is complicated many-fold by that im- 
ponderable, the proper theory of failure.4 
Suffice it to say that there exist at least 
five theories of failure, but most test data 
have been reported and analyzed in terms 


of stress, rather than strain, energy, or ~ 


other parameters. As most loading in 
combined stress studies appears to have 
been performed in terms of stress, it is 
reasonable to evaluate strength in terms 
of stress. The available literature tends 
to indicate that there is not enough evi- 
dence to substantiate any one general 
theory of failure, although certain theories 
appear to be more applicable than others 
depending upon the particular materials 
and loading encountered. The designer’s 
problems, then, are the first source of 
error, and it is the designer’s responsibility 
to the measurer to acquaint the latter 
with enough of the theory so that the 
proper measurements can be made. This 
may be as simple as a statement to the 
effect that the results are to be reported 
in terms of stress, or of strain. The nature 
of the available types of measurement is 
such that it often is not possible to correct 
data from one type to another after the 
gauge installation has been made. 


STRESS-STRAIN RELATIONS FOR PLANE 


STRESS 


The relations existing between the 
three mutually orthogonal stresses g;, 
o, and o,in the x, y, and z directions re- 
spectively and the three corresponding 
strains €,, €y, and ¢, may be found in many 
texts.° For any work involving surface 
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measurements, however, o, (the stress 
normal to the surface) is zero, whereupon 
the plane stress equations on the surface 
may be reduced® to 


Ww = 2 
(6.25%) trat=(% = (1) 


where 


¢;=normal stress on x plane (in x direction) 

oy =normal stress on y plane (in y direction) 
(this does not occur in the foregoing 
equation but represents a normal 
stress acting perpendicularly to o;) 

o) =maximum principal stress 

o,=minimum principal stress 

Try =Shearing stress on x plane (in y direc- 
tion) 


Correspondingly, the strain equations for 
plane stress may be used to derive a simi- 
lar equation: 


pte eg \ | Yay No a) Spe NG 
(s)(ay-(54) 0 


where 


€; =normal strain on x plane (in x direction) 

€y =normal strain on y plane (in y direction) 
This bears the same relation to €, as 
oy does to oz. See equation 1 

€) = maximum principal strain 

€, = minimum principal strain 

Yry = Shearing strain on x plane (in y direc- 
tion) 


It will be appreciated that equation 1 
and equation 2 both define circles, and it 
will be observed that each circle equation 
is of the form 


(x—h)Pty=r (3) 


where /: represents the circle center and r 
the circle radius. Constructing these two 
circles, known as the Mohr circles of 
stress and of strain respectively, will show 
why individual stress measurements can- 
not be converted directly to strain meas- 
urements, unless enough data (three 
stress or three strain vector measurements 
at a point) are taken to draw the circles 
of stress and of strain. This is under- 
stood better when it is appreciated that 
any given measurement represents the 
projection on an axis of some point on the 
circle circumference. Normal stresses 
and strains are projected as points on the 
N axis while shear stresses and strains 
appear as points on the S axis. These 
two circles may be drawn concentrically,® 
as shown in Figure 1, provided that the 
scales are chosen so that the ratio of stress 
units to strain units is as Ey/(1 — yp) 
where Ey is the modulus of elasticity in 
tension or compression, and u is Poisson’s 
ratio. When the circles are drawn in this 
manner it will be found that the stress 
circle radius is smaller than the strain 
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Figure 1. The Mohr circles of stress and strain 
for a simple axial stress of + 30,000 pounds 
per square inch 
Young's modulus is taken to be 30108 


pounds per square inch and Poisson’s ratio 
to be 0.3 


circle radius in the ratio of (1 — y)/ 
(1 + w) and the angular position of the 
point (¢, 7) on the Mohr diagram is twice 
that of the physical direction of measure- 
ment, so that if a measurement be made 
in the direction 8 (with respect to the di- 
rection of principal stress) the correspond- 
ing direction on the circle diagram makes 
an angle of 26 with the N axis. This is 
reasonable because a complete revolution 
around the Mohr circle must represent a 
180-degree rotation of the measuring de- 
vice. The concept of the two Mohr 
circles is not appreciated by many workers 
in the field, and it is perhaps for this 
reason that difficulty with the stress— 
strain relation is prevalent. It is because 
of the Poisson or lateral contraction ex- 
hibited by a stressed member that the 
ratio of stress to strain is not constant 
even while operating in the elastic state. 
For example, the ratio of stress to strain 
in the direction of the load (,/e,) for a 
simple tension test is by definition equal 
to the modulus of elasticity, H,, but the 
ratio of stress to strain in a direction per- 
pendicular to the load is zero. The load 
has no component in this direction 
(o, = 0) but the lateral strain (€, = 
—peé,) is finite and opposite in sign. 
Further examination of Figure 1 will 
show that the simple tension case is rep- 
resented with o, (+30,000 pounds per 
square inch) positive and o, zero. It can 
be seen that €¢, = —ye, and particularly 
that the ratio og/e is not constant as the 
radius is rotated, and were the center of 
the circles displaced somewhat (o, ~ 0) 
even the ratio o,/€, = Ey would not hold. 

Thus far, only normal stresses and 
strains have been discussed. Shear 
stresses and strains cannot be detected as 
a change in length, but can be calculated 
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from two stress or strain measurements, 
the difference between two mutually 
orthogonal normal stresses or strains 
being proportional to the shear stress 
measured on the plane whose direction bi- 
sects that of the two orthogonal measure- 
ments. In fact, this leads to the solution 
of the Mohr circle diagrams from three 
normal strains separated in direction by 
increments of 45 degrees: 


As the first and third strains are orthogonal 
they must lie on extremities of some diame- 
ter of the circle, and consequently their 
arithmetic mean must coincide with the 
circle center. Now, the difference of the 
first and third (orthogonal) normal strains 
is equal to the shearing strain associated 
with the second normal strain, since the 
direction of the latter bisects that of the 
first and third strains. As dictated by the 
second term of equation 2, half of this value 
is plotted as an ordinate at the abscissa 
corresponding to the second strain, thus 
locating the point (€,¥2/2) on the circum- 
ference, and the radius drawn from the cen- 
ter to this point just found must be perpen- 
dicular to the diameter determining the 
points corresponding to the first and third 
measurements as the 45-degree increments 
on the specimen must exist as right angles 
on the strain circle diagram. The solution 
is completed by constructing the stress 
circle with its smaller radius, (1—u)/(1+ yn) 
as large as the strain circle radius, where- 
upon the various points (¢;, 7;) can be ob- 
tained, although the most pertinent infor- 
mation usually consists of the extremes of 
the circle dimensions and the angle 20 
(measured counterclockwise from the direc- 
tion of the first strain to the N or normal 
axis). The method is checked by projecting 
the three solution points located on the 
strain (or stress) circle circumference to the 
N axis; if the construction has been made 
correctly the projections will coincide with 
the three measured strains (or stresses). 
The word “‘stresses’’ is used advisedly be- 
cause, with the proper gauges, stresses can 
be measured directly. 


ELECTRICAL MEASUREMENTS: THE 


BONDED WIRE GAUGE 


Strength measurements can be obtained 
from numerous types of gauges’ but the 
principles controlling the use of the 
bonded wire resistance gauge will apply 
generally to other methods, except that 
the resistance-type units are character- 
ized by lower mechanical inertia and 
lower voltage output than most. The 
bonded wire gauge, commonly referred 
to as the wire strain gauge, has for 
its principle of operation the variation in 
resistance of a fine metallic filament 
bonded to the surface whose deformations 
are to be measured. In order to make its 
installation practical the filament first is 
cemented to a paper ‘‘carrier’”’ which, in 
turn, is cemented to the specimen. This 
carrier is in no way necessary to the opera- 
tion of the gauge. In fact its elimination 
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Figure 2. The Mohr circles of stress and of 

strain on which is shown graphically the man- 

ner whereby the Vee type of gauge can be 

made to yield a result proportional to the stress 
in the direction of its axis 


would be desirable so that the filament 
might be closer to the specimen, while 
also allaying the danger of improper 
transfer of the ‘‘mechanical signal’ to 
the active element of fine wire. Actually, 
the wire first is wound in the form of a 
grid to which wire leads are joined, after 
which the grid and leads are placed 
against the paper carrier for cementing. 
After the gauge (filament plus cement 
plus carrier) is cemented to the specimen 
the assembly acts as if it were part of the 
specimen in that it accepts uniformly the 
dimensional changes, both positive and 
negative, of the deformed surface, while 
offering negligible restraint in so doing be- 
cause of its small mass and low effective 
moduli of elasticity. This action is pos- 
sible because the dimensions of the wire 
filament are defined by the matrix of ce- 
ment in which it is embedded, and it is 
essential that in the design of such a 
gauge the wire diameter be small enough 
so that this effect is achieved. Otherwise 
compressive strains might result in buck- 
ling of the wire with resultant destruction 
of the bond. This situation is somewhat 
comparable to the reinforcing rods in a 
concrete beam, wherein the concrete 
transmits the tension to the rods, and pre- 
vents the rods from buckling in compres- 
sion (assuming that compressive loads 
might be placed on such a part of the 
beam). This transmission of the me- 
chanical signal to the wire results in a 
permissible amplitude, with linear re- 
sistance-versus-strain response, in excess 
of the proportional limit of the filament 
material. This amplitude is represented 
by the manufacturer to approximate one 
per cent with negligible change in un- 
strained resistance, and to attain values 
of two to three per cent for linear opera- 
tion without complete zero return. The 
gauge change of resistance is linear and 
consistent, but not explainable in terms 
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Z21=ZoZL/(Zo+Z1) 


E 2L/(Zo*2L) 


(A) 


of the known properties of the filament 
material in larger sizes. Were the volume 
resistivity of the wire to be constant with 
respect to elastic strains it would be 
reasonable to expect the unit relative 
change in resistance (dR/R) for unit rela- 
tive change in length (unit strain, €) to be 
(1 + 2u), where » = Poisson’s ratio. 
This ratio dR/Re is defined as S, the 
gauge sensitivity, and because Poisson’s 
ratio has a theoretical maximum of 0.5, 
the sensitivity should not exceed 2.0. 
Actually, certain gauges (made of ‘‘Ad- 
vance’’ alloy) have such a sensitivity but 
many gauges are made with sensitivities 
lying in the range of —5 to +3.5, a fact 
which either contradicts the 0.5 maximum 
for Poisson’s ratio or sheds some interest- 
ing light on the volume resistivity of fine 
wire materials as a function of stress. 
To date this anomaly is unsolved but 
may yield to electron microscopy (for use 
in determining Poisson’s ratio for the 
strained filament). As a matter of in- 
terest the operating current density in 
the usual gauge wire is of the order of 
25,000-50,000 amperes per square inch. 
Bonded wire gauges are manufactured 
to meet a demand which requires both 
thermal stability and sensitivity. Cur- 
rently these are conflicting requirements 
because the most sensitive materials (of 
which the invar, ‘‘Iso-elastic,” an alloy 
originally developed for constant modulus 
of elasticity versus temperature, is repre- 
sentative) are very sensitive to tempera- 
ture changes. Thermal stability implies 
that the sum of the effect of differential 
coefficient of expansion between the fila- 
ment and the strained surface and the 
effect of filament temperature coefficient 
of resistance approaches zero, obviously 
a function dependent upon the char- 
acteristics of the material upon which the 
gauge is mounted. It is not surprising, 
therefore, that Advance wire gauges are 
thermally quite stable on steel, not as 
stable on aluminum, and not at all stable 
when suspended in air and subject to the 
erratic behavior of the unmounted paper 
carrier, the latter condition representing 
an academic case. Currently available 
are the thermally stable Advance gauges 
with a sensitivity of approximately 2.0 
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Figure 3. Funda- 

mental gauge circuit 

(A) and its equiva- 
lent (B) 


and suitable for all types of deformation 
measurement, and the Iso-elastic gauges 
with a sensitivity of 3.5 but suitable only 
for dynamic work. The latter type are 
inherently of a higher resistance, permit- 
ting generally a higher voltage drop, 
which condition may be interpreted as a 
further increase in sensitivity when the 
load is effectively an open circuit, such 
as a vacuum tube. 

Gauges are available in a wide variety 
of dimensions and resistances ranging 
from units 1/16 inch square with 60 ohms 
resistance to others six inches long (300 
ohms) and again some approximately 1/2 
inch square with a resistance of 2,000 
ohms. Still others, termed rosettes, are 
atranged in groups of two, three, or four 
units mounted close together, but oriented 
in different directions, for the measure- 
ment of the complete state of stress by 
means of the Mohr circle diagram. 


THE STRESS GAUGE 


In a biaxial stress field the measure- 
ment of stress can be simplified greatly 
by the use of a gauge which responds both 
to strains parallel and strains perpendic- 
ular to the gauge axis®. Provided that 
the gauge specific transverse sensitivity 
(the ratio of the lateral to the axial re- 
sponse of the gauge) is equal to Poisson’s 
ratio, the gauge output is continuously 
proportional to the stress in the direction 
of the gauge axis. This is in accordance® 
with equation 4: 
Oe eet ue) (4) 

—p 

The proof of the stress response char- 
acteristic of the gauge is shown con- 
veniently for a particular geometric pat- 
tern actually used in commercial gauges. 
This pattern has the wire arranged in a V, 
the angle between the wires being selected 
so that the average of the strains from 
each arm of the V yields an output propor- 
tional to the stress. 

The measurement of stress in the di- 
rection 6 with respect to the direction of 
the principal axis, requires that the pro- 
jection of the point (0, 7) in Figure 2 be 
determined. A tangent to the stress 
circle drawn at the point (¢, 7), will inter- 
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sect the strain circle at points whose pro- 
jections on the WN axis have an average 
value proportional to the desired quan- 
tity. Thus to measure the stress in the 6 
direction, the gauge V arms will have 
directions of (9+ ¢) and (6 — ®) respec- 
tively. 

The general output expression for a 
gauge of this type when written as a func- 
tion of the included angle 26 becomes 


(5) 


where €, is oriented in the 6@ direction. 
The included angle of the gauge V, 24, is 
chosen so that tan? @ equals Poisson’s 
ratio for the tested material. Then the 
right-hand member of equation 5 reduces 
to o,/[Ey/(1 — »)]. Steel, for example, 
with a Poisson’s ratio of 0.28, requires 
an angle of about 55 degrees, the exact 
angle being determined by methods of 
manufacture. This type of stress gauge 
is used extensively in the testing of hollow 
steel aircraft propeller blades. 

For the stress gauge, the expression 
which relates the relative change in gauge 
resistance to the stress producing it is 


1/2(€+ 2g + €-2g) = (cos? $) (€r+ €y tan? ¢) 


dRo¢/Rqg= Fe’ (6) 


where Rg is the gauge resistance and ¢’ is 
the ratio of stress along the gauge axis to 
Young’s modulus for the material upon 
which the gauge is mounted. The stress 
gauge factor F has the following relation- 
ship with S, the strain gauge factor: 


F=(1—n)S (7) 


It can be shown from equation 5 that the 
ratio of the output of a stress gauge to the 
output of a strain gauge of equivalent 
wire length and resistance and under uni- 
axial stress is (1 — yp). 

The use of stress gauges can reduce ma- 
terially the effort required to determine 
stresses. The direct indication of stress 
is of particular importance when complex 
vibratory stresses are measured; under 
such conditions two strain records sepa- 
ratelyrecorded would have tobeconverted 
to stress through a point-by-point con- 
version if the instantaneous stresses could 
not be indicated directly. 


ERRORS OF LOCATION AND INSTALLATION 


Before proceeding to a discussion of the 
electric circuits of resistance wire gauges 
it is appropriate to discuss the theoretical 
and mechanical considerations which may 
contribute to inaccuracy in the final con- 
clusions. These may be called the errors 
of location and installation. That is, the 
output of the gauges must be indicative 
of the most critical stress in the part, the 
stress at the points where failure will occur 
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if it is to occur. Presumably this will be 
on the surface at the geometrical center 
of one of the gauges, though many fail- 
ures do not start at the surface. Ona test 
specimen such as a hollow steel propeller 
blade an error of a fraction of an inch in 
location can produce a change in output 
of 100 per cent or more, and since any one 
gauge will cover less than one-tenth per 
cent of the total area, the location of a 
few dozen gauges or less over the whole 
propeller must be chosen with great care. 
Moreover, if only one gauge is to be lo- 
cated at any one point, the gauge axis 
orientation is.also important, as can be 
judged by Mohr circle theory. Fortu- 
nately, some knowledge of critical areas 
and stress direction is often available 
from photoeleastic®’ and brittle lacquer® 
(‘‘Stresscoat’’) studies, discussions of 
which are beyond the scope of this ar- 
ticle. The former method is not con- 
venient for vibratory work and both tend 
to be laboratory procedures so that it is 
not always possible to simulate field load- 
ings. Having chosen the proper location 
it will not always be possible to place 
gauges where desired due either to in- 
accessibility or to the physical size of the 
gauge, which may be so large as to cause 
an error by integrating the stress or strain 
over the gauge length when the stress 
gradient is such as to be masked by the 
use of too large a gauge length. The 
availability of shorter gauges has im- 
proved this latter situation but sometimes 
the minimum size of gauge is dictated by 
electric circuit background noise, the 
higher resistance gauges being required to 
produce sufficient signal to result in an 
acceptable signal-to-noise ratio. This 
difficulty is probably peculiar to tests on 
rotating objects such as aircraft propel- 
lers, which exhibit accessibility problems 
also, since flight measurements commonly 
are made inside the hollow blades, even 
near the tip, and some work has been done 
within the hub itself. (Flight stress meas- 
urements are made on nearly every pro- 
peller-engine-aircraft combination before 
final acceptance of the design by the 
customer.) One of the most common 
sources of gauge error lies in the neutral- 
axis correction, which is applicable to any 
survey involving bending stresses. The 
classical bending-beam theory shows that 
the stress is proportional to the distance 
from the beam neutral axis (plane of zero 
stress); in consequence, bending-stress 
measurements made at any distance from 
the neutral axis but that of the surface 
will be incorrect in direct proportion to 
this distance. Since the gauge acts as a 
part of the tested material, accurate 
bending-stress measurements must cor- 
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rect for the effective gauge elevation 
above the surface. The diameter of the 
wire filament is about 0.001 inch and its 
centerline is perhaps 0.003 inch above the 
tested surface due primarily to the thick- 
ness of the paper carrier. That this is not 
negligible may be appreciated from a con- 
sideration of measurements on a 0.060- 
inch plate in bending, where the 0.003- 
inch elevation will cause an exaggeration 
of ten per cent if the neutral axis is in the 
central plane of the plate (pure bending). 
When bending is combined with tension 
or compression neutral axis error some- 
times can be avoided by mounting identi- 
cal gauges on opposite faces of the plate; 
their sum eliminates the bending com- 
ponent to yield the tension or compression 
while their difference eliminates the ten- 
sion or compression and thermal com- 
ponents, though the resultant bending 
measurement still is subject to neutral 
axis error. Returning to the problem of 
installation, or mounting, it hardly should 
be necessary to state that the proper 
bonding of the gauge to the tested surface 
is of extreme importance to a successful 
technique. Conservative instructions are 
supplied by the manufacturer, and occa- 
sionally the time allowed for curing or 
drying of the adhesive may be shortened, 
but in all cases care should be taken to 
insure proper preparation of the tested 
surface (preferably roughening with fine 
sandpaper plus cleaning with acetone) 
and adequate application of the adhesive. 
In the interest of quick drying there is a 
tendency to apply the adhesive sparingly, 
which may result in an incomplete bond. 
Poor surface preparation sometimes is 
evidenced by the flaking off of a gauge 
after the test has been completed and the 
tested parts are no longer available for re- 
test. Where practical the installed gauges 
may be checked by a calibration with a 
known load, or another type of gauge, 
such as the Tuckerman optical strain 
gauge, may be placed over the installed 
gauge and the specimen loaded to produce 
a given strain. The Tuckerman gauge is 
relatively small and light, and often may 
be applied with no more force than its 
own weight, but it is distinctly a labora- 
tory instrument (more often used as a 
standard). 

Other sources of error contributing un- 
certainty and which pertain more di- 
rectly to the tested material itself include 
“locked-in” or residual stresses, the devia- 
tion of the remainder of the ‘“‘universe”’ 
from the sample tested, the elastic 
modulus (if stresses are to be computed), 
and ‘‘creep.’!® Unless the material is in 
a ‘‘dead-soft”’ or perfectly annealed condi- 
tion there usually will be certain unre- 
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lieved or locked-in stresses remaining. 
Residual stresses will not affect greatly 
the readings obtained but will determine 
somewhat the interpretation read from 
the data by the designer, as they con- 
tribute to or inhibit failure. The actual 
measurement of locked-in stresses by 
bonded wire gauges is not possible unless 
the gauge can be installed prior to the 
manufacturing operation producing such 
stresses, or as now is being done to an 
increasing extent,!! the gauge is installed 
while the residual stress is present, after 
which most of the restraining material 
is removed carefully and the local stress 
under the gauge relieved. The indicated 
stress pattern is then a ‘‘negative”’ of the 
locked-in pattern. 


Young’s modulus, Hy, occurs in the 
equation relating stress and strain. For 
the two-dimensional (biaxial) case this 
is in accordance with equation 4. But the 
stress-strain relationship for many engi- 
neering materials is distinctly nonlinear 
(aside from the fact that Ey at zero load 
is subject to a degree of uncertainty) so 
that an indicated vibration stress of 
+10,000 pounds per square inch, when 
no steady load existed, might differ from 
the indicated value when a steady load of 
50,000 pounds per square inch was ap- 
plied simultaneously. Such considera- 
tions might be affected differently for 
steady locked-in or surface stress than 
for uniformly-distributed steady stress. 
Modulus correction of this nature is not 
known to the authors but would have to 
be considered in evaluating closely the 
probable error. Creep is the phenome- 
non of gradual continued deformation at 
constant load and is ordinarily negligible 
in steel at low temperatures (below 200 
degrees Fahrenheit) but may be appre- 
ciable in some other materials such as 
lead, plastics, and gauge bonding agents 
when large deformations are involved. 
It may prevent a return to a zero-stress 
reading, even when the gauge itself is 
operating properly. It may be obscured 
by or confused with drift due to poor 
temperature compensation or the chang- 


Figure 4. Equiarm strain gauge bridge circuit 


Parenthetical term of Rg indicates direction 

and magnitude of resistance change in each 

gauge as a function of gauge factor and ap- 
plied strain 
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ing leakage characteristics of the elec- 
trical insulation, as will be discussed later. 


The Electrical Problem 


GAUGE CIRCUITS 


Two general circuits which may be used 
for the conversion of strain to electrical 
signal are shown in Figures 34 and 4. 
The simpler circuit of Figure 3A often 
may be used when a knowledge of only 
transient or vibratory stress or strain is 
desired, while the bridge circuit of Figure 
4 is employed when the steady component 
with or without the vibratory component 
is to be determined or when protection 
from excitation circuit disturbances (as 
in slip-ring installations) is required. 

When vibratory shear, or the difference 
in strain between two gauges at right 
angles, must be measured, the ‘‘match- 
ing” resistor, Zo, in Figure 3A becomes 
one gauge while the active gauge, Rg, be- 
comes the second of the two required 
orthogonal strain-sensitive elements. The 
bridge circuit can be arranged suitably to 
enable the measurement of total shear, 
since differential measurements are ap- 
plicable for shear, torsion, and many 
bending problems. 

Network theorems!?*!% are used con- 
veniently to calculate the voltage which 
appears when the active circuit elements 
are strained. Thus the Thévenin equiva- 
lent of Figure 3A, shown in Figure 3B, 
yields current in the gauge of 


a EZ1/(Zo+Z1) 
RetZoZ1/(Zo+Z1) 


Ba EZ, 
ZoZt+Re(Zot+Z1) 


(8) 
The change in load voltage dEx due to a 
change dRg associated with the strain € is 
dE, =e, =d(IRg) =IdRgt+R,dl (9) 


Evaluating dl (by means of the com- 
pensation theorem) and collecting terms, 


Sea (Ze) ReZoLZ1/(Zo+Z1) 
O\ Ra |Ro+Z 021) (Zo+Z1) 


(10) 


The sensitivity S of a strain gauge has 
been defined previously as dR/R = Se. 
Using this relation together with the fact 
that the coefficient of J(dR¢/Rg) is the 
parallel combination of Rg and Z,;, equa- 
tion 10 is simply 


er=ZISE (11a) 


where Z = RgZ,/(Rg + Z;) evaluated at 
the strain frequency and J is evaluated 
from equation 8 at excitation frequency. 
For practical applications the impedances 
are entirely resistive, with the load im- 
pedance Z; (usually amplifier input im- 
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pedance) much greater than the gauge 
resistance, Rg. The greatest output volt- 
age for a given value of E occurs when the 
product of ZI (or more commonly RI) is a 
maximum, that is, when Zo equals Re. 
When it is possible to measure two or four 
strains which are exactly equal but occur 
in conjugate pairs as shown in Figure 4, 
the bridge circuit increases the no-load 
voltage output above that of Figure 3A 
by two and four times respectively. 

The voltage output equation for four 
active equal bridge arms is developed in a 
manner similar to that of equation lla 
and is 


er=ZIS€ (11b) 


where Z, just as in equation lla, is the 
impedance (at the strain frequency) 
measured across the terminals of the load 
impedance Z,, when other voltage sources 
in the circuit are not generating but are 
replaced with their equivalent internal 
impedances. Expressed explicitly this 
impedance, Z, is RgZ,/(Re + Zz). 
Note that when the load impedance Z; 
is large with respect to the gauge resist- 
ance, the output voltage e, is given by 
the expression HeS, and further, that J 
is the current of excitation frequency 
supplied the gauges, or E/(Rg + Zo). 
The quantity Se may be regarded as an 
average value determined by the number 
and characteristics of the gauges acting. 
If the output from a gauge (due either to 
its location in the bridge circuit or be- 
cause of the sign of strain) tends to cancel 
the effects from another, the algebraic 
signs of the two quantities Se, associated 


with the respective gauges, may be re- 


garded as opposite. Thus a bridge with 
only two active gauges (but these con- 
nected in one side of the bridge and sub- 
ject to equal and opposite strains) will ex- 
hibit an output voltage of e, = (1/2) 
ZISe, since two of the four gauges have 
zero as their effective value of Se. 

Output voltage equations 1la and 11b 
may be examined to ascertain the errors 
which may result from variation in the 
controllable parameters. It is imme- 
diately evident that errors in E, the ex- 
citation voltage, and errors in gauge sensi- 
tivity, S, contribute in direct proportion 
to the error in gauge output voltage. Ex- 
citation voltage may be monitored or 
controlled by the operator; the gauge 
sensitivity factor is supplied with com- 
mercial gauges and usually is guaranteed 
to plus or minus one per cent. 

Since the nominal value of gauge re- 
sistance may be subject to as much as a 
two or three per cent manufacturing 
tolerance, particularly in those gauges 
supplied for dynamic work, it is necessary 
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to examine the Z/J term in equation lla 
to evaluate the effect of changing the 
gauge resistance. Assuming that the im- 
pedances are essentially constant and 
resistive in the operating portion of the 
spectrum (a condition necessary for good 
amplitude-frequency response) and that 
Z, is large with respect to Zo, the relative 
change in output voltage is 


der/er=d(Z1S€)/Z1Se=d(Z1)/ZI 


= — (dRg/Rg)(Re—Zn/(RetZr (12) 


where Z, is Z,Zo/(Z, + Zo) and dR¢/Re 
is the relative change in the nominal re- 
sistance and not Se, which here is con- 
sidered constant. The condition Rg 
equal to Z, suffices for zero error in cal- 
culated output voltage as a function of 
tolerance in gauge nominal resistance; 
moreover since Z,, is large in comparison 
to Zo, it is possible to have the zero error 
condition coincide with the maximum out- 
put condition by setting Z» equal to Rg. 

As stated previously, measurements of 
steady strain require that gauge resist- 
ance be a function of strain only and be 
unaffected by temperature or variation in 
electrical leakage. Temperature effects 
are eliminated most nearly by using a 
compensating gauge mounted on ma- 
terial equivalent to the test specimen and 
subject to the same ambient temperature 
variations. The compensating gauge 
may be active or passive but is con- 
nected in the bridge arm adjacent to the 
compensated unit. 

Using an unstrained specimen equipped 
with two nitrocellulose bonded gauges 
wound with Advance wire, temperature 
compensation to within two microinches 
per inch over a range from 70 to 170 de- 
grees Fahrenheit has been attained in the 
laboratory. However, general practice 
indicates that two microinches per inch 
per degree Fahrenheit is a more practical 
estimate of realizable temperature com- 


pensation. 
. & 


The measurement of vibratory stresses 
up to a temperature of about 180-200 
degrees Fahrenheit is possible with nitro- 
cellulose bonded gauges. A specific case 
for +400 microinches per inch of strain 
showedat 230 degrees Fahrenheit a drop of 
30 per cent from the value of apparent 
gauge factor at 200 degrees Fahrenheit, 
the difference due to softening of the ce- 
ment. For elevated temperature opera- 
tion up to 300 degrees Fahrenheit, resin- 
bonded gauges are used. 

In order to prevent ‘‘zero’’ instability 
due to absorption of moisture by the 
gauge or associated leads, it is necessary 
to weatherproof the installation by first 
driving off all moisture and then coating 
or impregnating with a nonhygroscopic 
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material such as a hydrocarbon wax. A 


typical gauge, having a resistance of 120 
ohms and a sensitivity of 2.0, will change 
in resistance by only 0.008 ohm when 
subjected to a stress of 1,000 pounds per 
square inch in steel (33 microinches per 
inch). This change also may be pro- 
duced by a shunt resistance across the 
gauge of 1.8 megohms (very nearly 
R,/Se) thus making evident the neces- 
sity for thorough moistureproofing. A 
value of 1,000 megohms is recommended 
by the gauge manufacturer. When many 
gauges are in a circuit possessing one or 
more common leads, it is often convenient 
to make provision for measuring the leak- 
age to ground. Such an indication can- 
not be interpreted explicitly but serves as 
a warning of changing insulation condi- 
tions. 

The nitrocellulose, and to a lesser ex- 
tent the resin base, bonding agents both 
are subject to creep under prolonged 
strain and also exhibit slight apparent 
hysteresis over a stress-strain cycle. 
Proper application and curing helps re- 
duce creep to a minimum and several pre- 
liminary loading cycles usually suffice to 
make hysteresis effects negligible. The 
possibility of errors from this source 
should not be overlooked if readings hav- 
ing a tolerance of five to ten microinches 
per inch must be obtained. Moreover it 
is only reasonable to assume that creep 
difficulties will increase with stress level 
and temperature. 


SPECIAL CIRCUITS 


When the information as to the state of 
stress on a rotating member is to be ob- 
tained with the aid of sliding contacts, it 
usually will be necessary to minimize con- 
tact resistance effects by arranging a 
balanced bridge on the rotating element 
as in Figure 5A. Results free from slip- 
ring interference, especially at high sur- 
face speeds, are impossible of achievement 
if the slip rings are connected directly to 
make up part of the gauge resistance. In- 
spection of the current term in equation 
11b shows why the bridge circuit of Figure 
5A is relatively free from effects resulting 
from variation in resistance of the slip 
rings supplying the exciting current, and 
inspection of the impedance term will 
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Figure 5. Location 
of slip rings and 
related components 
Re in a constant-voltage 
gauge circuit (A), 
and in a constant- 
current circuit (B) 


(8) 


show how Zz may be chosen to make the 
effect of output-circuit slip-ring resist- 
ance variation negligible. It is also es- 
sential that the slip rings located in the 
leads which supply the load do not intro- 
duce thermal electromotive forces. An 
alloy consisting of 97 per cent silver and 
3 per cent platinum, the latter for hard- 
ness, used in conjunction with silver- 
graphite brushes, has proved very satis- 
factory under brush pressures of 40 
pounds per square inch and surface speeds 
of about 4,000 feet per minute. Improve- 
ment in the strain signal-to-slip-ring 
noise ratio may be obtained by the use of 
a bridge-output transformer mounted on 
the rotating object, provided that the 
resultant phase and amplitude distortion 
versus frequency of the signal is negli- 
gible. Such a system is suited especially 
for use with carrier-current excitation. 
Constant-current excitation sometimes 
is employed in slip-ring circuits to over- 
come the resistance variation in the trans- 
fer system. With this method, the out- 
put voltage is equal to JdRg as the com- 


Figure 6. Twelve-chan- 
nel amplifier-oscillo- 
graph equipment show- 
ing oscillograph, power 
supply, three banks of | 
amplifiers, switching | 
panel, and calibrator 
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ponent R,dI no longer is present. The 
gauge output voltage for constant-current 
excitation is twice that obtained from con- 
stant voltage excitation when the average 
currents in both cases are equal. Refer- 
ring to Figure 5B, it will be seen that the 
voltage drop across the slip-ring contact 
resistance need not ke measured as two 
brushes, one for the excitation current and 
another for the signal voltage, may be 
used. It is still possible, however, for 
thermopotentials arising at the signal 
brush to mask out the strain voltage un- 
less the proper materials, such as those 
described in the foregoing, are employed. 

To find the stress in a material subject 
to biaxial stress, it is necessary to take the 
proper proportions of two orthogonal 
strains as explained in the discussion of 
the stress gauge. But if it is desired to 
measure two orthogonal stresses at a 
point the purpose perhaps can be served 
best by using a pair of orthogonal strain 
gauges with their electric circuits ar- 
ranged so as to crosstalk mutually the 
correct lateral or transverse component 
each into the other (refer to equation 4) 
to produce the effect of two stress gauges. 
This arrangement requires a double in- 
stallation compared to a single stress 
gauge but yields two stress measure- 
ments, which can be taken separately or 
simultaneously, just as if the strain gauge 
filaments had been arranged in the path of 
stress gauge grids and the mutual imped- 
ance removed. Both sections of such a 
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circuit must be furnished excitation cur- 
rent, however, even if recorded at separate 
times. One such arrangement consists of 
connecting together two gauges, whose 
directions have the required rectangular 
relationship, with a common impedance 
Ze joining the output or load terminals. 
If the two gauge circuits (composed en- 
tirely of resistive elements) have like 
components it can be shown that when 
Zo is set equal to R,(1 + B)(1 — p)/ 
(u — 8) where R; is RgRo/(Ro + Re), 
pb is Poisson’s ratio and 6 is the gauge 
specific transverse sensitivity, then each 
gauge will have an output voltage pro- 
portional to the stress in the direction 
corresponding to the particular gauge 
orientation. When the gauge and match- 
ing resistor have values of 500 ohms 
each, Ze becomes approximately equal 
to 700 ohms for representative conditions 
of w and 8 equal to 0.28 and 0.02 re- 
spectively. 


INSTRUMENTS AND THEIR SELECTION 


As the signal is measured in terms of 
microinches per inch it will be readily ap- 
parent that the voltages available from 
low resistance gauge circuits must be 
small, usually less than 100 millivolts. 
A structure may be stressed at zero fre- 
quency, (static loading), or may be a 
resonant member vibrating at frequencies 
of several thousand cycles per second, or 
be subject to shock loading. Sensitive 
measuring equipment consequently must 
be selected, keeping in mind the fre- 
quencies to be encountered. Vacuum 
tube equipment usually is required al- 
though static and slowly varying strains 
are measured successfully with d-c micro- 
ammeters and light-beam galvanometers. 
Generally, in a stress survey, a number of 
points must be examined and correlated 
with one another with respect to time or 
other variables. Multichannel amplifier 
recording oscillograph combinations prove 
most useful in obtaining and preserving 
this data for later analysis. Figure 6 
shows a typical 12-channel oscillograph 
with 12 channels of amplifiers (three 
banks of four), a-c power supply, switch- 
ing panel, and calibrator. For flight work 
the a-c power supply is replaced with a 
battery-powered unit. 

The instruments can be chosen prop- 
erly only by an honest evaluation of the 
response required. This implies the de- 
termination of the minimum acceptable 
gain and the choice of fmin and fmax, the 
extreme values of signal frequency which 
must be transmitted and between which 
the amplitude-frequency response must be 
“flat” within, say, +p per cent. In gen- 
eral there will be other frequencies, f; and 
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Table |. Instruments Classed by Frequency 


Response 


Nominal Frequency 
Spectrum (Cycles 


per Second) Instruments 


O-08 2s resets Indicating instruments and 
manually balanced null de- 
vices (manual recording) 


SMS seine ...-Automatic null-balance re- 
corders 

O=20 ever net sririen Direct-coupled galvanome- 
ters (no amplification) 

2-200 Reber Amplifier-galvanometer com- 


binations (magnetic damp- 
ing of galvanometers, or 


piezo-crystal galvanome- 
ters) 

220008. wens Amplifier-galvanometer com- 
binations (oil-damped gal- 
vanometers) 

2-20,000....... Amplifier-oscilloscope (cath- 


ode-ray) combinations 


fe, between which the phase distortion 
must not deviate from a linear function 
of frequency within some prescribed 
limit. Then there will be the decision 
upon indicating or recording instruments, 
and if recording, whether automatic or 
attended. If accuracy is very important, 
some null-balancing arrangement usually 
is indicated, though such équipment 
ordinarily will have but a very poor am- 
plitude-frequency response, particularly 
if manual balancing is used. Generally 
it will be found that phase response can 
be improved at the expense of amplitude 
response and conversely. For instance, a 
galvanometer element with about 0.6 
critical damping will exhibit a flat ampli- 
tude response to a higher frequency than 
it will for any other value of damping, but 
the phase-frequency characteristic will 
deviate from linearity at a lower fre- 
quency than when the damping is lower 
than 0.6 critical. This isa difficult choice, 
for phase relations in the complex stress 
wave are important if peak values are not 
to be distorted beyond the specified p per 
cent. To demand perfect phase and am- 
plitude response (good square-wave char- 
acteristic) may mean using quite a dif- 
ferent instrument. Once the response 
characteristics have been fixed—the least 
requirements for acceptable results—the 
size, weight, and cost of the equipment 
can be estimated. A very rough indica- 
tion of the type of instrument required 
may be obtained by dividing the instru- 
ments into six classes, each one decade 
apart in the frequency spectrum, as shown 
in Table I, 

Static and dynamic strains may be re- 
corded simultaneously by using carrier 
current excitation or d-c excitation to the 
bridge circuits and associated recording 
equipment. The former method is more 
complex in that it requires a high-fre- 
quency source and freedom from varia- 
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tional reactive components in the bridge 
(which in turn requires phase balancing 
and probably a phase-sensitive demodu- 
lator-filter arrangement). Excitation 
from a d-c source requires that those com- 
ponents of signal frequency not passed by 
the amplifier be recorded by some other 
means. A very satisfactory method 
which may be used with conventional 
amplifier-oscillograph equipment has been 
termed the ‘‘insertion’’ system,!4 whereby 
the signal is short-circuited cyclically. 
If the wave form and frequency of the 
switching action are chosen properly 
the recorder passes the zero signal pulses, 
thereby establishing the axis of zero 
signal on the recording medium. The 
pulse height is exactly equal to the in- 
stantaneous value of the signal, which 
fact sometimes is used in the exact reduc- 
tion of the data. Such a system has 
been in use for over a year in the measure- 
ment of steady and transient strains in 
aircraft propellers. 


The choice of instruments will be in- 
fluenced by the required accuracy, par- 
ticularly with respect to ambient condi- 
tions of temperature, pressure, humidity, 
mechanical vibration and noise, and 
power supply variation. Ordinarily, 
characteristics of the equipment may be 
specified so that these variables will be of 
little consequence but oftentimes it be- 
comes desirable to use an instrument 
under conditions for which it was not in- 
tended. Variations in temperature af- 
fect the operation of oil and electrolytic 
capacitors, the response of oil-damped 
galvanometers, and the lubrication of 
moving parts in oscillographic equip- 
ment. Pressure and humidity affect the 
operation of slip ring brush combinations 
in oscillograph motors and transfer equip- 
ment (such as is required for aircraft 
propeller testing). Amplifiers often are 
subject to disturbance from noise or 
vibration or both. It even has been the 
experience of the authors that the severe 
vibration present on aircraft engine nose 
sections is sufficient to produce a signal 
comparable in wave form and amplitude 
to that of a stress signal, merely due to 
piezoelectric or electrostrictive effects on 
certain laminated plastic insulating ma- 
terials used in the slip-ring assembly and 
brush rigging. This first was discovered 
during a check run with the excitation 
battery disconnected; it subsequently 
was eliminated by discontinuing the use 
of these laminated plastics as structural 
members in the transfer equipment and 
by other design changes. 


When the records are analyzed there 
remain a few more sources of error and 
uncertainties. In a complex vibratory 


ELECTRICAL ENGINEERING 


a eee nN ee 


we 


—— ee ee ee 


Linear Couplers, Field Tests and Experience 


at York and Middletown, Pa. 


E. L. HARDER 


MEMBER AIEE 


HE system of bus protection using 

linear couplers, or air-core mutual 
reactors, in place of current transformers 
was described before the Institute in 
January 1942.1 By special design the 
mutual reactors were made astatic or in- 
sensitive to outside fields. Through the 
use of air core the troublesome problem 
of saturation of iron by the d-c transient 
component of short-circuit current was 
eliminated. At the same time adequate 
energy was derived for decisive relay 
operation. The coupler secondaries were 
connected in a series loop including the 
relay to form a bus protective system. 

Several applications of this system 
have been made now, and it is the pur- 
pose of this paper to describe the field 
tests and subsequent performance of the 
pioneer applications at the York and 
Middletown Pa., stations of the Metro- 
politan Edison Company. Following an 
analysis of the field tests, which more 
firmly establish the operating limits of 
the system, the proposed field of applica- 
tion will be defined in relation to other 
bus protective systems. 

The advantages of bus protection in 
clearing faults rapidly from a system are 


E. H. KLEMMER 


ASSOCIATE AIEE 


R. E. NEIDIG 


ASSOCIATE AIEE 


well recognized by the industry, and the 
provision of relay protection for major 
station busses has been standard practice 
for a number of years. The problems 
involved in such protection also are quite 
well known. One of the principal ones is 
the saturation of current transformers by 
the d-c transient component of the short- 
circuit current. In severe cases the d-c 
transient component may require 100 
times as much flux capacity in the cur- 
rent transformer as is required by the a-c 
component to prevent saturation com- 
pletely. The theory of this problem was 
presented before the Institute by Lang- 
guth and Marshall in 1929.? 


Solutions 


There were a number of successful 
solutions to the problem and it will be 
necessary to mention a few of these to 
illustrate the proper field of application 
of the linear coupler system in relation 
thereto. 

First was the use of large current trans- 
formers which would not be saturated by 
the d-c component. These were used 
with low resistance leads to minimize the 


current transformer requirements in this 
respect. A formula was advanced speci- 
fying the requirement of iron cross-sec- 
tion, turns, and lead resistance for non- 
saturation, as a function of the fault cur- 
rent and the d-c transient time constant. 
This was a ‘‘bull-by-the-horns” solution 
and its size, weight, and cost could be af- 
forded only in the most important in- 
stallations. However, it provided the 
possibility of instantaneous tripping with- 
out any time delay. 


A method was developed for calculat- 
ing, with reasonable engineering ac- 
curacy, the time to saturate with off-set 
currents, and the time and current set- 
tings required to prevent misoperation 
with time-delay overcurrent relays and 
usual current transformers. However, 
the time delays required were frequently 
so long as to point the need of a better 
solution. 

Relays! also were developed which 
would not operate falsely even when 
used with normal sized current trans- 
formers which saturated due to the d-c 
component. These are smultirestraint 
relays; however, their success is due also 
to exploitation of variable percentage 
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stress wave it should be proper to con- 
sider only those stress reversals which 
occur often enough to be considered 
dangerous in the life of the tested part, 
but this is a matter on which it is im- 
possible to be exact. 


Conclusions 


The quantity and complexity of elec- 
trical stress measurements have grown to 
such an extent that a relatively small 
part of the whole stress problem may re- 
quire the full time of one or more individ- 
uals. This trend toward specialization 
naturally reduces the possibility of any 
one person appreciating the problem as a 
whole, with the result that one or two as- 
pects may be emphasized while another of 
equal importance may be neglected. 
This situation, as discussed in the paper, 
is exemplified by a precise electrical 
measurement of a stress which may be 
subject to appreciable uncertainty in itself 
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(due, say, to neutral axis error) or may be 
unrepresentative (gauge location in error), 
so that the responsibility for the procure- 
ment of results which depend upon many 
variables is evident. Although it has 
been possible to touch but lightly on most 
of these phases of the measurement prob- 
lem, it is hoped that the broader con- 
sideration of stress determination, as 
herein presented, will prove helpful to 
those presently engaged in or who will 
enter this field. 
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CIRCUIT 
BREAKERS 


CURRENT 
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TO MULTI-CONTACT 
TRIPPING RELAY 


characteristics and the tendency of the 
d-c component to brake, rather than 
drive, the induction disk. No small part 
of this development was the reduction 
of its operating limits to a few simple 
rules which insure safe application. 
This relay provides operation generally 
in from three to six cycles. 

The linear coupler system combines 
the advantages of high speed and sim- 
plicity of the ‘‘bull-by-the-horns”’ method 
described first, with moderate size and 
weight of the multirestraint system, and 
some important advantages of its own. 
In principle it is the simplest possible 
system as will be noted (Figure 1b). 
It is the only system which can be tested 
at low currents to ascertain for a cer- 
tainty what its performance will be at 
high current values. The coupling de- 
vices are no larger and often lighter 
than normal-sized current transformers. 
They can be mounted in the usual bush- 
ing current transformer compartments of 
circuit breakers. A single relay per 
phase is required irrespective of the num- 
ber of circuits involved on the bus, a 
ground relay being used in addition if 
ground fault currents are relatively 
small. Figure 2 illustrates a typical 
coupler and relay. 

The theory of the linear coupler sys- 
tem has been outlined in previous 
papers.'»> Consequently, only a sufficient 
résumé will be given here to show the 
significant factors which should be in- 
vestigated in the field tests. 


Résumé of Theory of 
Linear Couplers 


As shown in Figure 1 linear couplers 
are connected normally in series whereas 
current transformers are connected in 
parallel to form a differential protection 
circuit. The current transformer is de- 
signed to produce in its secondary a cur- 
rent proportional to the primary cur- 
rent. As long as there is no bus fault 
the vector summation of currents in all 
circuits connected to the bus is equal to 
zero. Hence the summation of secondary 
currents, obtained by the parallel con- 
nection is likewise zero. In event of a 
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Figure 1. Sche- 

matic diagram of dif- 
CIRCUIT ferential protection 
BREAKERS systems 


LINEAR 
COUPLERS 


RELAY 
COIL 


bus fault the current in the relay is pro- 
portional to the fault current. 

The linear coupler is a mutual reactor 
and consequently produces in its second- 
ary a voltage proportional to the current 
in its primary. Usually this propor- 
tionality is 5 volts secondary per 1,000 
amperes primary. If there is no fault on 
the bus the summation of primary cur- 
rents is zero and consequently the sum- 
mation of secondary voltages, obtained 
by the series connection, is likewise zero. 
If there is a bus fault the net voltage in- 
duced in the coupler-relay loop is pro- 
portional to the fault current, that is, 5 
volts per 1,000 amperes of fault current 
in the usual design. 


York and Middletown 
Installations 


The first installations of the linear 
coupler scheme for bus differential pro- 
tection were made on the Metropolitan 
Edison Company’s system in the new 
114-kv, outdoor substations at Middle- 
town and York, each authorized for con- 
struction in 1942. Load growth in the 
York area necessitated conversion to 114 
kv of the two 66-kv lines from Middle- 
town to York. The Middletown station 
provides the interconnection between 
these two lines and the existing 114-kv 
circuit to Reading, as well as a principal 
outlet for the Middletown generation 
into the general transmission system. 
The York substation serves as the ter- 


Figure 2 


(a). Linear coupler 
(6). LC-2 linear coupler relay 
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minal for the 114-kv lines and the main 
source of supply into the York area, 
stepping down through 67,500 kva of 
transformers. 

The Middletown substation is shown 
in Figure 3. Both substations are iden- 
tical in basic design, utilizing a compact 
steel structure, protected by four over- 
head static wires spaced on 44-foot cen- 
ters, “‘back-to-back”’ circuit bays, and 
main and transfer strain busses. Each 
circuit is provided with an oil circuit 
breaker having 1,500,000 kva interrupting 
capacity. Three coupling capacitor poten- 
tial devices are connected to the main bus 
for relay and synchronizing potential. All 
secondary cables for control, current (in- 
cluding linear coupler secondaries), poten- 
tial, power, andl ighting, as well as carrier 
current concentric cables, are buried 
directly in the earth in a common trench, 
between the control room and their re- 
spective terminal locations at the out- 
door structure. The control and relay 
panels at Middletown are located about 
350 feet distant from the nearest cir- 
cuit breaker, whereas at York this dis- 
tance is 200 feet. 

A one-line diagram of the six-circuit 
station at Middletown is shown in Figure 
4. An identical 114-kv bus diagram 
applies for the York station, excepting 
that there are five circuits instead of six. 

The decision to install bus differential 
protection at these two important sub- 
stations was made only after long delib- 
eration, including careful analysis of the 
use of all known differential schemes. 
The calculated maximum and minimum 
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114-kv bus fault currents for which the 
relay systems must function were 6,250 
and 1,400 amperes respectively at Middle- 
town, and 4,500 and 1,050 amperes re- 
spectively at York. All 114-kv trans- 
former banks on this system are wye 
connected with solidly grounded neu- 
trals, resulting in bus interphase and 
ground fault currents of approximately 
equal magnitude. The calculated d-c 
time constant at Middletown was 0.12 
second, and at York 0.06 second. 


Conventional Methods Analyzed 


Conventional methods, using standard 
bushing type current transformers in the 
115-kv circuit breakers, with paralleled 
secondary connections, were given first 
consideration. The ‘“‘bull-by-the-horns” 
method was, of course, economically 
impractical. The method using time 
delay overcurrent relays appeared un- 
favorable, as high-speed operation was 
necessarily sacrificed through provision 
of sufficient time delay to overcome the 
effects of d-c saturation in the current 
transformer. Calculations indicated that 
the intentional time delay required to 
permit offset transient recovery would re- 
sult in relay times ranging from 7 to 60 
cycles, under maximum to minimum 
fault currents, respectively. In addition 
to extending damage such times would 
adversely affect the co-ordination with 
transmission line protection. 

The ‘‘multi-restraint relay” type of 
bus protection was found applicable, 
and under the fault conditions previously 
stated would result in relay times rang- 
ing from 3 to 5 cycles. The number of 
circuits involved, however, required that 
two relays per phase be installed at each 
station. The current transformer con- 
nections and relay wiring would be ar- 
ranged so as to maintain restraint on at 
least one relay per phase under all 
through-fault conditions. Since in gen- 
eral two relays per phase provide protec- 
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Figure 3. Views of Middletown substation 


tion for up to seven source circuits per 
bus, the addition of main circuits at 
Middletown might have presented a prob- 
lem. 


A safe application of either of the fore- 
going systems requires consideration of 
maximum and minimum fault currents 
and their distribution, relay and lead 
burden, ratios and iron cross sections of 
current transformers, number of generat- 
ing sources, and d-c time constant, to- 
gether with other pertinent operating 
conditions. Since the total burden on the 
current transformers is an important 
factor in the successful application of the 
previously described methods, it follows 
that the size of conductor used in the 
secondary cable from the current trans- 
former to the relay may have to be in- 
creased as the distance between them is 
increased. 


« 


Linear Couplers Selected 


Laboratory tests of the linear coupler 
scheme previously described offered con- 
clusive evidence that a simple, high- 
speed bus differential relay system had 
been developed which was free from all 
of the inherent problems associated with 
conventional current-transformer meth- 
ods. While the linear coupler  re- 
lay is of necessity a low energy device, 
any fear that unwanted operations might 
occur from induced potentials in the 
secondary cable was believed groundless. 
Calculations had indicated that such 
potentials would be very small compared 
with operating voltages if a continuous 
secondary loop circuit was provided for 
each phase, with the outgoing and in- 
coming conductors in a common spiraled 
cable throughout. Thus, any tendency 
for induced potentials to appear in the 
coupler loop would be cancelled. This 
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was proved in field tests at York, to be 
described later. 

Linear coupler bus protection was 
therefore installed at Middletown and 
York substations for the following rea- 
sons: 


1. Simplicity. No calculations were re- 
quired other than maximum and minimum 
bus fault curredts and the relay setting for 
the desired pick-up. Sound fundamental 
theory of operation had been substantiated 
by the manufacturer with exhaustive labora- 
tory tests. 


2. Linear characteristics of couplers for all 
values and types of fault current meant 
freedom from fear of saturation effects 
caused by offset transients. 


3. Faster relay operation (1 to 2 cycles) 
would be obtained through complete range 
of fault currents, with only one compara- 
tively simple relay per phase, regardless of 
the number of circuits connected to the bus. 
Thus, no complex relay and current trans- 
former secondary connections, and less 
switchboard space would be required. 


4. A complete system required only one 
secondary cable consisting of six, number 10 
copper conductors, running from the relay 
panel to the first circuit breaker, thence to 
the second, third, and so on until the loop 
is completed in the last breaker (Figure 4). 
Actually, a smaller size conductor can be 
used, depending entirely upon the desired 
mechanical factor of safety. A considerable 
reduction in secondary cable was realized 
with the linear coupler scheme. For ex- 
ample, at Middletown a total of 2,800 feet 
of 4-conductor cable would have been re- 
quired with the multi-restraint relay 
scheme. For the linear coupler installation 
a total of 775 feet of 6-conductor cable was 
installed. Therefore, for the installations 
under discussion, the latter scheme required 
approximately 41 per cent of the conductor- 
feet, that would have been required by the 
former. 


5. If a cable duct system is used the 
amount of main duct run space saved with 
the linear coupler scheme is the total num- 
ber of circuits involved, minus one. This 
also applies for future circuit additions, in 
which case the new circuit breaker is con- 
nected into the coupler loop by simply ex- 
tending a 6-conductor cable from the nearest 
existing breaker, plus a few feet of wire on 
the relay panel to connect the added breaker 
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trip circuit to the multicontact tripping 
relay. 

6. With the linear coupler scheme an open 
circuited secondary or relay coil renders that 
phase inoperative, whereas such conditions 
occurring with the conventional current 
transformer schemes may cause undesirable 
operation sooner or later. Either manual or 
automatic equipment is available to check 
the continuity of the relay-coupler loop if 
desired. 


7. Cost of linear couplers and relays (not 
including savings in secondary cables) was 
competitive on new installations with the 
multirestraint scheme using bushing type 
current transformers. 


It is of interest to note that the 6-con- 
ductor secondary cables for both in- 
stallations were installed in the same 
trench with all other control and second- 
ary cables leaving the relay panel, being 
buried directly in the earth over the 
greater part of the distance to the cir- 
cuit breakers. Standard 600-volt, non- 
leaded, unshielded ‘“‘mummy finish”’ spiral 
cable was used. 


Field Tests 


For a successful linear coupler system 
which will always trip when desired for 
internal faults and never trip when un- 
desired as for external faults, the follow- 
ing requirement must be met. 


The mutual reactance, or proportionality 
between secondary voltage and primary cur- 
rent must be the same for all couplers on a 


Figure 4 (below). One-line diagram of 
Middletown substation 
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bus within certain limits. If the couplers 
on the circuits where current entered the bus 
produced voltages 1.5 per cent high and 
those where current left the bus produced 
voltages 1.5 per cent low, a through-fault 
current would produce 3 per cent as much 
voltage as an internal fault of the same mag- 
nitude. Thus a through fault of 33 times 
the relay setting would be just enough to 
cause faulty tripping. The tolerance can 
be reduced to any desired amount but the 
cost is increased in proportion because of 
the refinements required in manufacture and 
testing. 


Analysis and measurement of samples 
had indicated that a tolerance of +1.5 
per cent could be held quite readily. 
This tolerance includes several sources of 
variation which will be discussed briefly. 

Linear couplers are wound in the form 
of a toroid similar to a bushing current 
transformer with a uniformly distributed 
winding. The core is of course non- 
magnetic. This form of coil has theoret- 
ically zero mutual reactance to any con- 
ductor not linking the toroid and a con- 
stant mutual to any conductor which 
does link it irrespective of its position 
within the opening. Also its mutual the- 
oretically is unaffected by any external 
magnetic fields. There are, of course, 
minor variations due to irregularities of 
winding so that the mutual is slightly af- 


fected by positions of the center and re- 
turn conductor, and the presence of 
neighboring iron. Further variations oc- 
cur due to finite steps of adjustment of 
individual couplers to the standard 
coupler. These effects have been ex- 
haustively studied and reported pre- 
viously! and are all included in the 
+ 1.5 per cent over-all tolerance. 

In the case of the York and Middle- 
town installations most of the couplers 
were supplied separate from the circuit 
breakers, and were mounted in the usual 
bushing current transformer housings of 
the breakers in the field. Polarities were 
checked by impulsing with a flashlight 
battery as for current transformers. 
However, the field tests provided an over- 
all check of the tolerance as described 
above including position effects within 
the circuit breaker, effect of the iron 
cases, leads, and coupling with other 
phases if any. Provision of adequate 
energy for operation at the proposed re- 
lay setting had been demonstrated in the 
prior laboratory tests of the scheme and 
therefore merely was confirmed by the 
field tests. 

Tests for accuracy and performance of 
a linear coupler differential are extremely 
simple because the d-c component in a 
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fault current has a negligible effect, and 
the secondary induced voltage is strictly 
linear with respect to the primary a-c 
component magnitude. Hence measure- 
ments may be made with primary cur- 
rents just sufficient to give accurate 
readings on a secondary circuit volt- 
meter. An electronic voltmeter is ideally 
suited for reading these low voltages as 
it has very high impedance so as not to 
disturb the current flow in the differential 
circuit. 


Methods of Measuring 
Differential Error 


Measurements of differential error are 
made most directly by opening the series 
differential loop and measuring the net 
induced voltage for a through primary 
current passing into and from the bus. 
The per cent differential error is then 100 
times the net induced volts divided by 
the secondary voltage of five volts per 
thousand amperes of through-fault cur- 
rent. Differential error also may be de- 
termined with the secondary circuit 
closed so as to permit normal relay opera- 
tion by measuring either the voltage 
across the relay or the secondary current. 
Either of these measurements are readily 
translated to net induced volts by a 
curve (Figure 5). This curve is obtained 
by applying a voltage in the coupler-re- 
lay loop while all primary circuits are 
open, and reading total volts, relay volts, 
and secondary current. The operating 
point of the relay should be definitely 
noted and indicated on this curve. Tests 
of this type were made at both Middle- 
town and York. In addition some oscil- 
lograms were taken at York for record 
purposes. 


Test Facilities at 
York and Middletown 


Test arrangements at York are shown 
schematically in Figure 6 and, those at 
Middletown were similar except that the 
bus has six circuits and only one 500-kva 
transformer was available as a test sup- 
ply. The two test transformers at York 
permitted tests for all types of faults and 
a wider range of fault currents. For 3- 
phase faults the transformers were con- 
nected open delta. For heavy-current 
single-phase faults, phase-to-phase or 
phase-to-ground, the transformer — pri- 
maries were connected in parallel and 
their secondaries in series. The regular 
high-voltage disconnect switches and 
transfer bus facilitated selection of the 
primary circuits to be used during a test. 
One high voltage circuit was considered 
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the incoming circuit and each of the other 
circuits in turn were used as outgoing 
circuits to determine their percentage 
differential error and to check proper 
phasing and polarity. 


Results of Tests 


The highest differential error measured 
between any two couplers was found to 
be 2.1 per cent at York and 2.6 per cent 
at Middletown. The average of such 
differential errors was about 0.75 per 
cent. As maximum capacity through 
faults involve more than one incoming 
circuit and may involve more than one 
outgoing circuit, the actual differential 


error depends upon the fault current dis- . 


tribution through the various couplers 
and their individual errors. This would 
be less than the highest per cent differen- 
tial error between any two couplers, but 
by assuming it to be the same an addi- 
tional factor of safety is included against 
operation for through faults. 


External Fault Oscillogram 


Figure 7 shows an oscillogram for an 
external AB phase-to-phase fault of 4,850 
amperes fed through circuit breakers 
B-3 and 977. The relays were set to 
pick up for a 550 ampere bus fault, or 
11.3 per cent of this through fault cur- 
rent, and did not operate as the differ- 
ential error was less than the relay set- 
ting. The oscillogram shows the fault 
currents J, and Ig initially offset, neg- 
ligible i) differential current in the B 
phase loop, and 2.5 milliamperes Up 
differential in the A phase loop. From 
Figure 5 this 2.5 milliamperes indicates 
0.318 volt net was induced in the loop 
and this in turn represents 1.31 per cent 
differential error. During this test the 
A phase relay voltage was read as 0.15 
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Figure 7. Oscillogram of an external phase- 
to-phase AB fault of 4,850 amperes using re- 
lay setting of 550 amperes 


Reading from the bottom up the traces are: 

14 —Phase A primary current. It shows 4,850 
amperes a-c component and a large rapidly 
decaying d-c transient 
ig—Phase A secondary differential error cur- 
rent. It shows 2.5 milliamperes representing 
1.3 per cent error 
!z—Phase B primary current. It shows same 
as for phase A 
iy —Phase B secondary differential error cur- 
rent. It shows negligible error 
lo —Phase C primary current. It shows zero 
current 
i, —Phase C secondary differential error cur- 
rent. It shows no induction from the fault 
current 
Aux. trip—Voltage across auxiliary tripping 
relay coil. It shows that the differential re- 
lays did not close their contacts 
Bkr. trip—Current through B-3 circuit breaker 
trip coil. It shows that it was not tripped 


volt indicating 1.27 per cent differential 
error, and the B phase relay voltage was 
read as 0.05 volt indicating 0.203 per 
cent differential error. A further check 
of these differential errors was obtained 
more precisely in a steady-state test for 
an external 3-phase fault of 1,075 am- 
peres by reading the net induced volt- 
ages directly with the differential loops 
open; and it gave differential errors of 
1.30 per cent for phase A, 0.208 per cent 
for phase B, and 0.524 per cent for 
phase C. With 1.3 per cent differen- 
tial error and a relay set to pick up fora 
550 ampere bus fault, a through fault cur- 
rent of over 42,000 amperes would be re- 
quired to cause undesired tripping. 


Internal Fault Oscillogram 


Figure 8 shows an oscillogram for a 3- 
phase bus fault of 1,157 amperes repre- 
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Figure 8. Oscillogram of an internal 3-phase 

fault of 1,157 amperes (average of 3 phases) 

using relay settings of 550 primary amperes, 
36 milliamperes secondary current 


Reading from the bottom up the traces are: 
!4—Phase A primary current. It shows 1,120 
amperes 
ig—Phase A secondary differential current. 
It shows 87 milliamperes 
!z—Phase B primary current. It shows 1,310 
amperes 
iy —Phase B secondary differential current. 
It shows 95 milliamperes 
I¢—Phase C primary current. It shows 1,040 
amperes 
ig —Phase C secondary differential current. 
It shows 76 milliamperes 
Aux. Trip—Voltage across auxiliary tripping 
relay coil. It shows that the differential re- 
lays closed their contacts in 1.75 cycles 
Bkr. Trip —Current through B-3 circuit breaker 
trip coil. It shows it was energized 3.13 
cycles after inception of fault 


senting 2.1 times the 550 ampere pick- 
up of the relays. It shows that the linear 
coupler relays energized the auxiliary 
trip relay in 1.75 cycles, the auxiliary 
trip relay energized the breaker trip coil 
at 3.13 cycles, and the fault was cleared 
at 8 cycles. This 3-phase fault was un- 
usual in that it changed to different types 
of interphase faults because the test 
source voltage of 160 volts was not suf- 
ficient to establish or maintain arcs under 
oil with minute separation of the breaker 
contacts. The fault was successively 
an AB fault for 0.10 cycle, an ABC fault 
for about a cycle, an AC fault for 0.15 
cycle, an ABC fault until the breaker 
started to interrupt and ended as a BC 
fault for the final 0.17 cycle. These 
fault transients did not interfere with 
operation of the relays as each showed a 
target, indicating all three relays closed 
their contacts within a 1/4 cycle period, 
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required for the first trip circuit to be 
sealed. This test was a repeat of the pre- 
vious test made without oscillograph and 
with the relay trip circuit disconnected so 
that the fault could be held long enough 
to read the three primary currents and the 
three relay voltages. These readings 
verified each other and the subsequent 
oscillographic record. 


Summary of York Tests 


These two oscillograms and their ex- 
planations are representative of the 
series of 19 fault tests made on the 114- 
kv circuits at York. They included 3- 
phase, phase-to-phase, and _phase-to- 
ground faults both external and internal. 
The phase-to-ground faults were made 
through the structural steel and its mul- 
tiple paths lowered the impedance to 
give fault currents up to 6,500 amperes. 
This current for a bus fault reduced the 
relay time to 1.33 cycles. The ground 
fault tests showed a neglible induction ef- 
fect in the unfaulted phase loop circuits. 
In addition to the fault tests made on the 
114-kv circuits, a ground fault was ap- 
plied to a lighting circuit installed in the 
same trench as the bus differential leads 
to the structure and it was found that 
the 250 amperes that flowed out on the 
lighting circuit to return by way of ground 
induced quite negligible voltages, 0.012 
volt, in the bus differential loops. This 
is less than half of one per cent of that 
necessary to operate the relays with the 
settings used. 


Middletown Tests 


The Middletown tests were similar but 
were made without oscillograph and with 
only one single-phase test transformer, 
which was able to deliver up to 4,800 am- 
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peres for a through fault. So as to demon- 
strate better the reliability of the linear 
coupler differential, the relay setting was 
deliberately lowered from the contem- 
plated 700 ampere setting to 150 am- 
peres, representing 3.1 per cent of the 
4,800 ampere maximum through fault 
test. A complete round of 32 tests were 
made with this sensitive setting. The 
relays operated for all bus faults and did 
not operate for any external faults, even 
though differential errors up to 2.6 per 
cent were measured. After this the relays 
were returned to their normal 700 ampere 
pickup setting and then their complete 
tripping operation was demonstrated 
with bus faults of about 1,100 amperes. 


Operating Experience 


Field experience must be depended 
upon to show up any factors which may 
have been overlooked, and constancy of 
performance over a period of time, and 
to bring out any problems of maintenance 
or adjustment that may be involved. 

Based on minimum fault current of 
1,400 amperes and 1,050 amperes at 
Middletown and York, respectively, the 
linear coupler relays were set at a pick-up 
value of 700 amperes and 550 amperes, 
respectively. They have been in service 
approximately two years, and although 
during this period there have been no bus 
faults at either location to require opera- 
tion, there have been a total of 8 faults 
on the Middletown-York circuits and 35 
faults on the Middletown-Lebanon cir- 
cuit, none of which caused incorrect opera- 
tion. 

A 66-kv ground fault on the 50,000 kva 
transformer bus structure at Middletown 
likewise did not cause operation of the 
linear coupler relays although the linear 
coupler secondary cable is buried in the . 
earth in close proximity to the fault 
location. 


Conclusions 


In addition to providing assurance that 
the York and Middletown bus protection 
systems are in first class operating condi- 
tons, the tests have established the fol- 
lowing facts of importance in general 
application of the system. 


1. Linear couplers can be factory tested 
separately from the circuit breakers and 
then mounted in the breakers in the field, 
without any special adjustments. 


2. The factory tolerances being maintained 
on the coupler mutual reactance results in 
over-all variations after mounting not over 
+1.5 per cent. 


38. With normal precautions of keeping the 
wires of the coupler-relay loop in a common 
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spiraled cable, induction from other circuits 
in the control ducts is negligible. 


4. Field tests confirm that significant tests 
can be made at reduced primary currents. 
The system is linear and the percentage er- 
rors so determined apply equally well at 
higher currents. This facility is not en- 
joyed by any other system. 


In many applications the choice lies 
between the multirestraint relay with 
current transformers and the linear- 
coupler system. If the current trans- 
formers already exist and are usable as 
they are or with rewinding, there may be 
an economic factor in favor of the multi- 
restraint relay. However, this must be 
balanced against the lower cost of second- 
ary cable installation with the linear 
couplers. Also, if partial differential 
feeder-backup protection is to be applied 
using the same current transformers, the 
corresponding equipment has not yet been 
developed for application with the coup- 
lers. The 3- to 6-cycle operating time of 
the multirestraint relay system has usu- 
ally proved adequate from a stability 
standpoint. 


On new installations or revamping 
projects where either current trans- 
formers or couplers will need to be pro- 
cured, the linear coupler system offers 
instantaneous tripping in a very simple 
system which can be readily applied and 
tested. Its cost is competitive with the 
multirestraint relay system. 


The multirestraint relay is applicable 
when the current range from maximum 
through fault to relay setting is up to 
100 to 1. One relay per phase suffices 
with up to three major sources (genera- 
tors, transformers, bus-ties) per bus sec- 
tions; two per phase for up to seven 
major sources. 


With the linear coupler system but one 
relay per phase is used irrespective of the 
number of circuits connected to the bus. 
However, energy requirements fix the 
lower limit of relay setting for positive 
action at approximately 300 amperes with 
six circuits per bus, plus 25 amperes per 
additional circuit. The range of currents 
from maximum through fault to relay 
setting has been limited purposely to 17 
to 1. As demonstrated by these tests this 
limit is quite conservative in the case of 
the installations described. This range 
usually covers the required range for 
phase currents and also for ground cur- 
rents on solidly grounded systems. 
Where ground currents are limited as by 
grounding resistors, making the over-all 
current range more than 17 to 1, a sepa- 
rate ground relay is required in the 
linear coupler system and is prevented 
from operating for other than single-line- 
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Long 60-Cycle Arcs in Air 


A. P. STROM 
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Synopsis: Volt-ampere characteristics of 
60-cycle arcs in still air with lengths and cur- 
rents such as occur in power systems have 
been investigated under laboratory condi- 
tions. The arcs varied in peak current from 
68 to 21,750 amperes and in length from 1/8 
to 48 inches. Typical oscillograms and volt- 
ampere curves of these tests are presented. 
The voltage gradient in the arc is affected 
very little by current magnitude. Through- 
out the entire range all gradients remained 
between 21.5 and 50 volts per inch, with 
35 per cent of all values in a 5 volt per inch 
interval having an average value of 34 volts 
per inch. The increase in apparent gradient 
due to voltage drop at the electrodes was 
found to be negligible where the arc length 
exceeds several feet. The decrease in short- 
circuit current of a power system through a 
series arc as compared with that for the same 
system with a metallic short circuit has been 
investigated. Data are presented showing 
the actual reductions observed for various 
conditions of circuit voltage and impedance. 


HORT CIRCUITS on transmission 

lines and at terminals of high voltage 
power apparatus practically always take 
place through long arcs in air. It is im- 
portant, therefore, to know to what extent 
these arcs limit the short-circuit current 
and make it less than would occur with a 
metallic short circuit. The drop across 
the arc also affects the phase angle be- 
tween voltage and current in directional 
types of relays. The data in the form pre- 
sented here also can be used to indicate 
the current limiting effect of arcs on low 
voltage circuits. Although considerable 
data from field studies of transmission line 
flashovers are available,!.? the uncon- 
trolled conditions do not permit any accu- 
rate determination of the arc char- 


acteristics of the arcs in the flashovers. 

This investigation, therefore, has been 
carried out under laboratory conditions 
where better control of the variable factors 
is possible. 


Testing Procedure and Apparatus 


In order to cover a wide range of current 
values the 27,000-kva single-phase trans- 
formers in the Westinghouse high volt- 
age laboratory at Trafford, Pa., were 
used to supply power for these tests. 
The current was limited by the imped- 
ance of the transformers and reactors 
connected in series. 

Arcs varying in length from 1/8 to 48 
inches and in peak current from 68 to 
21,750 amperes were investigated. Most 
of these tests were made with brass elec- 
trodes at 48 inches separation. This 
large electrode separation was chosen so 
that the voltage drop adjacent to the elec- 
trodes would be negligibly small. How- 
ever, owing to the limited capacity of the 
transformer bank, for currents in excess of 
10,000 amperes the transformers had to be 
reconnected for smaller voltage. This 
voltage was insufficient to maintain the 
current in the 48-inch are. For this reason 
these tests were made at 24-inch and 12- 
inch contact separations. 

The arcs, which were initiated by means 
of fuse wires, were drawn in a vertical 
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to-ground faults by a ground detector 
relay described by Sonnemann.6 The 
ground current setting cannot be below 
the 300 amperes for a 6-circuit bus plus 
25 amperes per additional circuit. 

Summarizing, local conditions will fre- 
quently dictate the proper application. 
Where high speed, simplicity and relia- 
bility are important, the linear coupler 
system should receive prime considera- 
tion. 
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+ Probable bowing of arc. 


* Photograph indicates bowing of arc to approximately 1.5 gap length. 


t Leads to test rearranged. 
# Figures give total arc volts on the !/s-inch gap. 


** Abnormally high voltage undoubtedly due to its occurrence immediately after fusing of large size fuse wire. 


plane to prevent arc elongation by con- 
vection. To eliminate as far as possible 
any looping of the arc, the current leads 
to the terminals were placed along the 
longitudinal axis for a distance of 2 to 4 
feet. Observations made through dark 
glasses and also by photography indicate 
that the arc is reasonably straight be- 
tween the electrodes when these precau- 
tions are taken. 

Magnetic oscillograms were taken of all 
tests, and measurements of current and 
arc voltage data were made from these 
records. 


Variation of Voltage Gradient in the 
Arc With Current 


Table I summarizes the data for all the 
arcing tests, giving the peak current and 
corresponding voltage gradient in the arc 
for each half cycle of arcing. No correc- 
tion has been made for potential drop at 
the electrodes in this table. 

Figure 1 shows graphically the variation 
of voltage gradient in the are with cur- 
rent, using the data from Table I. A 
correction of 3 volts per inch was made for 
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Photograph shows no bowing of arc on AB. 


electrode drop in plotting the data for the 
12-inch long ares, as this is approxi- 
mately the proper value indicated by 
tests which will be discussed further in a 
later paragraph. Tests W to AA in- 
clusive were omitted from this curve, as 
it is believed that there was some arc 
elongation on these tests due to magnetic 
fields from the current supply leads. 

This curve shows that practically all 
of the are voltage gradients found in 
these tests fall between 25 and 50 volts 


o 
[o) 


aoe. 


FIRST HALF-CYCLE ARC 
’ FIRST HALF-CYCLE ARC 


per inch. The average of the gradients 
appears to remain constant at 31 to 33 
volts per inch for all currents up to 5,000 
amperes, rises slowly to 38 volts per inch 
at 10,000 amperes, and remains constant 
up to over 20,000 amperes. 

The fact that the arc voltage gradients 
cover a rather wide band has not been 
entirely explained. It is believed, how- 
ever, that at least a part of this variation 
can be accounted for by the effects of mag- 
netic forces moving the arc about. If the 
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Figure 2. Distribution of voltage gradients at 
peak current on 153 half cycles of arcing 


Peak current range from 68 to 21,750 amperes 


arc terminals strike unsymmetrically, or if 
the axis of the arc moves away from the 
axis of the electrodes, magnetic forces act 
to accelerate such motion. This results in 
slight variations in arc path and relative 
motion of the arc and surrounding air. 
The effect of convection air currents and 
turbulence conditions at the arc bound- 
ary change and cause a more rapid loss of 
heat and ionization requiring higher arc 
voltage to maintain the current. The 
3.7-ampere arc in Figure 11 shows varia- 
tions in arc path of a substantially 
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Table Il. Current Limiting Effect of Series Arcs on Short-Circuit Currents 
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Firet Half Cycle 


Arc Current, Maximum Arc 


No-Arc Arc Circuit Per Cent of No- Current, Per Cent 
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* Arc extinguished itself in 1 or 2 half cycles. 
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Figure 4. Wolt-ampere characteristics of a 
1,000 rms ampere arc 


Second and sixth half cycles of test F, Table I. 
Arc length 48 inches 
A—Second half cycle 
B—Sixth half cycle 
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Volt-ampere characteristics of a 
10,000 rms ampere arc 


Figure 5. 


First and second half cycles of test W, Table | 
Arc length 24 inches 
A—Fusing current, 2,260 amperes 
B—Arre volts at fusing, 178 volts per inch 
C—First half cycle 
D—Second half cycle 


straight arc which seem to agree with this 
explanation. 

Two tests in Table I, AL and AM, 
were made on 1/8-inch long gaps in order 
to determine the approximate additional 
voltage due to drops at the electrodes. 
The maximum currents on the first half 
cycles of these tests were respectively 
15,750 and 22,100 amperes, and the cor- 
responding are voltages 34.8 and 42.6 
volts. Although a small part of this volt- 
age can be attributed to positive column 
drop in the 1/8-inch long arc, the results 
indicate that approximately 30-40 volts 
can be attributed to drop at the electrodes. 
The positive column gradient expressed 
in volts per inch is, therefore, approxi- 
mately, (e,—35)+/, where e@, is total arc 
volts, and J is arc length in inches. This 
indicates that drop at the electrodes has 
a negligible effect on the apparent gradient 
if the arc length exceeds several feet. 

The distribution of voltage gradient 
values for the entire series of tests from 
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re 


68 to 21,750 peak amperes in 5 volt per 
inch intervals is shown graphically in 
Figure 2. This curve indicates that over 
35 per cent of the gradients fall in a 5 volt 
per inch range having an average value of 
34 volts per inch. 


Volt-Ampere Characteristics 


Figures 3, 4, 5, and 6 show volt-am- 
pere characteristics of arcs varying in 
peak current from 145 to 21,750 amperes. 
The volt-ampere curves are similar for 
both high and low currents, but there is 
considerable variation from one half cycle 
to another. ‘This is illustrated by the 
curves of Figure 4 showing two half cycles 
of a 1,000 rms ampere are. Here the sixth 
half cycle is considerably lower in arc 
voltage than the second. This might sug- 
gest that arc voltage decreases as arcing 
progresses from one half cycle to another, 
but examination of the test data fails to 
show any definite trend in this direction. 


Current Limiting Effect of Arcs 


The current limiting effect of the arc at 
short-circuit currents was studied for a 
considerable number of the tests recorded 
in Table I, by first drawing an arc be- 
tween a pair of electrodes and then taking 
the short-circuit current under the same 
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AMPERES x 1000 
Figure 6. Wolt-ampere characteristics of a 


15,000 rms ampere arc 


Second and fourth half cycles of test AN, 
Table |. Arc length 12 inches. Gradients 
corrected for drops at electrodes 
A—Second half cycle 
B—Fourth half cycle 


conditions, except with the are gap short- 
circuited with a heavy copper conductor. 

In Table II the values of short-circuit 
current without a series arc for each test 
condition of Table I are given together 
with the percentage reduction in current 
observed when the same circuit is short- 
circuited through a series arc. Nominal 
values of the no-are short-circuit currents 
are given for the tests in which these 
values were not experimentally observed. 

Typical oscillograms are shown in Fig- 
ures 7 and 8, illustrating the reduction in 


short-circuit current due to series arcs. 
These oscillograms show that a 48 inch 
long arc reduces the current very appreci- 
ably on a 4,000-ampere 2,300-volt circuit, 
but has much less effect at 6,900 volts 
with approximately the same current. 
This may be expected, as the arc voltage 
in the latter case is a much smaller part 
of the applied circuit volts. As a rough 
estimate the arc may be treated as a series 
resistance having a value equal to arc 
volts divided by normal rms short-circuit 
amperes. The approximate reduced value 
of current with a series arc then may be 
estimated as the quotient of rms volts 
and the impedance, in which the arc resist- 
ance is added vectorially to the normal 
circuit impedance. 

Since the arc voltage, e,, is nearly con- 
stant in value, a better estimate may be 
made by directly integrating the differ- 
ential equation of the circuit but remem- 
bering that e, changes sign when the cur- 
rent reverses. This requires a redeter- 
mination of the constant of integration at 
each current zero. 

For example, to determine the steady 
state current for a circuit which consists 
of a pure inductance and a series arc, we 
may start with the equation, 


di 
A cos wi+B sin ot—L= —ea=0 (1) 


where 


Figure 7 (above). 


A. Current and arc voltage with a 48-inch series arc. 
Maximum peak current 3,730 amperes 
B. Current in the same circuit without a series arc. 


Table |. 


current 5,660 amperes 
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Effect of a series arc in reducing short-circuit 
current in a 4,000 rms ampere 2,300 rms volt system 


Figure 8 (below). 


Test J, 
Table |. 


Maximum peak B. 
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A. Current and arc voltage with a 48-inch series arc. 
Maximum peak current 5,440 amperes 
Current in the same circuit without a series arc. Maximum peak cur- 


Effect of a series arc in reducing short-circuit 
current on a 4,000 rms ampere 6,900-volt system 


Test S, 


rent 5,630 amperes 
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Figure 9 (above). 
rms ampere, 1,150 rms volt circuit, with a 12-inch series arc 


Test AN, Table |. Maximum peak current 21,500 amperes 


Figure 11 (right). 


A cos wt+B sin wt=sinusoidal impressed 


voltage 


</ A?+B? = Em =maximum value of im- 
pressed voltage 

I =inductance in henrys 

€q =are voltage (assumed of constant value) 


Integrating equation 1 gives 


) = ik t t SK 2 
1= S —— a 
sin w COS w ( ) 


@ wd. 


Figure 10. Photographs of 12-inch high cur- 

rent arcs showing the effect of the magnetic 

field due to the supply leads on the shape of 
the arc 


A (below, left). Substantially straight arc 
when current supply leads are brought in 
along the axis of the arc. Test AK, Table |. 
Maximum peak current 19,700 amperes 
B (below, right). Bowing of the arc when the 
supply leads are not located along the axis of 
the arc. Test AA, Table |. Maximum peak 
current 19,100 amperes 
The supply leads have been retouched to show 
their locations more clearly 
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Oscillogram of a short-circuit test on a 20,000 


Photograph of a 48-inch 3.7 rms ampere arc 
showing variations in arc path of a substantially straight arc 


as long as the current and with it e, does 
not change sign. 

We now assume that 7 is initially zero 
when ¢ is zero and passes through zero 
again at uniform half cycle intervals. 
Then the constants K, B, and A may be 
evaluated as follows: 


When ¢=0, 7=0; substituting these val- 
ues in equation 2 gives 


B 
Wee 
Lea 


When ¢=1/2 cycle or t/w, 1=0; substi- 
tuting these values in equation 2 gives 


Ba 


pt 2 
A= WV En? B= Yen (=) 


Using these values for A, B, and K in 
equation 2 gives the solution for the cur- 
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rent in terms of known constants as fol- 
lows: 


= i t— 
4 Se OR A 
&. . qh J 
Swt— st 3 
COS w Z 5 (3) 


The ratio of this current at peak value to 
that without the series’arc is very nearly 


It also may be shown from equation 1 
that the current lags the voltage by an 
angle, 


B €qr 
= "COSm= 


GCOS t= 
\/ A2+B? Zp 


In actual faults the arc length usually 
increases by bowing or looping, and the 
arc voltage gradient also may rise slightly 
as a result of air currents. Estimates of 
current reduction in which the values for 
arc voltage gradient presented in this 
paper are used, therefore, should give 
conservative, that is slightly too high, 
current values. 


Conclusions 


1. The average voltage gradients at current 
peak for 60-cycle arcs in air lie between 31 
and 38 volts per inch for currents over the 
entire range from less than 100 to over 20,000 
peak amperes. 


2. The arc voltage varies considerably 
from one half cycle to another. The ex- 
treme range of this variation was from 21.5 
to 50 volts per inch. Arc voltages on low 
currents vary over a wider range than on 
high currents. 


3. While the variability of arc voltage has 
not been explained satisfactorily, it is be- 
lieved that it is due at least in part to the 
magnetic forces acting on the are which tend 
to shift the arc core into new arc paths that 
are less highly ionized and require higher arc 
voltage to maintain the current. 


4. The average arc voltage gradient at 
current peak appears to rise from about 31 
volts per inch at currents below 5,000 peak 
amperes to 38 volts per inch in the 10,000 
to 20,000 ampere range. 


5. For the complete range of currents 
from 68.5 to 21,750 peak amperes, 35 per 
cent of all the arc voltages fall within a 5 
volt per inch interval having an average 
value of 34 volts per inch. 


6. The current limiting action of arcs on 
short-circuit currents depends on the rela- 
tive value of the total arc voltage to the cir- 
cuit voltage. Approximations by calcula- 
tion or graphical means of current reduction 
resulting from a series arc should be possible 
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Industrial Application 


of Rototrol Regulators 


W.R. HARRIS 


MEMBER AIEE 


Synopsis: The Rototrol has been applied 
in considerable numbers to a wide variety of 
industrial applications. It has met ade- 
quately the need for a simple and reliable 
regulator which is capable of withstanding 
the rigors of general industrial usage and 
which is sufficiently elemental in operation 
that it can be understood by nontechnical 
maintenance personnel. It has been ac- 
cepted enthusiastically by industry, and ap- 
plications in both existing and new fields 
are increasing rapidly. This paper discusses 
the fundamental theory of the Rototrol, 
the application of the circuits most com- 
monly used, and cites operating results for 
typical installations. 


HE Rototrol is nothing more than a 

d-c generator similar in design and 
theory of operation to the standard d-c 
generator, but with a number of field 
windings which are designed and con- 
nected in various ways, depending on the 
regulating problem. The Rototrol func- 
tions entirely through the interaction of 
these fields, and has no moving parts or 
circuits which require delicate adjust- 
ment for proper operation or to compen- 
sate for wear. After initial adjustment 
during installation no further attention 
is required other than the routine main- 
tenance associated with a d-c machine of 
similar size. The Rototrol is drivenatcon- 
stant speed either by a small squirrel-cage 
induction motor or as a part of the motor 
generator set or exciter set of the adjust- 
able voltage drive which it serves. 

The Rototrol, as shown in the func- 
tional diagram, Figure 1, is one of the 
most simple regulators yet devised. The 
principal elements are a self-energizing 
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field (either in series or in parallel with 
the armature) and the separately excited 
control fields (usually two in number). 
One of the control fields commonly is re- 
ferred to as the pattern field and is excited 
from a constant potential source. The 
other control field measures the quantity 
to be regulated and is referred to as 
the pilot field. The pattern and pilot 
fields usually are connected with their 
ampere turns in opposition, so that the 
pilot field measures the quantity to be 
regulated and compares it with the pat- 
tern field. Any net difference in these 
fields will cause the Rototrol to exert 
corrective forces to reduce the difference, 
so that the pattern and pilot fields balance 
out when the quantity under regulation 
is at the proper value. 

Assume for the moment that the self- 
energizing field is short-circuited. Under 
this condition the ampere turns required 
to generate output voltage necessarily 
must come from the difference in excita- 
tion of the pattern and pilot fields. Pre- 
cise regulation would be impossible, as a 
change in operating conditions would 
necessitate a greater or less difference in 
ampere turns, and the quantity under 
regulation would vary. From this it is 
concluded that for high accuracy the pat- 
tern and pilot fields must control the 
Rototrol output without supplying the 
ampere turns required to generate output 
voltage. The self-energizing field must 
perform this function so that the control 
fields are free for their regulating and 
forcing functions. 

The self-energizing field is designed 
and tuned by a simple resistor adjust- 
ment, so that its resistance line is coinci- 
dent with the air gap line of the no-load 
saturation curve. For instance, if 1 am- 
pere in the self-energizing field generates 
50 volts across the brushes, and the re- 
sistance of the self-energizing field circuit 


ea cen 


when arc voltages and circuit conditions are 
known. 
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including the Rototrol armature, the self- 
energizing field, the field of equipment 
under control, and the tuning resistor is 
50 ohms, 50 volts will cause 1 ampere to 
flow through the circuit. Following this 
further, if 2 amperes flow in the self- 
energizing field, 100 volts will be gener- 
ated which will cause 2 amperes to flow 
through the tuned or self-energized cir- 
cuit. With the self-energizing field so de- 
signed and adjusted, it is possible for the 
Rototrol to operate over the straight por- 
tion of its saturation curve without the 
control fields supplying the magneto- 
motive force necessary to generate volt- 
age. Such a device then may be used asa 
simple and accurate regulator. 

In order for the saturation curve to 
approximate closely the self-energizing 
field circuit resistance line, it is necessary 
to minimize hysteresis effects. By the use 
of special steels, or by special treatment 
of standard steels, hysteresis or residual 
magnetism can be reduced to the point 
where its effect is negligible. For ex- 
ample, a recent Rototrol on the basis of 
normal saturation for a d-c generator 
tested 0.4 per cent residual voltage. A 
comparable value for the usual d-c ma- 
chine is 5.0 per cent. 

Although the foregoing discussion de- 
scribes a Rototrol with two control fields, 
it is possible to supply additional control 
fields to receive main or supplementary 
regulating intelligence. For instance, in 
certain speed control problems, it is 
desirable to limit the armature current 
which flows in the main machines to a 
definite value. An additional Rototrol 
control field is added and its circuit de- 
signed so that it takes control should the 
current exceed a definite value for either 
motoring or regenerative conditions. 
This field acts to hold the current within 
definite limits during acceleration or re- 
tardation and is particularly advanta- 
geous where the inertia of the mechanical 
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Figure 1 (above). 
Fundamental Roto- 
trol circuits 
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system is large and a considerable period 
of time is required to accelerate from one 
speed to another. 

The Rototrol is particularly well suited 
for application in closed cycle control sys- 
tems. The criterion for a closed cycle 
system is that the deviation from the ideal 
performance be used to modify the flow 
of power to reduce the deviation. In 
such systems stability of operation must 
be carefully considered. A complete 
analysis of stability is beyond the scope of 
this paper, but a review of the factors 
that affect it is in order. The most im- 
portant factors are the level of ampere 
turns in the control fields, the speed of 
response of the Rototrol system as deter- 
mined by the time constants and mutual 
linkages of the various fields, series or 
parallel connection of the self-energizing 
field, and the electrical and mechanical 
inertias of the machines or system of ma- 
chines under control. By proper evalua- 
tion of these various factors and care in 
the design of the system it has been pos- 
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Figure 2. Elemen- 
tary circuits — of 
counterelectromotive 
force type speed 
regulator 
Figure 4 (right). 
Plot of test results at 
1/30 speed for 150 
horsepower  super- 
calender drive with 
and without Rototrol 
counter electromo- 
tive force type 
_ regulator 


sible to apply most Rototrols without the 
use of external stabilizing means. This 
makes the device well suited for industrial 
applications where simplicity of circuits 
and functions are desirable, both from the 
standpoint of operation and maintenance 
and of initial cost. 

A few of the Rototrol circuits most 
commonly used with typical applications 
and operating results are described in the 
following paragraphs. These applica- 
tions are chosen as indicative of the wide 
variety of functions which the device will 
perform. 


Counterelectromotive Force Type 
Speed Regulator 


The Rototrol counterelectromotive 
force type of speed regulator circuit is 


Figure 3. High speed supercalender equipped 
with Rototrol counterelectromotive force 
speed regulator 
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perhaps the most widely applied. Repre- 
sentative applications are feed drives for 
machine tools, adjustable voltage planer 
drives, high speed adjustable voltage 
elevator drives, skip hoist drives, and 
supercalender drives. It is applied where 
wide speed ranges are required with good 
speed regulation at all speeds, parti- 
cularly at the minimum speeds. The cir- 
cuit does not require a pilot generator to 
measure the motor speed, which results 
in a space saving about the machine and 
in a simplification of the electric equip- 
ment and circuits. 

Figure 2 shows the elementary circuits 
of the Rototrol counterelectromotive 
force type of spced regulator. The speed 
of a d-c motor is given by the well-known 
formula, 


esl (IaRa) 


= rar 
in which S is the motor speed, Va, Ja, and 
Ra are armature circuit voltage, current, 
and resistance respectively, ¢ is the flux, 
and K is a constant depending on the 
motor design. If the motor is excited 
separately at constant potential, the flux 
may be assumed constant with small 
error. The motor speed is then propor- 
tional to the counterelectromotive force, 
which is the voltage across its armature 
minus the resistance drop in its armature 
circuit. Rototrol pilot field B measures 
the voltage across the armature, and pilot 
field A measures the armature current 
which is directly proportional to resist- 
ance drop. Field A is connected in oppo- 
sition to field B, so that the net result of 
these two fields measures the motor 
counterelectromotive force, which is di- 
rectly proportional to motor speed. 
Rototrol fields C are connected in a 
bridge circuit with the generator field and 
perform the double duty of both pattern 
and self-energizing functions. All legs 
of the bridge are of the same resistance. 
The component of current Ja flowing 
from the exciter bus serves as pattern 
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Figure 5. Elementary circuits of precision type speed regulator with 
pilot generator for measuring motor speed 


Figure 7 (right). Elementary circuits of tension control system for core 


type reels 


a. Without speed limit feature 
b. With speed limit feature 


field current and in such a bridge will not 
cause a voltage drop across the Rototrol 
armature circuit. The component of cur- 
rent Jb flowing from the Rototrol arma- 
ture through the bridge serves as the self- 
energizing component and conversely 
does not cause a drop across the terminals 
connected to the exciter bus. The circuits 
are arranged so that the pattern compo- 
nent of current through fields C is in oppo- 
sition to the net effect of pilot fields A and 
B. Thus the pilot fields measure the mo- 
tor speed and compare it with the pattern 
field component of current through fields 
C. If a difference exists, the Rototrol 
will compensate the generator field exci- 
tation and thus the motor speed until 
these fields again balance out. 

A typical application of this circuit is 
to high speed adjustable voltage super- 
calender drives used in the paper in- 
dustry. On supercalenders production 
speeds of from 1,200 to 2,000 feet per min- 
ute are becoming common, and the calen- 
der must be threaded at approximately 
50 feet per minute, which results in an ex- 
tremely wide speed range. Furthermore, 
the threading speed must be held constant 
for ease in threading and for safety to the 
operator. This requirement is compli- 
cated, because at threading speed the 
generator is operated near residual volt- 
age, and a small change in residual voltage 
or in operating load means a relatively 
large speed change. Also as a result of 
threading the paper through the stack 
and the application of weighting, the load 
may vary 2 to 1 or more, which results in 
considerable speed variation with an un- 
regulated drive. 

In the past several methods of obtain- 
ing stable threading speed have been 
used. One method was to obtain part of 
the speed range by motor shunt field con- 
trol which only partially eliminated the 
difficulty and was expensive because of 
the large frame size of the driving motor. 
Another method made use of a separate 
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motor geared to drive the calender at 
threading speed to an overrunning clutch. 
This method gave stable threading speed 
but resulted in a complicated mechanical 
layout. The use of a Rototrol speed 
regulator obviates these disadvantages 
and is simple, as it requires only a small 
Rototrol set and a minor modification of 
the control circuits. 

Figure 3 shows a view of a high speed 
supercalender driven by an adjustable 
voltage drive designed for a maximum 
speed of 1,200 feet per minute and a 
threading speed of 40 feet per minute. 
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The entire range of 30 to 1 is obtained by 
armature voltage control. Figure 4 is a 
plot of test results at threading speed with 
and without the Rototrol regulator. Ex- 
cellent regulation of threading speed is 
obtained as well as ample torque to break 
away the high static friction torques on 
the sleeve bearing stack. 


Figure 6. Graphic speed charts taken on a 

250-horsepower drive illustrating performance 

with (left) and without (right) Rototrol preci- 
sion type regulator 
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Precision Type Speed 
Regulator 


On applications where it is desirable 
to hold the speed of the driving motor 
within very close limits, a pilot generator 
for measuring motor speed directly is used 
in conjunction with the Rototrol. Typi- 
cal applications of this type of speed 
regulator include drives for paper ma- 
chines, wind tunnel propellers, and 
dynamometers. 

The schematic diagram of a Rototrol 
regulator for precise speed regulation is 
shown in Figure 5. A pilot generator is 
used to measure the drive motor speed 
and excites the Rototrol pattern field 2. 
Pattern field 1 is excited from the exciter 
bus as is the pilot generator field. These 
fields are connected in series to minimize 
the effect of changes in exciter bus volt- 
age and changes due to unequal field heat- 
ing. The Rototrol excites generator fields 
A and supplies only the regulating field 
power. Generator field B supplies the 
base excitation of the generator for any 
speed setting. To assure high sensitivity 
at all speeds, the speed adjusting rheostat 
is located in Rototrol field 2 which is 
served from the pilot generator so that a 
constant level of forcing excitation is ob- 
tained over the complete speed range. 

When the drive motor speed is at the 
correct value, the control fields 1 and 2 
balance out. If the motor speed departs 
from its correct value, the speed change 
is detected by the pilot generator and 
transmitted to the Rototrol pilot field 2. 
A difference then will exist between the 
pilot and the pattern fields, which causes 


Figure 8. Core driven beam of a slasher in the 
textile industry using Rototrol control for speed 
and tension 


the Rototrol to compensate the generator 
excitation to bring the motor speed back 
to the correct value. 

Operating results with this type of 
Rototrol speed regulator have been ex- 
cellent. Typical performance is shown 
by the graphic charts of Figure 6 showing 
speed regulation before and after applica- 
tion of the Rototrol regulator. The 
charts were taken on a 250-horsepower 
single-motor paper machine drive which 
was modernized by addition of the Roto- 
trol speed regulator. The performance 
was obtained without the use and com- 
plication of supplementary amplifiers 
and demonstrates the high amplification 
and speed of response of the Rototrol. 


Tension Regulator for 
Core Type Reels 


In the steel, textile, paper, and rubber 
industries there are a large number of 
windup and unwind operations utilizing 
core type reels. A drive for such a reel 
must maintain constant tension in the 
strip and must change its speed continu- 
ally and smoothly as the roll builds up 
from a small core to a full roll. A num- 
ber of Rototrol controlled drives for this 
service have been applied. The Rototrol 
is used in conjunction with an adjustable- 
speed d-c motor which has a speed range 
by shunt field control equivalent to the 
ratio of the full roll diameter to the empty 
core diameter. 

Figures 7a and 7b show schematically 
the circuits for a constant tension reel 
drive. The reel motor is supplied with a 
voltage proportional to strip speed, either 
from the adjustable voltage generator 
serving the main drive or from an auxil- 
iary generator driven at machine speed. 
The Rototrol modifies the shunt field ex- 
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citation of the motor to compensate for 
changes in roll diameter and to maintain 
uniform strip tension. This is accom- 
plished by maintaining the motor arma- 
ture current constant, and, as the supply 
voltage is uniform at any particular strip 
speed, the power output of the motor and 
the tension in the strip will be sub- 
stantially constant. 

In Figure 7a Rototrol pilot field 2 meas- 
ures the motor armature current and com- 
pares it with pattern field 1. Any net 
difference of these two fields will cause the 
Rototrol to change the excitation of motor 
field A to hold the armature current con- 
stant. Field B is the speed limit field and 
is adjusted to give a motor speed propor- 
tional to empty core diameter. The 
blocking rectifier situated in motor field A 
prevents reversal of this field in the event 
of a break or end of the material being 
reeled. Under these conditions the power 
formerly taken by sheet tension acts to 
accelerate the motor toward higher speed, 
and the Rototrol gradually will weaken 
field A until it is at zero excitation, at 
which time the blocking rectifier prevents 
reversal. With this scheme the equip- 
ment will accelerate to empty core speed 
when a break or end occurs. This is de- 
sirable when a new roll is to be started but 
is undesirable when rethreading is neces- 
sary. 

Figure 7b shows the equipment modi- 
fied to obtain a speed limit feature on 
strip breaks. Motor field B is the main 
field and is adjusted by a motor-operated 
rheostat. Field A receives its excitation 
from the Rototrol. As the roll builds up, 
field A is strengthened gradually, and the 
voltage across relay CR increases until 
the relay picks up. The relay contacts 
energize the motor-operated rheostat in 
such a direction as to strengthen field B. 
Simultaneously the Rototrol will decrease 
the excitation of field A in accordance 
with the regulator requirement of con- 
stant current in the motor armature cir- 
cuit. This action progresses until relay 
CR drops out and stops the motor-oper- 
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Figure 9. Schematic diagram of Rototrol volt- 
age regulator applied to an a-c generator 
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ated rheostat, and the cycle is restarted. 
A paper break under this condition will 
only speed the equipment up until field 4 
is at zero excitation, as it cannot reverse 
because of the blocking rectifier. By 
proper relay selection this speed-up can 
be limited to between 10 and 20 per cent. 
Thus the roll is essentially at the proper 
speed, and rethreading is easily accom- 
plished. 

The strip tension is adjustable by 
means of a small manually operated rheo- 
stat located on the operator’s panel. 
These adjustments may be observed 
readily on the motor ammeter which 
serves as a relative indication of tension 
and permits duplication of results to ob- 
tain the most satisfactory roll for any 
given weight and grade of material. 

Essentially the same type of circuits 
are applied to unwind stands wherein the 
operation is reversed and the regenerative 
power fed back into the system. 

Figure 8 illustrates the application of 
Rototrol tension control to the core driven 
beam of a slasher in the textile industry. 
Constant tension on the thread compris- 
ing the beam results in uniform beam di- 
ameter, a reduction in yarn breakage, 
and fewer stops for changes and adjust- 
ments, since more yardage can be wound 
on the beam. The more important ad- 
vantages are increased efficiency in the 
subsequent weaving operation and im- 
proved quality of the finished cloth. 


Voltage Regulation 


A number of Rototrol exciters have 
been built for voltage regulation of a-c or 
d-c generators. Figure 9 illustrates the 
essential circuits of the regulator as ap- 
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Figure 10. Oscillograph showing performance 
of Rototrol voltage regulator on release of 70 
per cent power factor load on a-c generator 
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Figure 11 (above). 
Elementary diagram 
of Rototrol current 
regulator applied to 
a large tire testing 
machine 


Figure 12. Tire test- 

ing machine using 

Rototrol acceleration 
control 
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plied to an a-c generator. The generator 
voltage is measured through a trans- 
former and dry type rectifier and bucked 
against the rectified voltage of the con- 
stant voltage transformer. The differ- 
ence controls the Rototrol excitation 
through field 1 to restore normal generator 
voltage. To obtain a high degree of sta- 
bility, a damping transformer is used in 
the control field circuit. Where use of an 
a-c supply for the constant voltage trans- 
former is not advisable, static ‘‘inter- 
secting impedance”’ networks have been 
applied.} 

To obtain high rates of response both 
parallel and series self-energizing fields 
are used. The circuit is tuned by adjust- 
ment of the resistor in field 2, so that 
fields 2 and 3 sustain the Rototrol output 
at any point on the straight portion of 
the saturation curve. This arrangement 
takes advantage of the almost instan- 
taneous transient change in generator field 
current and provides extremely fast re- 
sponse of the Rototrol exciter. 

Typical performance is shown by the 
oscillograph of Figure 10 which was taken 
during the sudden release of full load at 
70 per cent power factor on a 150-kva 
3-phase 60-cycle 2,400-volt generator con- 
trolled by a Rototrol voltage regulator. 
The voltage was returned to normal in 
1/4 of a second with very little over- 
swing. The oscillograph demonstrates 
excellent stability as well as very high 
speed of response of the Rototrol ex- 
citer. 
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Acceleration of 
High Inertia Loads 


The Rototrol has been applied to many 
problems concerning acceleration and re- 
tardation of high inertia loads. For such 
problems it is desirable to accelerate at 
uniform torque from minimum to maxi- 
mum speed, to reduce the current peaks 
and mechanical shock experienced with 
step type controllers, and to eliminate 
many of the relays and contactors asso- 
ciated with conventional magnetic con- 
trol. The Rototrol is able to perform 
these various requirements with a sur- 
prising simplicity of the control circuits. 
Typical applications are bomb spinners, 
centrifugal casting machines, balanc- 
ing machines, tire testing machines, 
and large mine hoists. 

Figure 11 shows schematically the cir- 
cuits of a Rototrol exciter as applied to a 
large tire testing machine drive. The ma- 
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Figure 13. Simplified diagram of feed drive 

for large boring mill using a Rototrol in com- 

bination with an electronic discriminating 
amplifier 


chine consists of a flywheel which is 
accelerated to various speeds and then 
stopped by bringing the tire into contact 
with it. The huge flywheel has a WR? of 
10,000,000 pound feet squared and re- 
quires an accelerating torque equivalent 
to 400 horsepower at 350 rpm to reach 
maximum speed in 30 minutes. The 
Rototrol is arranged to control the arma- 
ture current and thus the torque of the 
separately excited drive motor. As the 
system gradually speeds up, the Rototrol 
increases the generator voltage to main- 
tain uniform accelerating torque. The 
control is arranged to provide regenera- 
tive braking to standstill by simply re- 


Marcu 1946, VoLUME 65 


versing the pattern field 1 when such 
operation is necessary. 

After the system is up to speed and the 
motor and generator disconnected, the 
generator voltageismatchedautomatically 
to the motor counterelectromotive force. 
This is desirable so that the circuits may 
be reclosed at any time for retardation or 
further acceleration. This function is 
accomplished by connecting Rototrol 
field 3 across the main circuit contactor 
M and de-energizing pattern field 1 when 
M is open. Any voltage difference will 
cause current to flow in field 3, which 
modifies the Rototrol and generator volt- 
ages to reduce the difference. 


Helper Drive 
Torque Control 


The circuit of Figure 11 with omission 
of field 3 has been used rather widely as a 
driving effort or torque regulator for 
helper drives operated in conjunction 
with a main drive. The system is appli- 
cable to either mechanically or electri- 
cally driven machines. Typical applica- 
tions are the various auxiliary drives for 
the wet ends of paper machines and top 
roll drives for press rolls which are used 
in many industries. This arrangement 
assures constant helper motor torque 
over a wide speed range, regardless of 
speed variation of the main drive or 
changes in effective roll diameter due to 
change in nip pressure on soft rolls. Often 
a number of motors are served by a com- 
mon generator. Here the total driving 
effort of the motors is determined by the 
Rototrol with the division of load secured 
by individual motor shunt field rheostats. 


Speed Matching 


Electronics often is used in combina- 
tion with the Rototrol to solve difficult 
drive problems. An interesting applica- 
tion is the feed drive for a large vertical 
boring mill. The Rototrol is used with an 
electronic discriminating amplifier, and 
the circuits are arranged to provide 
either speed matching of the feed motion 
to the main table drive or straight speed 
control of the feed. 

The elementary circuits are shown in 
Figure 14. For matching the speed of the 
feed screw motor to the speed of the 
table, small synchro units are driven from 
the feed screw motor and from the table 
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the feed screw on the rail. 


drive. Angular displacement between 
the synchros will cause an error voltage 
which is fed into the electronic discrimi- 
nating amplifier. The amplifier senses the 
direction of the error and changes the cur- 
rent through the Rototrol control fields 
to modify feed screw motor speed to re- 
duce this angular difference. The system 
accurately matches the relative speeds 
of the feed and table over the complete 
range of table speed. Adjustment of rela- 
tive speeds is obtained by the adjustable 
ratio transmission between the table and 
the synchro unit. 

It is also desirable to operate the feed 
motor on straight speed control capable 
of adjustment over a wide range and with 
good speed regulation at all speeds. The 
discriminating amplifier is designed for 
this function and provided with a transfer 
switch to effect changeover. The motor 
counterelectromotive force is measured 
by means of armature current and volt- 
age and balanced against a standard 
voltage in the discriminating amplifier. 
The difference controls the Rototrol ex- 
citation to maintain the proper motor 
speed. 

This type of drive simplifies the me- 
chanical parts of the machine by elimi- 
nating the many gear changes and the 
mechanical connection from the table to 
The large 
number of feed speeds, readily available, 
facilitates machine adjustment and re- 
sults in increased production. 


Conclusion 


The large number of Rototrol applica- 
tions have proved it to be an excellent 
and versatile regulator for industrial serv- 
ice. Operating experience has shown 
that it can be understood by nontechnical 
maintenance personnel, that its inherent 
reliability and stability assure trouble 
free operation with relatively little main- 
tenance, and that it combines the neces- 
sary degrees of amplification and speed of 
response to meet the requirements of in- 
dustrial problems. Existing applications 
cover a wide field, and the future holds 
considerable promise of broader utiliza- 
tion. 
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HIS PAPER is written to encourage 

thinking and development on the sub- 
ject of thermal-demand-meter testing pro- 
cedures with specific reference to the de- 
velopment of shorter testing techniques. 
Conventional test methods in the past 
have involved relatively long periods of 
load holding to bring the meters under 
test to thermal equilibrium for the cali- 
bration check and adjustment. With the 
increasing use of thermal meters it is de- 
sirable to use some testing method which 
more nearly resembles tests on watt-hour 
meters. This paper outlines three general 
methods for shortening the test time and 
leaves to the reader the choice of the 
method, or modification of it, best suited 
to his requirements. 

The principal problem in thermal-de- 
mand-meter testing is to determine the 
ultimate or final indication of the meter 
on constant load at thermal equilibrium. 
The response characteristic of the par- 
ticular meter being tested will influence 
the available techniques for obtaining this 
information in short periods of time. This 
discussion is limited to meters having a 
simple logarithmic response, such as the 
meter shown in Figure 1, the character- 
istics of which have been covered in a 
previous article.! Appendix A gives an 
arbitrary definition and a mathematical 
description of this characteristic, and Ap- 
pendix B demonstrates its importance in 
facilitating the establishment of a simple 
and sound short test method. 

At the present time it is customary to 
return thermal demand meters to the 
laboratory for checking and calibration. 
The following or a similar step-by-step 
procedure usually is followed: 


1. Connect meters in gangs, and apply po- 
tential to each for 2 to 24 hours. 


2. Check the zero reading, and adjust if 
necessary. 


3. Apply load to be checked, and hold con- 
stant for 45 minutes. 


4. Check the meter indication against the 
load held, and adjust if necessary. 


Paper 46-69, recommended by the AIEE committee 
on instruments and measurements and presented 
at the AIEE winter convention, New York, N. Y., 
January 21-25, 1946. Manuscript submitted No- 
vember 23, 1945; made available for printing De- 
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A short test method for checking 
thermal meters should be a distinct ad- 
vantage to electric power companies, par- 
ticularly as a means of checking the ac- 
curacy of these meters on the customers’ 
premises in relatively short periods of 
time. 

For a meter possessing the simple 
logarithmic response characteristic, men- 
tioned previously, three general types of 
short test methods have been suggested 
and evaluated. Though other methods 
and modifications may be developed, par- 
ticularly for meters having other than a 
simple logarithmic response, the three 
general types described herein provide an 
opportunity for large reductions in the 
testing time or man-hours for meters 
having this characteristic. The following 
terms have been coined to identify these 
three methods: 


(a). ‘“‘Two point method.” 
(b). ‘Double load method.”’ 
(c). ‘Thermal standard method.” 


The two point method is adaptable to 
testing on customers’ premises. A graph 
or tabulation can be used to simplify the 
procedure. The double load method in 
one form is best adapted to testing single 
meters, whereas another form is more 
suitable for gang testing in the laboratory. 
The thermal standard method is usable on 
either gang or individual testing and is 
useful in its man-hour saving, although 
the elapsed time of test may not be short- 
ened materially. 


The Two Point Method 


As the name denotes, the two point 
method involves obtaining sufficient read- 
ings of the meter indication at known 
intervals of time to predict the ultimate 
indication. The method is based on the 
solution of simultaneous equations, de- 
rived from equation 2 in Appendix A. 


D=W(1-—e *) 


where 

D = instantaneous deflection 
W = ultimate deflection 

t = time 

k = a constant 

C= 212 
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An examination of this equation shows 
that there are two unknown quantities, 
namely k and W, when the quantities D 
and ¢ are determined by simultaneous 
readings of the meter indicating pointer 
and a stop watch. Since there are two 
unknowns in the equation, two sets of 
values D and ¢t must be determined to give 
two equations from which W and k can be 
found. To substitute the readings into the 
equation and perform the solution would 
ke needlessly laborious for the meter 
tester, as the solution can be set up in the 
form of a graph. Two variations of the 
test are possible. In one, the pointer 
readings at two given times after constant 
test load application are used to indicate 
the ultimate reading. In the other, the 
time intervals that are required after con- 
stant load application for the meter to 
indicate two different scale points are 
used to compute the ultimate meter read- 
ing. Each of the two point methods is 
adapted to checking only one meter at a 
time, and is suitable for checking the cali- 
bration only, since at the end of the test 
period the meter reading still is increas- 
ing, and an adjustment under these con- 
ditions would be difficult at best. The 
methods have the advantage that the 
maximum demand pointer rather than 
the indicating pointer can be used for 
the check. 

To describe briefly a step-by-step pro- 
cedure to check a meter according to the 
first variation of the two point method, 
the following list is given: : 


1. Reverse potential with a load applied 
until indicating pointer reads zero. 


2. Start stop watch and simultaneously 
apply a known load and hold constant. 


3. At3 minutes (or any other suitable time 
depending on the charts set up) after the 
load is applied, read the meter indication. 
Continue holding load. 


Figure 1. Thermal watt demand meter having 
a simple logarithmic response characteristic 
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Figure 2. Chart to determine ultimate deflec- 
tion when indication is read after a given time 


4. At 15 minutes (or any other suitable 
time depending on the charts set up) after 
load is applied, read the meter indication. 


5. Check the charts (Figure 2) to find the 
ultimate indication of the meter—compare 
this with what the ultimate indication should 
be from the load held. 


The step-by-step procedure for using 
the second variation of the two point 
method is similar to the first, except that 
two stop watches are started simultane- 
ously with the application of load in step 
2, and one is stopped as the pointer reaches 
a predetermined point (37 per cent of the 
load applied); the other is stopped when 
the pointer reaches another predetermined 
point (90 per cent of the load applied). 
From the stop watch readings the ulti- 
mate deflection is determined from a chart 
(see Figure 3). 


The Double Load Method 


The double load method, as the name 
indicates, requires the application of 
double load to the meter under test for an 
interval of time, followed by a short period 
of holding the test load. Two variations 
in the general method are apparent: first, 
the double load may be held for a specified 
length of time; or second, the double 
load may be held until a definite indication 
on the meter is attained. An outline 
of step-by-step procedure for the first fol- 
lows: 


1. Reverse potential until meter reads zero 
indication. (Gang test meters will read zero 
at end of potential preheat.) 


2. Apply double load for a specified time. 


38. Cut load to test load, and hold con- 
stant for a specified time. 


4. Read meter and compare it with the 
load value being held. 


5. Make any adjustment necessary in the 
meter. 


This procedure is adapted to gang test- 
ing of meters if desired, and the meter 
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Figure 3. Chart to determine ultimate deflec- 
tion when time is read for a given indication 


may be adjusted at the end of the test. 
The indicating pointer must be used dur- 
ing the test rather than the maximum de- 
mand pointer, as the indication at the 
end of the test may be lower than at the 
end of the double load period. 

A step-by-step procedure for the sec- 
ond double load variation follows the first, 
except that the imeter need not neces- 
sarily read zero at the start of the double 
load period, and the load should be re- 
duced to the test load as soon as the meter 
reads the test load. Obviously this pro- 
cedure is suitable for testing only one 
meter atatime. It does allow adjustment 
of the meterat the completion of thecheck. 


The Thermal Standard Method 


The thermal standard method requires 
the use of an accurately calibrated thermal 
meter of approximately the same response 
characteristics as the meter under test. 
Two variations of this method suggest 
themselves. The first is actually a com- 
bination of the double load and test 
standard methods. The second, which 
does not involve applying double load, 
conserves man-hours but does not reduce 
testing time appreciably. 

Both variations of the thermal stand- 
ard method are suitable for either single- 
meter or gang testing. Adjustments can 
be made on the meters at the conclusion 
of the test, since the test meters are at 
thermal equilibrium. The indicating 
pointer must be used rather than the 
maximum demand pointer, since load 
variation may cause a downward pointer 
movement during the test. The use of the 
accurately calibrated thermal meter as a 
standard eliminates the necessity for pre- 
cise load holding, although reasonable 
limits must be maintained, so that dif- 
ferences in the response time of the test 
meter and the standard do not introduce 
errors. 
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The sequence of operations for the pro- 
cedure using double load is as follows: 


1. Reverse potential on test meter, and 
bring reading to zero. 


2. Connect standard and test meter to 
same load. 


3. Apply double load to both meters until 
the standard one indicates the value of the 
test load. 


4. Drop to the test load and hold approxi- 
mately correct load for a specified time. 


5. Compare the reading of the standard 
meter under test. 


The second procedure is simply to con- 
nect the accurate, standard meter and 
the meter under test to the same load 
and leave them for three or more demand 
intervals,? for example, 45 minutes for a 
meter used on 15-minute demand interval 
service. At the end of that time the 
deviation of the reading of the meter 
under test from the standard meter indi- 
cates the ertor of the meter under test. 

In the descriptions of the various meth- 
ods given, only a single point check of the 
meter has been considered. If the zero 
position of the indicating pointer is not 
correctly set on the scale zero, errors at 
points other than the one checked will be 
present. Witla meter that does not over- 
shoot on transient load, the following 
step-by-step procedure is suggested for 
checking the zero when desired: 


1. Reverse potential, and apply load until 
indicating pointer reads zero. 


2. Remove load, and reconnect potential. 


3. With potential applied wait for one de- 
mand interval, and note the indication of 
the pointer. If no appreciable change has 
taken place, the meter is very close to cor- 
rect zero. Any change that has taken place 
represents 90 per cent of the total deviation 
from zero at thermal equilibrium, and an 
adjustment can be made on this basis. 


In connection with this brief descrip- 
tion of some possible methods of shorten- 
ing the test time a comparison of the 
accuracy of the various methods is given 
in Table I. The three test methods are 
listed across the top of the table, and the 


TRANSACTIONS 125 


Pm wy a to » oD ran ' no no a D 7m) ' C0) Dn Y9vyY wo uae - 
B=QSSesgee ZESes sey Psetase SGHese eet ec geese pgs weges = ssc 2 
@ Baud ea a 2. bdus o5 DY a op =~ oO O t_ -— oO fete Aas Diy OUI Ses) Memes q Ow Heds F 
efeglisgss ERRESaghisEgegs Pee og ae hegteeeeigey esas oP 2fggd® 
+ 23a oa} o is aos Dig ee ee <a “a 6 > oh a Qe EClares c ¢ a6 
Ch On PIS | Oo SS o Oy ke a ~ 4 0 5 ¢4*,54 See: HnoktBeeeosdid ce = oo x 82 
a 0) —= O44 n aomndSdeg 3 oO an nO” Senweg Dp yo HY VY say re 100) rs) % 4a _ 
u yu Of wae RO 29ae OS ce S 2) oun pS Hs bw i See LUA hee a © Soa g > a 
Saves F oo o oO Eto 4 Ss oD we oeps rs) Oa eo Be Sy + be 8sgu0 99 ed Saega 6 
on) Og) ° “0S 22) ou a ot an ar o | fo) FI 4 e & > YP rx) 33 oO 
rsa wo S Vow a SHAS see eee sae Sw 8 smog SSoMUE Y @ Oo » g UV te £2£Y 8 OF S Qe ae 
Dek 9 3u 43 <2 sh4° SOC E § ea x Bb Skee Aon FSCGPHHR LEAS _ Ys Ye Sov s9an8% 
~~ Vea V or) And rYr Vs O en oO omy ay gm SHYVCEESOSD eC tay 8 me) Yo 
sees seb e ds n n NS ATS wo YW Ho P wo on oO Seorprkrer ave esq oo Sb —_ a op Y 
— 48's 8 SS 2 Sucteecy SSS eee ae Sse VgaGanrw 29 Oo | iy OSs SK aos 65 © £ ZZuoagd 
as . i) vw oO * cas 2 re Je = Dien © 
v SO a €# oOo 3) a ORES CSc Son cn a, ts Rep A Oaes 3 Se ie: Cee S a  e Eeaa so 
por’ ae oH ye ad ee SS ce b 5 8S Se PST L AMEDD — 2s ae Bs 
3 ob RES oY sO aS YY Ae: a he ea mc age .OEERO. sis Oe 0 F-w.s AO Oo ale Ges & a Ke oes iS 
om ONG, + ake we} TCoSwm,SCYReesvads & q ‘qd bd PHD =) eae HYP 2 Ae == oO BFS ty 
i Eye +e Sao 3 Bos YP Aang 6 oS C.D | Sh et Oe Oe oe a 2 = Fee 
hay vo Oo qo OW Aen @ ~ 8@28naees eo: -ObDH g Bo O OH % q = 0 Gop 4 Y p> 2 SO | 
Poa) VP wo or q V0 yo n 5 = 68 5) wes gg oO NS oa By 6 | 2 BS a fe 48 m oo es 8 
a wow OF 4 GD ow Se EO eg: Owe 2) 53 oO 8 O9vomuUuVvtT dg PO 6 Lr sa a5 oO — 8 B Lo o% 4° a 
Secs oe a eee ho Sao 2B Be tye Be Boe eS 9 Y 2a dae go Oo Boe ao Oe noe oe Rae 
O 0 ao x OS cs) S| =o 8 a $ ae) a ‘S00 Bo a eee ek ee peat ee akgas 
S ee Cheers O. o oSs oOo 8 =) ao 2 es q oCUU HL aod q eR) “4 O wmaYPOd * io fel oa 
» Cees ro. o q a-Y aon By Aan 2 q aeae63qa4q°9 ~ aon fe oO as a S =e 28 BSP 
3 & & Fs ux Oo SHB=t Gy RS) SS) Ft te, aay 1 i orceed fo) a & ea Oo =n) s ooo ae On0 3} (SIRE oh sy, 
ere Cr Oe oe aa. pe Ue ee eo he A eae Be da SF we a meee es CRs es & oo ERVERS 
ettsot ONO al OV Oe So wn 2.8 Bog Swe fdas Be Sve 5 Oo G2 Be ee 6 Bg boo ees eer le = Beda Se 
yr oes 2 5 6.9 Soe Cyers © oe wea! Leos Sag = Seif ee Seve Rs a Sndvoy as 7 eo £ Bug 
w Pom Oe On OL On OD) et Oo san, OF ay SON aa cm] Ono pS Pee eS lS See. a i OG eee ae = ow & a 
og S| Ea Sus a3a@ead8 CO ge ogra 1) xs} a og eH Y An aes oo Tye Gebel ASE Yona |e he ~ ao00 are] 
Se Seo! oid ae SS OS Me 8 C8) Yo 8s oH og q 2 a a BaovpreR ar Feat d ter 8 an Baa hod 
9X vse ?eo So VHor os x ons TS (OO Oe to) i ty a ees Hn = Do a oe OS oa Oa i= 
} @ Vv: A=] fo) co) o co > q \e) am vo oO DU Vv Oo oe & 2.2 o 
SGHSSeHEP SAE ES SSssssesaesgzsssa SS SBHSHbdDaeSSCSS AEs eee EOS SES < as Bsa 


*g PINBLT Pag} “Jus. Jod [== 0} Jad Jad 2/;x UIGIIM Bq PMoys 2:INos sIq} WMI0Iy 
[e20e3 UI s1o1se 24} (Se}NuIM Z) s2.UeIEgIp au11} asuodsay ayqeuoseas pue (ju90 tod G=) suojeleA peo] e[quuoseal Joy ‘seouasegIp DOMEIIPUL VSNSd [[IM SUOTZBIIVA Peo] ‘PIEp ULYs 34} PUB Ja}IMI JS} BY} UO JUSIZBIP a1e samt} 
esuodsal J] Yo} BMI s19}9u1 OM} 94} Jo auII} asuOdsas 2n} 38Y} pepraoid ‘prepue}s [eurIey} Wor; J9}9U1 se} Jo UOI}BIAap 9}eUITZIN 2q} UI JOIIa Aue sonposd jou {II 3s2} 04} ZurmMp VorZeIIeA PRO] SpoyjoM PIEpUszS [eUIIEY} 24} UI y 


que. Ind C= Ce que. Jed Ce eee e ere ee eee eeene que0 tod Se ee ee ae qu95 aod Se ere eee es ee eres °7}009 sed Co ee eee ee} eee be he cy) dod Orn eee wwe (pazemijsa) 

AdeMdIIe [[B-I2AQ “ZL 
Jo1Ia Zurpuodse130S JO1I9 }U99 Jed 2z/;[ += JoIa yues rod 
& seonpoid Zurpee1 JO1I9 3099 Jod Jo1I2 339 ynoqe saatd yotod jus sed Z WMoge searz Zurpess 93n 
poygj}em sq} ur apnyia a}e8mIIN 34} 3 IOI I= © Sesned ord Jed [= sasneod 3}em 06 24} Uo ju90 Jed [= {30112 -UIUI-¢{ Ul 3099 Jed [= ‘101 

-Beul a1quiovidde Aue jo -12 ZuIpesy *ssey Jo -Ipul s}JemNM Zurpesr -13]M ZuIpear ot 3000 juss tod [ + Jnoqe saat3 juIod -19 Ju90 Jad g% ynoqge saaiz “++ AJeind08 Zurpeay “9g 
SIO112 A[UO 318 plepus}s JoiI2 jue Jed [Oo Ul JusD Jod [= ‘10110 Jed [= ‘10119 JUV. Jad ques Jad 7g uo Yeo ied [= SuIpeal aynulm-¢ uo juUV0 Jed 
Tem13q} Jo Joie uotjBeiq B® YNoqe sossnvd o3ez Aue sonpoid jou ss0p Jod [°Q0+ sesned o10z $JoIJe JuV0 Jad T= jnoge saad I+ ‘410119 Ju90 Jed [+= soars 

“Heo pus sojoeinooe ZuIpesy**** Zurpeel ut ques Jod [= **** o7ez SuIpeel ul Jog ‘**** BSurpeer ul juss wed [= °°" “Burpee o19z 94} DO JUed Jod [+= ****SuIpess o3ez uo jue. Jad l= 


10132 JUN Jed 
[= sasned peo] se} 


JO1I9 JU99 Jad [= OT Joa Jus0 Jed [= 
ae ee Oe «se. J SOSNBD PRO] 389} UI JOTI ‘Io1ia 399 Jed [OQ 
«2H? ON «2H? ON yueo Jed [= ‘yoga ou Sesne. peo, e2]qnop 1O119 Jus. Jad Joie Jus3 Jad 
Sey Pwo] e[qnop ur jog **** Ur jolla yusd god [= **** [+ SaAIZ JOS peo] qua. Jed [= °** T= S2A13 JOII9 Peo] 3099 Jed [= } in Ae Asemo 
“08 ZuIpjoy peoy “¢ 
P22 s[qQuisvidde P29 s[quiov1dde O12 4 (493002 Jo DOI}e1qQIed UO spuad 
Aue seq (sejnurm Aue 2aeq [[tm (Sopnurur yuso Jod Z'Q- Ioqe -9p) 3099 Jad +/;= Jnoge seatzd yuo Jed +/+ Jnoqe saad 
qoege ON’ ***< peraaas= ) Zurpes1 [etaAos= ) Zuipes1 SOSNED oN[eA a]ZuIs 0} yutod jue0 1ed QG UO spuosas yajod ajnurm-c—T uo spuoses | 3 : 
o}emIyIN Jo om} uF azyemyn jo om} oF Pe20npes sl peo] Wo G= ‘yuo Jad [ + Jnoqe soar3 G= ‘}Ue0 Jed Z + Jnoqe sald hale Jom Ly ey, 
ToHeea s[qeuosee1ON ****-*toljelIwaA ajqeuoseal ON **** Je atI} OF Sspuoses OZ ~‘***4UI0d yuI0 10d LE UO spuosss G+ “***}UIOd a}jnurmMI-¢g uO spuoszs-== 
potted 1330 potiod 
200 Jo pua je ZuIpeer I2}2m1 39u0 jo pus 3 
p2}soIpor a}zemIyM Jo1I2 UONvdIpU a}em 
«Gove sem 24} Ul Joie jued Jed 4m yu90 ed 0 CO= 
asuodsez Ja}eu yt qoaye ONGeo 30 se ynoqe sasnes eee rere ccns poege jueogusisuy eeee ynoqe saaid pestaap SI Cece errr eee sere sesecececce qpeyge ONG ed wee ceeeeee © 410 © 0 e%e 6 page ON’ weet teens TOI}BIAIp 
piepus}s jemisy} 389} WoIYsA JO} onjea s asuodsar jo smi, %¢ 
Mo1j em} esuodsa1 molj 213 assuodsaz 
jO UOl}eLAap aynuIw [== jO DOlVIANp a}ynoIWw [+= 


poled Jajam ano 
jO pUd je ZuIpeal pojes 
“TPUE s3emIyIN 34} OL 
qooge on 7 ** eeseee ce eee ee oy? ON *° "| ore gnad/aed cos fee ‘Sega ON Ther t ttt es Seeielle: sieie ele eres JOO ON reeset ee eee yoage on *'*: DoI}eIqieo yeay °z 
ynoqe sasned io112 
Woljeiqies Juss Jad G= : 
yaya on ste tereeseqzama ON titer tree tet ce ee yooya on cette: Boomdnn ters sqpama oN corte t tes eee emeesecevcs JOO ON tet e eee qooya ont quamysnf{pe 0137 “T 


euoly Plepuyis [emseqy P¥OT 2]qnog WIM peulqui0g WoHnvopuy eyuygeq v 0} pjeyH auy, oyUgeq *B 103 ple WOHVIIPUY WAATH JO} BUILT, SUI], USAID 3B UOLOIpUT . sIOlIg 
-_ Sh SuloueNnyguy si0joe 
POM2W IWi0d omy 


pone plepurig [emo y ~ — poyyaW peoy aiqnoq 


spomayy ys2 L Hoys Busy) usu 10113 payewjsy +] 2192) 


ELECTRICAL ENGINEERING 


Lynch, Douglass—T hermal-Demand-Meter Testing 


126 TRANSACTIONS 


a 


mic average is obtained best by comparing 


it with the arithmetic average. In demand 
metering both averages are used, and each 
has been found satisfactory for assisting in 
obtaining information necessary for billing. 
In considering an average of watts such as 
curve a in Figure 4, the arithmetic average 
at time J» can be expressed by 1/(T2—7;) X 


T2 
( i wil where w=f(t) and represents the 
qT) 


watts and where 7; and T> are the begin- 
ning and end of the time interval concerned. 
If the time interval is extremely short, 72 
nearly equals 7;, and the arithmetic aver- 
age approximates the instantaneous value. 
If the time interval is extremely long, all 
past watt values are given equal importance. 
Because in many cases neither of these 
arithmetic averages gives exactly what is 
wanted for demand purposes, the average 
over a given period of time, such as 15 min- 
utes, often is used. Most mechanical de- 
mand meters indicating this sort of average 
do not do so continuously but do their inte- 
grating continually over definite intervals, 
so that changed readings are available only 
at the end of definite time intervals. 
Thermal meters indicating a logarithmic 
average are expected to do so continuously. 

Thesimplelogarithmicaverage of the watts 
curve will be considered as the area under a 
weighted curve (d in Figure 4), which is 
made up of the product of all points a (on 
the watts curve) multiplied by correspond- 
ing points on a weighting curve c. The 
weighting curve follows the simple logarith- 
mic form e~*(7™—% where T> is the time 
at which the average is expressed and ¢ is 
the time at which the watts were a. Mathe- 
matically it is expressed: 


The simple logarithmic average, 


T2 
[F@]e-M™— 9 Jat 


—iCo 


D= Ks 


The proportionality factor K; is chosen 
such that for any constant load W the 
logarithmic average is numerically equal to 
the load W. It is therefore equal to the 
arithmetic average which is also W. 

That is, 


T2 
D For constant load) “x f We-MT2—-1) 
dt=W 


This equation is satisfied only if Ki=k. 
Therefore 


T2 
D=k A Lf) fee? 9 Jat (1) 
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Figure 4 (left). Curve 
used to illustrate a 
definition of loga- 


CONSTANT LOAD APPLIED 


rithmic average 


Figure 5 (right). 
Curves showing over- 
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shooting and dip- 


ping characteristics 
of typical thermal Seid. 
meters 
A 


For.constant load applied from zero indica- 
tion this reduces to: 


D,=Wwia-e™) : (2) 


The choice of weighting curve determines 
the response characteristic of the meter, 
and for simple logarithmic weighting curves 
the value of & in the expression e~*(72—)con- 
trols the relative effect of recent and remote 
loads. Figure 4 shows two weighting curves, 
curve c has k equal to 0.1535 corresponding 
to a 15-minute meter interval, while curve 
b has k equal to 0.0384 corresponding to a 
60-minute meter interval. 

The simple logarithmic average then is 
simply a value proportional to the arithmetic 
average of the weighted curve that is ob- 
tained when the watts curve is multiplied 
by a simple logarithmic weighting curve. 

It has been shown previously! that, al- 
though the theoretical weighting curve of 
thermal watt demand meters is of the nature 
of a simple exponential curve, nevertheless 
the characteristics of many commercial 
meters differ appreciably from this ideal. 
However, it also has been shown that an 
internally heated bimetal type of meter as 
built does have this form of response, and it 
will be shown in Appendix B that such a 
meter will neither overshoot nor undershoot, 
nor will it have an indication dipping char- 
acteristic. 


Appendix B. Why Simple 
Logarithmic Average Thermal 
Demand Meters Will Not 


Overshoot 


In this paper it is disclosed that meters 
with certain response characteristics are well 
adapted to short testing methods. Meters 
having these characteristics measure a 
simple logarithmic average and, since they 
respond in this manner, they will neither 
overshoot nor dip. The proof of this will 
follow, but first it is necessary to under- 
stand what is meant by overshoot and dip. 


Overshoot and Dip 


If the pointer of a thermal meter is mov- 
ing upscale owing to a relatively high load, 
and the load is reduced suddenly to a value 
close to the indication of the meter, a tem- 
porary dipping of the pointer below the in- 
stantaneous load is called dipping. If it 
continues temporarily to increase above the 
instantaneous load, it is said to overshoot. 
Neither condition is especially desirable 
when testing meters by a short method, but 
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each characteristic can and does occur in 
some commercial thermal meters. 


Proof That Simple Logarithmic Meters 
Will Not Overshoot 


In order to prove that some meters can- 
not overshoot, a time will be taken (7; in 
Figure 4) at which the indication is a given 
value W. It then will be shown that, if a 
constant load’W is held from this time on for 
some definite time interval (AT), the indica- 
tion of the meter will not be changed. Since 
AT is chosen arbitrarily, it may be as long 
or as short as desired and even may be an 
an infinitesimally short time dt. Since the 
indication of the meter does not change for 
any of these conditions, it will have been 
proved that there is no tendency to over- 
shoot, undershoot, or dip. The meter in- 
volved is assumed to measure a simple 
logarithmic average demand. 

At the time 7; the indication has arrived 
at a value W by any means whatever in its 
past history. 


Indication at T;=k ve "FOX 
[e-*(T2— 9 lde=W (3) 


At some later time (74) the indication is by 
definition: 


T4 
Indication at T,=k ib [f@ 1x 


[eM 2 ld (4) 
This indication (at T,) can be separated into 


Ts T%4 
the integrals fi + as follows, since 


T3 
the load is constant from 73 to 74. 


Ts 
Indication at T,=k ie [f@1X 


T 
jKewar—oyaete ff We-k(Ts— Dat (5) 
T3 


Since e~ FAT is a constant for a particular 
value of (AT) and since e~*T* is a constant 
for a particular value of 7T., they can be 
taken outside the first and second integrals 
respectively. 


Indication at T,=[e~*47]x 


E de ected 
verte f oat | (6) 
Ts 


From equation 3 and a solution of the 
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Co-ordinated Electric Drive for a 


Rubber Calender Train 


K. W. JOHN G. W. KNAPP 
MEMBER AIEE ASSOCIATE AIEE 
Synopsis: The continuous process of coat- 


ing fabrics with rubber, such as is used in 
tire manufacturing, involves several indi- 
vidual machines that present operating prob- 
lems not met successfully by mechanical 
drives. A new co-ordinated electric drive 
has been developed which does meet these 
requirements using amplidyne, and also 
electronic, control. It is expected that qual- 
ity and production will be improved by this 
equipment. The means employed may be 
applied successfully to other industries. 


N THE MANUFACTURE of many 

rubber goods, textile fabrics are 
coated on both sides with rubber in a 
machine called a calender. Associated 
with the calender are auxiliary devices 
for handling the fabric before and after 
coating, making up a processing train. 

Tire fabrics are one of the most im- 
portant examples of this process in the 
rubber industry! and their production 
in a calender train, using a newly de- 
veloped electric drive, will be discussed 
in this paper. The complete equipment 
now is installed in the Detroit, Mich., 
plant of the United States Rubber Com- 
pany and parts of it are shown in Figures 
1 and 2. 

The calender itself, the train auxiliaries, 
and all of the electric equipment were 
manufactured from designs which were 
co-ordinated closely by the operating 
company, the machinery builders, and 


the electrical manufacturer. The im- 
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portance of this procedure will be appre- 
ciated readily from the operating re- 
quirements. 


Description of Process 


A schematic diagram showing the 
mechanical arrangement of the process- 
ing train is shown in Figure 3. 

Rolls of fabric are started at one of the 
entry letoffs. A maximum diameter of 
42 inches can be accommodated. The 
fabric widths vary up to 60 inches. 

The entry festoon forms a storage re- 
serve of 80 feet of fabric so that the letoff 
can be stopped for changing rolls without 
shutting down the calender. The alter- 
nate letoff positions are provided to save 
time during this operation. 

After drying, the fabric enters the 
calender rolls as shown. These rolls are 
32 inches in diameter and 70 inches wide. 
Rubber from the top bank coats the 
upper side of the fabric, while that from 
the lower bank coats the under side. 

The thickness or “‘gauge’’ of the rubber 


Paper 46-56, recommended by the AIEE committee 
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coating on either side of the fabric is 
determined by the opening between the 
rolls and also, to some extent, by the roll 
speed. Gauge is very important because 
a coating which is undersized produces an 
inferior tire and therefore must be re- 
jected. On the other hand, if it is over- 
sized, expensive rubber compound is 
being wasted. 

While constant roll speed would have 
some favorable influence on gauge, there 
is another consideration for it which is 
even more important. To obtain maxi- 
mum production, the calender rolls should 
run continuously at the maximum speed 
which certain processing limitations al- 
low. This speed depends on the type of 
compound and fabric, and usually is 
established by considerations of plastic 
flow. If no means are provided for 
holding the calender speed at that maxi- 
mum value, the average speed at the end 
of a day may be somewhat less. Even 
if this is only a small amount, a surprising 
amount of production can be lost. 

The delivery festoon provides 64 feet 
of space for storing fabric when changing 
rolls at the windup. Finished rolls are 
wound on one of the fabric windups. 
The maximum diameter, as in the case 
of the letoff roll, is 42 inches. Alternate 
windup positions also are provided here. 
To keep layers of stock from sticking 
together, a separator or “‘liner’’ also is 
wound on the roll. This is supplied from 
a separate liner letoff for each fabric 
windup. Sometimes coated fabrics are 
run through the calender train a second 
time. For this purpose, liner windups 
also are provided at the entry letoffs. 


Operating Requirements 


The operating speed range of the train 
is from 7 to 70 yards per minute. A sepa- 


second integral with respect to f: 


Indication at T, 
= [eT] W]+ [kWe-F?"} 


nae 
k ae 
ples neem cab 
[e®P4—ekT 37 

sail peered Alp ALVA lege exe 1) 
= We "A? 4. W— We *AT 

(since 7,— 73 = AT) 
a (7) 


Thus the indication at T; is the same as 
that at 7; (no matter what the time interval 
between 7; and 7;), and therefore there has 
been no tendency to overshoot, undershoot, 
or dip. 

Since the foregoing is based only on the 
indication of a meter whose response meets 


128 TRANSACTIONS 


this definition of a simple logarithmic aver- 
age, it is to be expected that some meters 
whose response differs from this average can 
overshoot or undershoot, or may have a 
tendency to dip. That this is true is shown 
in Figure 5, where A shows the response of 
three designs of commercial meters with 
different response characteristics when sub- 
jected to a constant load, starting from zero. 


Figure 5B shows the response of these 
same meters when double load is applied 
until the pointers reach a given indication 
and then the load is changed to a constant 
load which ultimately will give this same 
indication. The loads are changed on the 
3 meters at different times, since they arrive 
at the given indication at different times. 
All meters are correctly calibrated. The 
potential is reversed, and the meters run to 
zero. As each meter reaches zero its po- 
tential is returned to normal and its current 
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reduced to zero. It can be seen that both 
meters 2 and 3 overshoot or undershoot con- 
siderably or have the characteristic of indi- 
cation dipping. 

When, therefore, it is desirable to elim- 
inate overshooting or undershooting indica- 
tion in order to save time during short tests 
or for any other reason, a meter whose re- 
sponse follows the simple logarithmic aver- 
age should be chosen. It will neither over- 
shoot nor undershoot, nor will it have the 
indication dipping characteristic. 
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rate threading speed of 7 yards per 
minute also is provided for running-in 
the fabric initially. 

The calender itself should be able to 
operate over the speed range, independent 
of its train auxiliaries, for ‘‘warming up’’ 
operations when first starting. It also 
should be capable of reversing, with and 
without the central auxiliaries. 

Jogging operation, forward or reverse, 
is required for all of the windups and let- 
offs. This is used either when starting 
or finishing up a roll that is not in train 
operation. 

Emergency stopping is provided for 
the complete train from a number of con- 
trol positions located throughout its 
length. This is an important requirement 
for the safety of operating personnel. 
There is a national code which specifies 
certain stopping performance that must 
be met. 

In addition to the foregoing operating 
requirements, it is very desirable to 
maintain the tensions in the fabric, on 
either side of the calender, at constant 
values. These tensions are such that 
those before the calender exert a drag on 
it, while those after the calender are in 
the pull direction. The calender rolls, 
then, driven at constant speed, provide 
the necessary reactions for these tensions 
as a reference point. The benefits of 
constant tension to each part of the train 
have been tabulated at the bottom of 
Figure 3. 


Past Practice, Mechanical Drive 


In the past, calender trains have been 
driven by a single motor connected to the 
calender through a gear reducer. At 
some spot on the calender a mechanical 
takeoff was provided to drive a line shaft 


Calender and driving motor 


Figure 1. 
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through gearing. The line shaft usually 
extended the length of the train and the 
auxiliaries were driven from it through 
right-angle gears, chain drives, andsoforth. 

Naturally, the electric drive with 
proper control equipment could be made 
to fulfill the operating requirements for 
the calender itself, but mechanically 
driven auxiliaries fall short of the mark. 

To adjust tension, friction clutches 
and adjustable speed transmissions have 
been employed. These devices are not 
self-regulating and the operators must 
readjust them frequently. This is not 
practicable and, as a result, optimum 
adjustments seldom are obtained and 
production may suffer. 

Furthermore, if good adjustments of 
tension have been made, there is no 
means for holding them there, nor can 
they be measured for future reproduction 
on other runs. There is another dis- 
advantage in that maintenance is quite 
high on the friction clutches and the other 
mechanical component parts. 


Electric Sectionalized Drive 


With the electric drive, the entire train 
is sectionalized so that each auxiliary 
which ordinarily would have a mechanical 
drive is provided with its own motor. 
Co-ordinated control takes the place of 
the line shaft tie and, in addition, pro- 
vides the proper tensions and speeds. 
Furthermore, once optimum adjustments 
have been established, the control holds 
them there. Electric instruments make 
it possible to take measurements and 
record the adjustments. Thus, if that 
same run is to be repeated in the future, 
the best operating conditions can be ob- 
tained very quickly. 

The various pushbuttons and rheostat 
dials which are used for the adjustments 
are located remotely from the driven 
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auxiliaries, in convenient groups. Each 
group consists of several interdependent 
and related adjustments, thus providing 
maximum convenience to the operator 
and also a more favorable opportunity to 
make correlated adjustments correctly. 


Circuits 


POWER CIRCUITS 


The general arrangement of the power 
circuits for the various drives is shown in 
Figure 3. 

The main drive for the calender is of 
the adjustable voltage (Ward-Leonard) 
type, providing ten to one speed range, 
of which five to one is by armature 
voltage control and two to one by motor 
field control. 

The adjustable voltage scheme was 
selected because of the wide operating 
speed range and the advantage of being 
able to control the speed of the motor by 
adjusting its armature voltage. Further- 
more, as has been pointed out by Cas- 
sidy and Mosteller,! the first cost is less. 

The motor field range is used because 
at low operating speeds (below basic 


speed), substantially more than constant 


torque may be required by the calender. 
The group of drives which is called the 
“central auxiliaries” always operates at 
the speed of the calender. They are not 
supplied, however, from the calender 
generator. This is done primarily for 
reasons of simplicity. For example, the 
auxiliary motors themselves are much 
smaller than the calender motor so that 
their JR drops are considerably higher. 
Thus, at one-tenth speed the terminal 
voltage that they require would be sub- 


Figure 2. Calender motor-generator set and 
d-c control panels 


One of the auxiliary motor-generator sets is 
in the background 
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Figure 3. Processing train, power circuits, and benefits of constant tension 
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which would be cut by 


maintaining gauge 


distribution of cement rolls where fabric sticks to 


calender rolls 


liner in later operations 


stantially more than what would be 
available from the main generator and a 
booster would have to be used to over- 
come this. 


The power circuits for both the entry 
auxiliaries and the delivery auxiliaries are 
treated in the same manner. In either 
group the individual drives always oper- 
ate together. They must be separated 
from the central auxiliaries and the 
calender because of the roll-changing 
requirements. They are stopped for roll 
changes while the calender is running, 
restarted, and then temporarily over- 
speeded to restore the amount of stock 
in the festoons to normal. 


LINE 
CONTACTOR 


CALENDER CONTROL 


A simplified schematic diagram of the 
calender control circuit is shown in 
Figure 4. The electronic preamplifier 
makes use of vacuum tubes to provide 
excitation to the amplidyne that controls 
the generator field. This combination 
provides very accurate control of speed, 
preset speed, and what may be termed 
“timed acceleration.” 

So-called “timed acceleration” is simply 
a means for obtaining the kind of opera- 
tion a motor-operated generator field 
rheostat furnishes but with more flexi- 
bility. It consists of a resistor-capacitor 
circuit in the electronic preamplifier 


Figure 4 (left). Cal- 


eh eag ender control circuit 


te) 
GENERATOR 


STOP 


arranged so that as the capacitor charges, 
the speed of the calender motor acceler- 
ates with it and as the capacitor dis- 
charges, the calender motor decelerates. 
The range of time provided is from 15 to 
100 seconds and is readily adjustable by 
changing the amount of resistance. 
These time values represent total time 
from zero speed to the top speed of 70 
yards per minute, or from the top speed 
down to zero speed. For speed changes 
of smaller value, such as threading 
speed to top speed, the time is propor- 
tionally less. 

The timed acceleration circuit repre- 
sents a very important operating feature 
in calender control as too rapid accelera- 
tion is quite undesirable. The auxiliaries 
associated with the calender train must 
follow whatever speed changes occur on 
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the calender itself. If these changes are 
rapid, excessive changes in tension are 
produced. Furthermore, the calender 
operators have no opportunity to adjust 
the calender roll screwdowns with rapid 
changes of speed to hold gauge. 

In effect, this circuit provides an in- 
finite number of speed points so that 
acceleration and deceleration are both 
very smooth. 

The control also furnishes means for 
limiting both motoring and regenerative 
currents to values required either from 
the standpoint of performance or com- 
mutation. Under conditions of accelera- 
tion or normal deceleration, current limit 
is not necessary because of the timing cir- 
cuit. It is provided only as a safety 
means. However, to meet the require- 
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CURRENT 
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ments of fast emergency stopping, re- 
generative current limit is an extremely 
important function. 

When the stop button is pushed, the 
amplidyne exciting the generator is con- 
nected in a ‘‘suicide’’ circuit so that the 
generator voltage collapses rapidly. As 
the regenerative current from the motor 
to the generator reaches a value of ap- 
proximately 200 per cent, the current 
limit circuit prevents the generator volt- 
age from decaying at a rate faster than 
the decrease of the motor internal volt- 
age with deceleration. 

The regenerative current is held at the 
200 per cent limit until the internal volt- 
age of the motor, at about 5 per cent 
speed, no longer is able to overcome the 
IR drop of the armature loop circuit. 

When stopping, full field is established 
in the motor as rapidly as possible. This 
is done to obtain maximum torque per 
ampere and a high rate of deceleration. 
The inductive lag of the motor field, which 
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resists this change, is reduced materially 
by reversing the output of the bucking 
exciter and applying approximately twice 
normal voltage across the motor field. 

Stopping performance is considerably 
better than that obtained by dynamic 
braking in conventional equipment oper- 
ating from a constant potential d-c 
source. In contrast to a braking current 
of 200 per cent obtained by the ampli- 
dyne control with regenerative braking, 
the average current using dynamic brak- 
ing is usually 30 or 40 per cent, with an 
initial peak of 200 per cent. 


CONTROL FOR CENTRAL AUXILIARIES 


In this group of auxiliaries, the motors 
on the post-tension rolls and the cementer 
pull rolls operate conventionally as mo- 
tors, but the motor on the precalender 
drying drums operates as a braking gen- 
erator. 

The central auxiliaries generator is con- 
trolled by an amplidyne exciter, as shown 


656-6 


Figure 6.4 Control 
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in Figure 5. The control is arranged so 
that the voltage output of the generator is 
proportional to the speed of the calender 
motor, plus a fixed value for what we may 
call JR compensation. The speed-voltage 
component is established by taking a sig- 
nal from the pilot generator on the calen- 
der motor. The motors on both the post- 
tension rolls and the cementer have sub- 
stantially the same JR drop and the fixed 
voltage introduced for JR compensation 
is made equal to it. Hence, at any speed 
of the calender itself, the voltage avail- 
able for these two motors will be very 
nearly equal to what they require for 
counterelectromotive force and full load 
current. 

Each of the three motors has an ampli- 
dyne exciter. For the two machines 
which actually are motoring, the ampli- 
dyne control is arranged to hold constant 
armature current. Hence, at the voltage 
established by the speed of the fabric, 
constant current is equivalent to constant 
horsepower input to the motors. Neglect- 
ing their internal losses, this is sub- 
stantially constant horsepower output, or 
constant torque at any given speed. As 
the friction torque required by these aux- 
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iliaries is low and does not change much, 
most of the motor output goes into ten- 
sion, and this will be substantially con- 
stant. 

As the speed of the fabric is changed, 
the voltage level is readjusted proportion- 
ately. The horsepower input to the mo- 
tors therefore is changed accordingly, and 
with armature current unchanged, con- 
stant tension is maintained over the 
speed range. 

The amplidyne control for the drying 
drums motor operates in a somewhat dif- 
ferent manner. Since itis regenerating, its 
internal voltage not only must be suffi- 
cient to overcome its internal JR drop, 
but also the 7R compensation voltage, 
which is a component of the generator 
voltage. This is done easily at top speeds 
where a very small increase in flux pro- 
vides a large increase in internal voltage. 
However, at one-tenth speed, the flux 
must be increased substantially. The 
flux variation from top speed to bottom 
speed is about two to one. 

For constant tension, it is necessary to 
hold a constant torque output from this 
machine at any speed within the operat- 
ing range. Thus, as the flux is increased, 
the regenerative current must be reduced. 
The amplidyne control is arranged to do 
just that. At any particular speed, it 
maintains the current output constant. 
If the speed is increased, the current also 
is increased to compensate for the de- 
crease of flux. The converse is true when 
the speed is decreased. At one-tenth 
speed, where the flux is twice the value 
at top speed, the control holds a current 
equal to only one-half the value estab- 
lished at top speed. 

When the ‘‘stop” button is pushed, the 
aimplidyne control of the generator is re- 
connected in a “suicide” circuit. Current 
limit control is provided, using a signal 
proportional to the armature current of 
the drying drums motor. 

When stopping, there is no control over 
the regenerative currents from either the 
post-tension rolls motor or the cementer 
pull rolls motor, as they have lower in- 
ertias than the drying drums motor and 
can decelerate with it without difficulty. 


CONTROL FOR ENTRY AUXILIARIES 


The fabric letoff operates as a braking 
generator, with an amplidyne exciter 
holding constant current to obtain sub- 
stantially constant drag tension on the 
fabric (Figure 6). The pull rolls motor 
provides the necessary reaction to over- 
come this tension and determines the 
speed at which the fabric is taken from 
the letoff. It is controlled by regulating 
the generator voltage in accordance with 


TRANSACTIONS 131 


the position of the bottom rolls of the 
festoon. The rolls adjust the air gap of a 
solenoid, which controls an amplidyne 
used to excite the generator. If the rolls 
drop from their normal position, the pull 
rolls motor is slowed down, and if they 
raise, the motor is speeded up. 

The motor on the liner windup oper- 
ates as a motor and is under constant 
tension control, with an amplidyne ex- 
citer regulating its armature current. 

The influence of JR drop, particularly 
at the lower speeds, has a material in- 
fluence on the circuit designs. If the fab- 
ric tension is increased by strengthening 
the regenerative current from the fabric 
letoff motor, the voltage level on all mo- 
tors is increased because the tension re- 
action must come from the pull rolls ma- 
chine. This makes it more difficult for 
the letoff motor to regenerate. 

To overcome this, a booster generator is 
used in series with the armature of the let- 
off motor. The voltage from the booster 
is of such a magnitude and direction that 
it not only compensates for the internal 
IR drop of the letoff motor, but also the 
rise in generator voltage, when the stock 
tension is increased. 

As the pull rolls motor and the liner 
windup motor both are supplied from the 
same generator, a booster on the windup 
motor is unnecessary. However, these 
machines must be designed so that their 
internal JR drops are the same. 

Current limit control for acceleration 
and deceleration is employed, using a cur- 
rent signal from the armature circuit of 
the pull rolls motor. 
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When speed is changed in either direc- 
tion, the tension being used between the 
letoff and pull rolls is sufficiently high so 
that only small changes occur. However, 
this is not the case for the liner windup 
and a circuit is used for inertia compensa- 
tion. When accelerating, it increases the 
regulated value of current to supply an 
accelerating component, and conversely, 
decreases it under deceleration. 

To replace the festoon storage after a 
shutdown to change rolls, the entry aux- 
iliaries are overspeeded by a maximum of 
20 per cent with respect to the speed at 
which the fabric is being taken away from 
the festoon. This is accomplished auto- 
matically by the solenoid control. 

When a stop is to be made, the gener- 
ator amplidyne is reconnected in a 
“suicide” circuit with current limit con- 
trol from the pull rolls motor. 

Instead of using regenerative braking, 
dynamic braking is used on both the fab- 
ric letoff and the liner windup. These 
motors have wide field control ranges. 
Thus, their inertias are determined by 
their base speed, or frame size. When 
operating at weak field speed, however, 
the torque is considerably less than full 
field would provide. Accordingly, if re- 
generative braking were used, at weak 
field, insufficient torque would beavailable. 

In view of this, dynamic braking is em- 
ployed. The circuit is arranged so that 
constant armature current is held over the 


Figure 7. Control board for the a-c accessory 
drives 
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field control range. Thus, when operat- 
ing at weak field, as deceleration occurs 
and the motor slows down, the field is 
strengthened so that the internal voltage 
of the motor is kept at a constant value. 
Once base speed is attained, the dynamic 
braking current, of course, decays with 
speed. 

Both the liner windup motor and the 
stock letoff motor are extremely difficult 
to stop and several times normal current 
must be used in the dynamic braking cir- 
cuit. 


CONTROL FOR DELIVERY AUXILIARIES 


The delivery auxiliaries group is quite 
similar to the entry auxiliaries. The fabric 
windup, in this case, operates as a motor, 
with amplidyne control maintaining con- 
stant winding tension. The motor on 
the cooling drums provides the reaction 
to this winding tension and determines 
the speed at which fabric is taken from 
the festoon. As in the previous case, its 
speed is controlled by the position of the 
bottom rolls in the delivery festoon, using 
the same solenoid control scheme for gen- 
erator voltage. If the rolls drop from 
their normal position, the cooling drums 
motor is speeded up; if the rolls raise, the 
motor is slowed down. 

The motor on the liner letoff operates 
as a braking generator to hold a constant 
drag tension on the liner and is under 
amplidyne control. 

For the delivery auxiliaries as well, the 
influence of 7R drop affects the circuit de- 
sign materially. As the fabric tension 
is increased, the voltage level is reduced 
to lower the torque output of the dry cans 
motor. Asa matter of fact, at very high 
values of fabric tension, this machine ac- 
tually must regenerate as there is insuffi- 
cient festoon weight and friction load in 
the cooling drums to provide the tension. 

The decrease in voltage level, however, 
makes it more difficult for the stock wind- 
up motor to obtain motoring current. A 
booster is used, therefore, with this ma- 
chine. The voltage from the booster con- 
sists of a component to overcome the in- 
ternal JR drop of the windup motor, and 
also an additional voltage equivalent to 
the reduction in generator voltage with 
increases in tension. 

The liner letoff motor, which operates 
as a braking generator, is provided also 
with a booster which compensates for the 
IR drop of the letoff motor and changes 
in the voltage level. 

For current limit control, when accel- 
erating or decelerating, a signal is taken 
from the armature circuit of the dry cans 
motor. This control operates as it did for 
the entry auxiliaries, adjusting the gener- 
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ator voltage to hold either accelerating or 
decelerating current constant, as the case 


may be. 
The fabric and liner tensions remain 
substantially constant when speed 


changes are made. However, in the case 
of the fabric windup, inertia compensa- 
tion must be used, as explained previously 
for the liner windup on the entry auxil- 
iaries. 

Following the shutdown of the delivery 
auxiliaries for a roll change, the storage of 
fabric in the festoon must be removed. 
To do this, 20 per cent overspeed with 
respect to the speed at which fabric is 
being delivered to the festoon is avail- 
able. The solenoid control does this 
automatically. 

When a stop is to be made, the gener- 
ator amplidyne is ‘‘suicided”’ and the cur- 
rent limit control from the cooling drums 
motor determines the rate of deceleration. 
Dynamic braking is used on both the 
fabric windup and the liner letoff for the 
same reasons that it was chosen for their 
counterparts in the entry group. Several 
times normal current must be used to stop 
these auxiliaries. 


Co-ordination of A-C 
Accessory Drives 


The driving motor of the large motor- 
generator set is a 450-horsepower unity 
power factor synchronous machine, sup- 
plied from a 2,300-volt source. A switch- 
gear-type controller is furnished for this 
motor, suitably interlocked with the d-c 
control equipment in case of a loss of volt- 
age, or an overcurrent indication. 

There are also about 24 low voltage de- 
vices such as motors, solenoids, or valves, 
which operate from a 440-volt supply. 
These are controlled and interlocked with 
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Figure 8. Main cal- 
ender desk 


the d-c equipment. A load center type of 
control board, shown in Figure 7, is used. 

The motors involved include those for 
ventilating fans in the cementer, cement 
pumps, calender lubricating pumps, wa- 
ter pumps for the cooling drums, feed con- 
veyors for the rubber banks in the calen- 
der, and also the driving motors of the 
small motor-generator sets used for the 
train drive. Interlocking between these 
units and the d-c control is very impor- 
tant. For example, in case of a loss of 
lubrication, the calender must be shut 
down promptly. If ventilation is lost in 
the cementer, this also must be done. 


Operation 


To satisfy the operating requirements 
previously described, a substantial num- 
ber of selector switches and pushbuttons 
is required. However, these are con- 
veniently grouped in a main desk (Figure 
8) located at the calender, an entry letoff 
desk, and a delivery windup desk. In ad- 
dition, there is a small operator’s panel lo- 
cated right next to the letoff and another 
at the windup. These contain the 
switches which are of immediate use to the 
operators when changing rolls. A con- 
siderable amount of precautionary inter- 
locking is employed to avoid misoperation 
and mistakes on the part of the operators. 

For normal running, once the calender 
train has been threaded, operation is ac- 
tually simpler than with a conventional 
type of mechanical drive. The calender 
running speed, acceleration rate, and ten- 
sions are preadjusted, so that the oper- 
ator only has to push a ‘“‘Run’’ button and 
the entire train accelerates to the prede- 
termined speed. This may be done only 
from one central point, the main desk. 

On this desk also are located a recording 
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and indicating tachometer calibrated in 
yards per minute, instruments for thick- 
ness gauge, and yardage counters which 
indicate the total yardage into and out 
of the train at the end of a day’s opera- 
tion. The master speed adjusting rheo- 
stat is also on this desk, but a speed limit 
rheostat which determines the maximum 
speed for any particular run is placed on 
the main control board so that it is acces- 
sible only to supervisors. Adjustment 
and indication of the current in both the 
drying drums motor and post-tension rolls 
motor are provided on the desk, so that 
the operator can control the precalender 
and postcalender tensions. Selector 
switches and pushbuttons for the roll 
screwdown motors and the necessary 
threading and jogging buttons are there 
as well. 

The letoff and windup desks have the 
adjustments and instruments for the mo- 
tors associated with them, as well as cer- 
tain jogging and bypass buttons. 

The entire train can be stopped from a 
number of places including several rope- 
operated safety switches. All stops are 
treated as emergency stops in order to 
bring the train down quickly, and give a 
constant check on stopping performance. 


CHANGING ROLLS AT THE WINDUP 


When the operator observes from a 
yardage indicator on the windup desk 
that the fabric roll is nearly full, he places 
an operating switch in the “Change 
Rolls’ position. This slows down all of 
the auxiliary drives associated with the 
delivery festoon to half speed. When 
the desired maximum roll diameter ac- 
tually is reached, he moves the operating 
switch to the “Stop” position which 
quickly stops all of the delivery festoon 
auxiliaries. The calender in the meantime 
continues to run, filling the empty festoon. 

As the delivery auxiliaries stop, a 
clamp roll, immediately above the 
windups, is set so that it holds the stock 
in place against the festoon weight when 
the operator cuts it. The cutting opera- 
tion is done automatically by a ‘‘fly knife?’ 
which travels transversely across the stock. 

After the cut has been made, the oper- 
ator places a selector switch in position 
for the alternate windup. This windup 
previously had been operated by jogging 
so that a few turns of liner are wrapped 
around it from the liner letoff associated 
with it. 

The operator then returns his operat- 
ing switch to the “Change Rolls’ posi- 
tion so.that the alternate windup with the 
other delivery auxiliaries starts up. An 
air valve control device then actuates 
a small conveyor which transfers the lead- 
ing end of the cut fabric from the first 
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windup to the one that now will be used. 
It puts it in such a position that it is 
caught automatically in the “bite” formed 
by the liner as it wraps around the roll. 

After the stock has made several wraps 
around the roll with the liner, the oper- 
ator puts his operating switch in the 
“Slack Takeup’’ position which auto- 
matically removes slack and establishes 
tension, with the delivery auxiliaries 
still operating at half speed. He then 
moves the operating switch to the 
“Normal” position and the delivery aux- 
iliaries accelerate to a speed somewhat 
higher than that of the calender, depend- 
ing upon how much storage must be re- 
moved from the festoon. 


CHANGING ROLLS AT THE LETOFF 


This operation is quite similar to that 
at the windup. The operating switch has 
the same positions. In the ‘‘Change 
Rolls” position the entry auxiliaries oper- 
ate at half speed. In the “‘Stop”’ position 
a mechanical brake is set to hold the fab- 
ric against the weights of the festoon rolls 
when the fabric letoff no longer provides 
the necessary tension. 

When the operator has spliced the 
trailing end of the stock going to the fes- 
toon to the leading end of the fabric from 
a new letoff roll, the “Slack Takeup”’ 
position automatically reverses the letoff 
and its associated liner windup to take up 
slack. This is very important because the 
splice is not strong and if slack were not 
eliminated, the resulting jerk at starting 
the entry auxiliaries might break thesplice. 

In the ‘“‘Normal’” position, the entry 
auxiliaries accelerate to some _ speed 
higher than that of the calender so that 
normal storage of fabric can be returned 
to the festoon. 


Conclusion 


It is expected that the automatic con- 
trol, made possible by the use of individual 
electric drives, will result in a substantial 
improvement in the quality of the prod- 
uct. Regulated tensions should eliminate 
fabric that is stretched too much, or so 
slack that it wrinkles. This will reduce 
rejections and increase production. 

The rubber industry deserves praise 
for pioneering this type of equipment and 
discarding the conventional. Processing 
techniques may benefit, not only in this in- 
dustry but also in others, such as textiles, 
plastics, and photographic film where 
similar problems exist. 
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A New Crystal Channel Filter 
for Broad Band Carrier Systems 


E. S. WILLIS 
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Synopsis: A new crystal channel filter for 
use in broad band carrier telephone systems 
is described. It requires less than two- 
thirds as much mounting space as the earlier 
design and savings in materials and manu- 
facturing effort are realized. These savings 
were made possible by assembling the four 
crystal units in one lattice-type filter section 
rather than two, resulting in a reduction in 
the number of component coils and capaci- 
tors. 


RYSTAL filters first were used com- 

mercially as channel selecting filters 
in a carrier system developed for use on 
cables.!. Their use in that system per- 
mitted the placing of a large number of 
telephone channels close together in the 
frequency spectrum. The terminal equip- 
ment of the system was designed to pro- 
vide a bank of 12 channels in a frequency 
band 48 kilocycles wide, suitable for any 
transmitting medium capable of providing 
this band width. Subsequent to its use 
on cable circuits, this 12-channel bank 
was applied to other new broad band 
carrier systems for use on open wire lines 
and on coaxial cables. The crystal filters 
used in this original bank were those 
described by C. E. Lane in 1938.2 


As the demand for broad band carrier 
systems increased, a need developed for a 
channel filter which could be produced in 
relatively large quantities more economi- 
cally than the original design. The type 
of design which seemed most promising 
was one which used a more compact con- 
figuration for the filter, thereby reducing 
the number of coils and capacitors re- 
quired. However, this type of filter is 
critical of adjustment and the desired 
performance is realized only if the elec- 
trical characteristics of the component 
elements are maintained close to their 
theoretical values. This requires that the 
crystal units be adjusted precisely and 
that they retain their electrical char- 
acteristics accurately for variations in 
time and temperature.’ Asa step in this 
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direction, the stability of performance of 
crystal units was improved by the de- 
velopment of the wire-supported mount- 
ings in place of the earlier clamp-type 
mountings, and the provision of hermeti- 
cally sealed containers.4 The use of this 
new type of crystal unit construction 
made it practical to provide the new filter 
design described in this paper. The four 
coils used in the old filter were replaced 
by two less expensive coils, and four of the 
capacitors were omitted in the new de- 
sign. These changes and the resulting re- 
duction in size made possible the saving 
of large quantities of materials and 
greatly reduced the required manufactur- 
ing effort. 

A comparison of the size and internal 
appearance of this new filter (type 219) 
and the old filter (type 75) is shown in 
Figure 1. The new filter weighs less than 
half the old one and requires less than 
two-thirds as much mounting space. In 
order to utilize efficiently the size reduc- 
tion of the filters they are assembled in a 
new design of terminal equipment. Fig- 
ure 2 shows a typical office installation in 
which old and new type terminal equip- 
ments are mounted in adjacent bays. 
The 219-type filters appear in the equip- 
ment in the two bays on the right, whereas 
the 75-type are shown in the equipment 
on the left. 

All 12 of these channel filters transmit 
the lower sidebands derived from the 
modulation of speech signals and carrier 
frequencies located 4 kilocycles apart in 
the range from 64 to 108 kilocycles. An 
insertion-loss frequency characteristic 
which applies to each of these filters is 
shown in Figure 3. This performance 
curve is very similar to that of the earlier 
channel filter, but the loss in the pass band 
is lower and the filter has sharper cutoffs 
than the earlier design. 

Crystal filters usually are designed as 
lattice-type rather than ladder-type struc- 
tures because of the greater flexibility 
afforded by the lattice design. For a lat- 
tice-type structure the functions for the 
propagation factor and _ characteristic 
impedance may be chosen independently 
as they involve only the quotient and 
product of the impedances or admittances 
of the series and diagonal branches.5 The 
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complexity of the branches of the lattice 
structure is dictated by the sharpness of 
the cutoff and the width of the pass band 
desired. The schematic circuit of the 
219-type filter is shown in Figure 4. By 
relocating the shunt capacitances and 
series inductances as part of each lattice 
branch and replacing each crystal element 
by its equivalent network, an inductance 
and capacitance in series shunted by a 
second capacitance, the schematic of 
Figure 5 is obtained. The theoretical 
values of the elements shown in this 
schematic are derived from the following 
assumptions: 


1. The location of the two cutoff frequen- 
cies. 


2. The location of five frequencies of infi- 
nite attenuation. 


3. The value of the impedance constant. 


4. The coincidence between zeros and poles 
of the series and diagonal branches at the 
four critical frequencies occurring within 
the filter pass band. 


Figure 6 shows the elements that com- 
prise the filter. At the two ends are lo- 
cated the two air-core coils mounted in 
drawn copper cylinders. This coil is a 
duolateral type having a Q, that is, the 
ratio of reactance to effective resistance, 
of approximately 150 at the operating fre- 
quency. The same coil is used in each of 
the 12 filters. Because of the high coil im- 
pedance called for by the filter design, 
care is taken to make the parasitic capaci- 
tances between the windings and between 
the windings and the case as low as prac- 
ticable.. This is accomplished by winding 
the coil in four sections as shown in Figure 
7. Such reduction in capacitances also 
results in improved stability of the coil 
and filter characteristics under service 
conditions. 

Four resistances, two at each end of the 
filter, regulate the loss level in the pass 
band so that the band loss of each of the 
12 filters is approximately the same. 
Fixed molded silvered mica and fixed and 
adjustable air capacitors are the remain- 
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Figure 2. The 219-type filters form a part of 

the 12-channel banks on the right, whereas 

the 75-type filters are utilized in those on the 
left 


ing elements mounted on the upper side 
of the panel. The silvered mica capaci- 
tors and the two end adjustable air ca- 
pacitors provide the shunt capacitances at 
the input and output of the lattice. The 
center adjustable capacitor is a differen- 
tial air capacitor which, along with the 
two small fixed air capacitors, provides 
small capacitances across each of the four 


Figure 1. The 219-type 

filter requires less than 

two thirds of the mount- 

ing space and weighs 

less than half the 75- 
type filter 
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FREQUENCY IN KILOCYCLES FROM CARRIER 
Figure 3. The insertion-loss frequency char- 
acteristics of the 12 filters are the same when 
plotted in cycles removed from the carrier 
frequencies 


lattice branches. The four crystal plates, 
mounted in glass envelopes and as- 
sembled as a unit, form the basic struc- 
ture of the lattice. Figure 8 shows one 
such group of four plates and illustrates 
how the 16 wires from the crystal units 
are connected to the terminals forming 
the four corners of the lattice. The main 
differences among the 12 channel filters 
are the differences in the dimensions of 
the crystal plates. The crystals are 
—18.5 degree X-cut longitudinal plates 
supported by fine wires located along 
their nodal lines. The mounting and 
fabrication of these crystal units has been 
covered very thoroughly in a recent paper 
by R. M. C. Greenidge.® 

The length of a —18.5-degree plate in a 
quartz crystal unit is determined almost 
entirely by the frequency of resonance 
desired. The width and thickness are 
controlled mainly by the inductance. In 
addition to obtaining the desired reso- 
nant frequency and inductance it is essen- 
tial that the strong secondary resonant 
frequency (this is an objectionable re- 
sponse) of each crystal unit be confined 
to a region that is not being used for the 
transmission of speech. There are such 
regions, each approximately 700 cycles 
wide, between the adjacent channel 
bands. The length, width, and thickness 
of the crystal plates then are determined 
discretely by the desired resonant fre- 
quency, inductance, and location of sec- 
ondary response. 

The equivalent inductances of the crys- 
tal units used in these 12 filters range in 
value from 38 henrys to 576 henrys. Even 
the four crystal units assembled in one 
filter cover a relatively wide range of in- 
ductance values. The ratio of the in- 
ductances of the two crystal units con- 
nected in parallel in the series branches 0 
the lattice is five-to-one and in the diag- 
onal branch crystal units is four-to-one. 
The crystal plates range in length from 
1.66 inches for the lowest frequency unit 
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to 0.94 inch for the highest. The ex- 
tremes in thickness are 0.019 and 0.085 
inch. The ratios of the widths of the 
crystals to their lengths range from about 
one tenth te slightly less than one half. 
These crystal plates are narrower than 
the plates used in the earlier channel 
filters resulting in a saving in the amount 
of raw quartz required per system termi- 
nal. 

The resonant frequency of the crystal 
unit is adjusted in an electric circuit to 
within seven to ten cycles of the desired 
frequency by grinding down the length 
of the plate. The inductance of the crys- 
tal unit is held to within three per cent of 


its nominal value by manufacturing » 


tolerances on the fabrication of the plate. 
However, as shown later in the paper, 
this rather broad range of inductance 


values would permit a wide divergence 


in filter performance. In order to limit 
this range of performance the four crystal 
units used in any one filter are selected so 
as to have approximately equal depar- 
tures in inductance from the nominal 
values. The magnitudes of their re- 
spective variations from a common per- 
centage departure from nominal are plus 
or minus one half per cent for the two low 
inductance units and plus or minus one 
per cent for the two high inductance units. 

In order to meet this close requirement 
on inductance grouping with the limited 
number of crystal units available, the in- 
ductances of a large percentage of the 
plates are adjusted in the manufacturing 
process. The inductances of all units are 
made to fall within one of two groups, 
each meeting the foregoing limits, one 
centered about the nominal value and the 
other two per cent above nominal. The 
inductance of a coated crystal plate may 


Figure 6. The elements are assembled on a 
panel in much the same position as they are 
shown in the filter schematic 
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Figure 4. The schematic circuits of the 12 
channel filters are the same 
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Figure 5. The schematic for design purposes 

has all of the elements within the lattice ex- 

cepting the resistances which form a portion of 
the terminating impedances 


be increased by isolating or effectively 
removing from the electric circuit a por- 
tion of the metallic coating. The proce- 
dure followed in the manufacture of the 
units is to divide the metallic coating on 
one surface of the plate by a transverse 
line located near one end of the plate 
thereby reducing the effective plated area 
by a small percentage. In manufacture 
this operation is done just prior to the 
assembly of the crystal plate in its cage. 
These filters provide 50 to 60 decibels 
loss to all frequencies more than about 
700 cycles from the edges of the pass 
band. To maintain this high loss in one 
lattice-type filter section necessitates a 
close impedance balance between the 
branches of the lattice. A plot of the 
reactance-frequency characteristics of the: 
two branches of the lattice, Figure 9, helps 
to explain the transmission properties of 
the filter. Where the reactances Z, and 
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Z, of the two branches are of opposite 
signs the filter is transmitting but where 
they are of like signs the filter attenuates. 
Figure 10 shows on an expanded scale 
the percentage difference between these 
two reactance curves in the attenuating 
region of the filter Where this differ- 
ence is zero the attenuation is infinite, or, 
in other words, a peak of attenuation is lo- 
cated at this frequency. There are four 
peaks of attenuation located at finite fre- 
quencies as shown by the points at which 
this difference curve crosses zero and also 
a peak of attenuation located at infinite 
frequency where the two reactance curves 
meet. 

To obtain discrimination of approxi- 
mately 60 decibels and maintain it over 
the anticipated life of the filter requires 
precise adjustment of the filter elements 
and the stable performance of these ele- 
ments in service. Certain elements have 
greater effect on filter performance than 
others and hence greater precision of ad- 
justment and more stable performance is 
required of them. An examination of the 
function of each of the various elements 
in shaping the two reactance curves Z, 
and Z, will reveal the elements in which 
the greatest precision of adjustment is 
required. Any small change in an ele- 
ment which causes similar changes in the 
two reactance curves without changing 
their relation to each other will have very 
little effect on the attenuation curve. 
But, any change in an element which 
changes one reactance curve with respect 
to the other will alter the filter perform- 
ance greatly. Thus changes in the ele- 
ments which appear in the series branches 
and not in the diagonal branches or which 
appear in the diagonal branches and not 
in the series are the ones that cause rela- 
tive movement of the two reactance 


Figure 7. The coil winding is sectionalized 
to reduce the parasitic capacitances 
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Figure 8. This crystal unit is a four-terminal 

lattice network comprised of four divided 

quartz plates and electrically providing two 

crystal elements in parallel in each branch of 
the lattice 


curves. Hence it is the elements which 
appear within the lattice structure, that 
is, the four crystal units and the lattice of 
capacitances consisting of the differential 
air and fixed air capacitors, that require 
precise adjustment and stable perform- 
ance. 

In order to obtain uniform performance 
in the filters it is necessary to hold the 
resonant frequency and inductance of the 
crystal units within very narrow limits. 
For example, the solid curve of Figure 11 
illustrates a normal transmission loss 
characteristic in which the elements are 
all at their nominal values. The two 
dotted curves illustrate the characteristics 
that result when the inductance values of 
the crystal units in either the series or 
diagonal branches depart from their 
nominal value by about one per cent. A 
negative departure in one pair of branches 
results in about the same effect in per- 
formance as a positive departure in the 
other pair. The two curves shown assume 
positive and negative departures for the 
inductances of one pair of branches. The 
selection and grouping of crystal units 
assembled in any one filter in relation to 
their inductance departures from nominal, 
as discussed earlier in this paper, restricts 
the variations in filter performance. 

Departures of about ten cycles per 
second in the resonant frequencies of the 
crystal units of either series or diagonal 
branches will produce variations in dis- 
crimination of about the same type and 
magnitude as those illustrated in Figure 
11 for departures in inductance. How- 
ever, if all crystal units exhibit equal fre- 
quency departures, the entire transmis- 
sion characteristic will be shifted by the 
frequency departure of the crystal units, 
and there will be little change in discrimi- 
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Figure 9. Where 
the reactances of 
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the two branches of 
the lattice are of 
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opposite signs the 
filter transmits and 


where they are of 
like signs the filter 


attenuates 
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nation. For a 20-degree Fahrenheit 
change in temperature this frequency 
shift is approximately 0.03 per cent of the 
operating frequency. 

The lattice of capacitances is balanced 
in the final adjustment of the filter by the 
tuning of the differential air capacitor. 
This adjustment moves one reactance 
curve with respect to the other to locate 
one of their crossings, and thus one peak 
frequency, at 600 cycles above the carrier 
frequency. 

In the foregoing discussion the effect of 
dissipation in the elements forming the 
filter has been neglected. As there is some 
dissipation associated with each coil, 
capacitor, and crystal unit, the effect of 
each in turn will be considered. The dis- 
sipation associated with the coils may be 
considered as part of the terminating im- 
pedances and variation in this dissipation 
raises or lowers the loss level in the band 
of the filter without affecting the dis- 
crimination. Dissipation in the shunt 
capacitors at the input and output of the 
lattice produces similar effects on the 
filter. When these effects become too 
large, causing the loss in the pass band 
to fall outside the specified limit, the re- 
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Figure 10. The two reactance curves cross at 
four frequencies which determine the location 
of the four attenuation peaks 
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sistances at either end of the filter are 
changed in value to compensate for the 
change in dissipation. 

The elements forming the branches of 
the lattice, that is, the crystal units and 
the capacitor lattice introduce very little 
dissipation. However, since unbalances 
in the dissipation associated with the 
lattice branches of the filter will degrade 
the filter performance to the same extent 
as reactance unbalances in these branches, 
extreme care must be exercised to keep 
the dissipation among these branches 
balanced. Instead of referring to the re- 
actances of the branches of the lattice, 
Z, and Z,, it is more convenient in the 
following discussion to refer to their re- 
ciprocals, the susceptances B, and By. 
Dissipation associated with these sus- 
ceptances is expressed in terms of the 
conductances, G, and G,. To obtain a 
peak of attenuation in a lattice-type filter 
it is necessary to have a conductance bal-_ 
ance as well as a susceptance balance of 
the series and diagonal branches of the 
lattice. Equal conductances across the 
series and diagonal branches of the lattice 
have the same effect as equal conduct- 
ances across the input and output of the 
lattice. That is, they have the effect of 
raising the loss in the pass band of the 
filter slightly. However, an unbalance 
between the conductances of the series 
and diagonal branches of the lattice up- 
sets the bridge balance at the filter peak 
frequencies. The effect of a slight un- 
balance is a reduction in the magnitude 
of the peak losses of the filter. As this un- 
balance is increased the filter peaks may 
disappear entirely even though there is a 
susceptance balance at the peak fre- 
quencies. Thisis illustrated by the curves 
in Figure 12. The solid line represents a 
normal transmission-loss characteristic 
of the 219AM filter, with carrier fre- 


TRANSACTIONS 187 


626-72 


bel GE 


hol 


80 ; m 80 
vl\ al 
I H 
{I it I 
\\ vf iy \I 
70 rt 70 
yi \ \/ / \ 
EAs ies fae i \ 
iy ae ws | . eS “60 
i TT" | (i i 
w X 4 Ww 
@ A i; a 
2 if O 
o& 50 IN | W 50 
\ \ | | 
rm) ‘\ aM m) 
\ 
6 40 = Q 40 
a i I 
g sa s 
© 30 30 
E | | 
7 a 
WwW Ww 
2b Be =| 13 { a Y 20 
10 i —| | 10 
fo) ° 
So SS SG cr ee SS Cc +i +2 +3 SUP 16 ON A de eo 


FREQUENCY IN KILOCYCLES FROM CARRIER 


Figure 11. Precise cutting and adjustment of 
crystal units are required to obtain uniform 
filter performance 


The foregoing effects were produced by in- 

ductance departures of one per cent from 

nominal of crystal units in either pair of lattice 
branches 


quency at 108 kilocycles, in which there is 
a perfect balance of both the conductance 
and susceptance at the peak frequencies. 
The dashed and dotted lines show the 
effect of 0.010 and 0.030 micromho 
conductance unbalance, respectively. 
Greater amounts of conductance unbal- 
ance are required to produce these same 
effects in the lower frequency filters in in- 
verse ratio to the square of the operating 
frequencies. 

Even though the crystal plates are sur- 
rounded by dry air and enclosed in sealed 
glass containers it is still necessary to pro- 
tect the filter against atmospheric condi- 
tions of high relative humidity. The 
dashed curve of Figure 12 shows the ef- 
fect of 0.010 micromho conductance un- 
balance of the lattice. This unbalance is 
equivalent to 100 megohms insulation re- 
sistance. With clean parts and a rela- 
tively dry atmosphere insulation resist- 
ance many times as high as this can be 
maintained across the branches of the lat- 
tice. However, a trace of salt or other 
contamination across the terminals in 
the molded base of the crystal unit or 
across the ceramic in the air capacitors 
will make the insulation resistance highly 
sensitive to the moisture in the adjacent 
air. To guard against this condition of 
low insulation resistance, the following 
precautions are taken: 

1. Where insulating materials are required 


within the lattice structure only homogene- 
ous low-loss materials are used. 


2. The insulating parts assembled in the 
filters are kept clean. 


3. The filters are adjusted, tested, and 
sealed hermetically when surrounded by an 
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Figure 13. This two-terminal network is 
connected across the paralleled end of the 
filters to improve the transmission over the two 

end channels of the group of 12 : 


atmosphere in which the relative humidity 
is not greater than 40 per cent. 

In the construction of the filter the ele- 
ments are mounted on the panel and 
wired as shown in Figure 6. This panel 
assembly with cover and end brackets 
attached is inserted in an adjusting shield 
through which the three capacitor ad- 
justments are made. The resonant fre- 
quencies looking in either end of the filter 
are located where they should occur theo- 
retically, by the adjustment of the two 
end air capacitors. The other adjustable 
air capacitor is used to locate a peak of 
attenuation at 600 cycles above the car- 
rier frequency. 

The function of the channel filters in 
service is to select the modulated elec- 
trical impulses from 12 subscribers’ sets 
and combine them for transmission over 
the line, and at the receiving terminal to 
separate the various electrical impulses 
for transmission to the 12 subscribers’ 
sets. Thus, in operation the 12 filters are 
paralleled on one end. Over the pass 
band frequencies of any one of the 12 
filters the impedance paralleling this 
filter should be high so that by far the 
greater portion of the energy in this fré- 
quency range passes through the filter 
and is not dissipated in the paralleling 
filters. With the 12 filters connected in 
parallel this condition is satisfied over all 
channel bands excepting the two end 
channels. Good transmission is obtained 
over all channels by connecting a two 
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Figure 12. To obtain high peak loss in a lat- 
tice-type filter the conductances and suscept- 
ances of the series and diagonal branches must 
be equal 
The effects of differences of 0.010 and 0.030. 
micromho conductance in these branches are 
shown, respectively, by the dashed and dotted) 
curves 


terminal network, the schematic of which 
is shown in Figure 13, across the paralleled 
end of the filters. 

The 219-type ‘‘Crystal Channel Filter’” 
is the first commercial application of 
lattice-type filter circuits in which more 
than one crystal unit is used in each 
branch of the lattice. The use of this cir- 
cuit reduces the number of component. 
elements required in each filter and re- 
sults in a saving in mounting space re- 
quired. As these filters constitute a 
large portion of the broad band carrier 
terminal equipment this development has. 
contributed to a considerable saving in. 
office space. The labor required for pro- 
ducing these filters has been reduced by a. 
third in comparison with that required 
for the earlier design. Also, substantial 
savings in the use of tin, nickel, molyb- 
denum, brass, and raw quartz are realized. 
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Die Cast Rotor Testing 
by Test Stator Method 
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OR some years now, it has been a com- 

mon practice to die cast the squirrel 
cages of induction motor rotors. The die 
cast rotor has many advantages of simplic- 
ity, ruggedness, and durability as well as 
low cost. One feature of die castings is 
the tendency for all castings to have a 
perfect outside surface even though the 
interior may contain voids, blow holes, or 
porosity.- This feature is an advantage 
when the appearance of the die cast ar- 
ticle is of primary importance. However, 
in an electric rotor, it is a disadvantage as 
no visual inspection methods will disclose 
a faulty interior which may affect the 
electrical performance. 

Since the conductivity of the best elec- 
trical materials such as copper and alumi- 
num are affected by small amounts of 
impurities, there is always the possibility 
of low conductivity being introduced at 
some stage between ingot and final cast 
rotor. This defect also cannot be de- 
tected by visual inspection. 

It is necessary, therefore, to have some 
means other than inspection for testing 
die cast rotors. Of course, one way of 
testing such rotors is to build them into 
complete motors and make thorough 
tests on the motors. Obviously, this has 
the great disadvantage of performing 
many expensive and time consuming 
operations before it is known that a rotor 
is defective. Sometimes also other varia- 
tions in the completed motor make it very 
difficult to lay positively the cause of 
poor performance to the die cast rotor. 

There are, of course, an infinite number 
of ways in which a rotor can be defective 
such as wrong laminations, core stack, 
skew, and shaft hole, but in general, if the 
resistance is correct, all other defects can 
be caught by inspection and gauging. 
Once in a great while open bars may get 
by a resistance test but except for rare 
cases a measurement of the average rotor 
resistance can be used to select the satis- 
factory rotors. 

There are two common methods of 
weasuring the effective secondary or 
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rotor resistance of a squirrel-cage motor. 
One method obtains the rotor resistance 
from readings of slip and secondary cop- 
per loss. This has certain definite useful- 
ness for polyphase motors, but has the 
disadvantage of requiring the rotor to be 
finished completely and tested in a motor 
with bearings. The other method in- 
volves a measurement of the impedance of 
the motor with rotor held stationary. 
From this impedance, the rotor resistance 
is separated by calculation from the stator 
resistance and reactance. By taking full 
advantage of the locked impedance 
method which requires no rotation, bear- 
ings, or line up variations, a very satis- 
factory method of testing die cast rotors 
may be devised. 


Test Stator for Testing 
Die Cast Rotors 


It would be possible to use a normal 
stator and, without end covers or bear- 
ings, make an impedance test for rotor 
resistance of a die cast rotor. Special care 
would have to be taken in testing, as the 
stator being designed for normal opera- 
tion at full speed would draw heavy cur- 
rents and get very hot with rotor standing 
still. The rotor also would get hot. Cor- 
rection of resistaiice measurements for 
temperature would be subject to error as 
the temperature not only would be high, 
but also changing rapidly. 

To overcome these and other difficul- 
ties, stators for testing die cast rotors are 
made of special construction and propor- 
tions. 


1. The stator slots are made much larger 
than normal, to give 8 to 10 times the normal 
winding area. This in itself reduces the 
stator temperature and the amount of pri- 
mary resistance to be subtracted from the 
total resistance. It gives a stator much lar- 
ger in diameter than normal, but theaddition- 
al size and cost do no harm for a test device. 


r; JX jXx2 Ts 


Figure 1. Equivalent circuit of induction motor 
with rotor locked 
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2. The number of effective turns are usu- 
ally much greater than the normal stator to 
give about half the normal flux densities. 
This keeps the iron loss of the large stator 
down, and reduces the effect of saturation. 


3. Since under locked impedance condi- 
tions the phases operate independently, only 
one phase is necessary for the stator wind- 
ing. 


4. The inside diameter usually is made 
slightly larger than normal, just big enough 
to admit rotor cores as they come from die 
casting before the outside diameter is 
turned to final size. If the stator has open 
or partially open slots and the mould al- 
lows aluminum to flow over the unfinished 
surface, it may be necessary to remove this. 
excess aluminum to obtain accurate read- 
ings. If it is desired to test soldered or 
brazed copper or brass rotors in such a 
stator, it may be necessary to trim off the 
excess solder or brazing material in order to. 
get the rotor into the stator. Otherwise, 
the air gap may have to be increased too: 
much and errors are introduced. 


5. In general, the width or stack of the 
test stator is made as narrow as the shortest 
rotor likely to be tested in quantity, and 
used for all rotors of that diameter. There 
is very little error introduced when the rotor 
is longer than the stator, but if the rotor is 
shorter, new calibration curves may have 
to be made because of the change in air gap 
area. 


6. Stators usually are mounted vertically 
and the windings given thick protective 
coatings to minimize the damage of rotors 
continually striking against the stators 
during insertion. In spite of all precau- 
tions, the windings ultimately become short 
circuited or the laminations badly worn 
and hammered together at the air gap. If 
production testing is to be continuous and 
shutdowns for repair avoided, it is well to 
have spare stators available for immediate 
replacement. If it is expected that the 
windings of individual stators will vary in 
resistance, it may be desirable to add a 
rheostat to the circuit which may be ad- 
justed as each new stator is installed thus 
keeping the same value of total resistance in 
the primary circuit and eliminating the 
necessity of new calibration curves for each 
new stator. 


7. In general a single phase concentric 
winding is used with the turns distributed 
sinusoidally. A typical core lamination is 
shown in Figure 7. 


Testing Circuit 
The equivalent circuit of each phase of 


an induction motor under locked rotor 
condition is as shown in Figure 1. For 


Rr ry 


Equivalent circuit used in analyzing 
tests of die cast rotors 


Figure 2. 
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the purpose of rotor testing, it is satis- 
factory to assume the iron loss branch to 
be in shunt across the input as shown in 
Figure 2. The impedance of the network 
beyond the iron loss branch has been 
shown by C. G. Veinott to be: 


Zr=Ri+jxXr=(n+rCe,)+jXCr 
where 


X =ideal short-circuit reactance 


res reais En 
Ximm* 
Q=—_— 
(X2+ Ximm)?+ 12? 
c 1+ (x1+Xmm)/X} 4 r2/(x2+Xmm) }? 
Cum 


isp { to] (x2+Xmm) } q 


=primary resistance 
r2 =secondary resistance referred to primary 
= primary leakage reactance 
x, =secondary leakage reactance referred to 
primary 
Xmm = mutual or magnetizing reactance 


For the purpose of rotor testing, it is 
satisfactory to assume primary and sec- 
ondary leakage reactances to be equal. 
With this assumption the correction fac- 
tors become 


raw To Be 

"1+ (1re/X,)? 
and 

_1t(n/X) (te/Xo) 
eS See RY) 
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Figure 4. Calculation sheet for die cast rotor 
calibration curves 
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Figure 5. Typical 
calibration curve for 3 
test stator 


Dotted curves indi- 
cate upper and 5 
lower watt limits 
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Figure 3 (left). Locked rotor impedance 


Single-phase and polyphase induction motors 


where 
Xo=Ximmtx = Xmmt+x2 = ideal short-circuit 
reactance 
K. | Amm a = 1 Xmm 2 
ay De aro Xmm+%2 
K | Xam}? _%e=% 
es 0) 


Figure 3 is sometimes a convenient aid in 
using these formulas. 

Referring to Figure 2, if it is assumed 
that the current in the iron branch has 
negligible effect on the magnitude of the 
total line current, the following expres- 
sions may be used: 


E=IZz, where Zb=V RO+K14, 
— OF 
and 


Rr=Rrt+tn+ncC, (Rr=rheostat resistance) 
Watts input =/?Rz_+ iron loss 


A convenient calculation form is shown 
in Figure 4. It is customary to calculate 
a complete curve of watts versus 7, and to 
use this curve in setting test limits for pro- 
duction test. Such a curve is shown in 
Figure 5. 


Determination of Circuit Constants 


In order to use the form shown in 
Figure 4, it is necessary to know the cir- 
cuit constants 7, X, X,, and the iron loss. 

7, can be measured easily by resistance 
bridge. 

X can be obtained from a locked rotor 
reading using a typical rotor, preferably 
of low resistance. It is usually necessary 
to have tests with finished and unfinished 
rotors so that rotors can be tested later 
under either condition. Usually the same 
values of test constants can be used re- 
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ZL =(8)/@) 
Q=\ (16)* —(13)2 
Xo 7 Q=(7)-(17) 
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Figure 6. Calculation sheet used for deter- 
mining circuit constants 


gardless of core stack, but it is well to try 
different stacks just to be sure. For the 
purpose of analyzing the locked rotor 
tests, we can assume the equivalent cir- 
cuit of Figure 2. The locked impedance 
of the network beyond the iron loss 
branch has been shown to be 


Zi=(n+P]+jQ 
where P=7.C,andQ=XCr 


Typical test stator lamination for 
die cast rotor test 


Figure 7. 
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Figure 9. Test bench for 
die cast rotor testing 


SINGLE 
PHASE 
POWER 

SUPPLY 


Figure 8. Wiring diagram for die cast rotor 
test circuit 


Assuming that the current in the iron 
loss branch has a negligible effect on the 
magnitude of the total line current, we 
find 


ZL=E/I1, Ri= [watts input —iron loss]/J1? 
P=R,-—7, and O=N pene 


Mr. Veinott has shown that 


PX, 
“<a 
NG Q 
where 


Xo=Xmmt+%*1 =ideal open circuit reactance 
He also has shown that 


1+ (12/X) (12/X 0) 
1+ (12/X 9)? 


Q=XCr=X 


Transposing and solving for X 


X [1+ (t2/X) (12/X o) ]=Q [1+ (12/Xo)?) 
X + 12(r2/X 9) =Q[1+ (12/X>)*] 
X=Q[1+ (r2/Xo)?] — 12(172/X 0) 


X, and the iron loss for this type of 
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test stator can be obtained from input 
readings using a rotor similar to a typical 
rotor except with no squirrel cage at all. 

Under this condition, it can be assumed 
that 


NG a ee 
and that the 
Iron loss = input —copper loss 


In this case also, it is usually desirable 
to have tests with both finished and un- 
finished rotor diameters. It is desirable 
to take the dummy rotor tests over a 
fairly wide range of voltages to be sure to 
cover any case of high or low rotor resist- 
ance in later tests. A convenient form 
for analyzing these tests is shown in 
Figure 6. 
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New Series Capacitor Protective Device 


R. E. MARBURY 


MEMBER AIEE 


Synopsis: A series capacitor is best pro- 
tected from overvoltage during fault by a 
gap having low are drop with no tendency 
to cut off. In this manner the capacitor is 
not subjected to repetitive voltage peaks 
during fault, and high current oscillations in 
the circuit formed by the capacitor and gap 
are minimized. A special design of graphite 
gap with self-centering arc characteristics is 
described. A new type of by-pass switch 
is also described for automatically by-pass- 
ing the gap and series capacitor and remov- 
ing the by-pass after the fault has cleared. 
The switch shown provides an inherent 
time delay on closing thus allowing time for 
the capacitor to discharge through the gap 
and avoid damage to the switch contacts. 
The switch also provides time delay on re- 
opening thus eliminating the necessity for 
a holding means which has been a problem 
always with magnetic contactors in this ap- 
plication. The motive power for closing the 
switch is derived from a sealed bellows using 
high resistance metal and containing a vola- 
tile liquid. The passage of current through 
the bellows changes the vapor pressure and 
furnishes the forces required to operate the 
switch. A device of this type is not subject 
to damage by steep wave front surges as- 
sociated with the discharge of the capacitor 
through the protective gap, nor is it damaged 
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Figure 1. Oscillogram showing operation 

of a conventional gap protecting a 33-ohm, 

60-cycle, 1,410-volt series capacitor on a 
100-ampere fault 
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by intermittent line faults. The combina- 
tion of this gap and switch has many ad- 
vantages over a conventional gap and 
magnetic contactor and should permit a 
more general application of series capacitors 
to distribution circuits. 


CAPACITOR connected in series 

with an electric circuit improves its 
voltage regulation by inserting a negative 
reactance which in effect cancels all or 
part of the inductive reactance of the cir- 
cuit. Such a capacitor is called a ‘‘series 
capacitor.”’ A series capacitor installation 
consists of a bank of capacitors connected 
in series with each phase of a transmis- 
sion or distribution line, each bank having 
the reactance necessary to cancel the de- 
sired portion of the phase reactance and 
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Figure 2. Cross section of new gap 
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designed to handle the maximum continu- 
ous and momentary line currents. 

Capacitors may be subjected for brief 
periods to twice their rated voltage with- 
out damage to the dielectric; therefore, 
series capacitors may be allowed to handle 
momentary currents which are twice their 
continuous current rating. However, in 
most circuits to which series capacitors 
are applied the currents which flow during 
fault conditions are considerably more 
than twice the maximum working current. 
For this reason it is necessary either to use 
capacitors with a continuous current rat- 
ing equal to one half the maximum current 
which may flow during a fault or to use a 
voltage limiting device. 

For a given reactance the cost of ca- 
pacitors increases approximately as the 
square of the rated voltage so that usually 
it is much more economical to use capaci- 
tors whose rating is based on the working 
current and limit the voltage which can 
appear across their terminals by means 
of auxiliary apparatus. 


e 


Protective Gaps 


The device used to protect a series ca- 
pacitor during fault conditions must not 
allow the capacitor voltage to rise above 
twice the rated value even for a short 
time. Thus, it must function to by-pass 
the capacitor during the first half cycle of 
fault current. A gap is the only device 
which meets this requirement effectively. 

The fundamental protected series ca- 
pacitor circuit consists of a series capacitor 
shunted with a gap. If, however, this is 
a metallic gap which has a high are volt 


Figure 3. Oscillogram showing operation of 
new gap protecting a 33-ohm 60-cycle 1,410- 
volt series capacitor on a 100-ampere fault 
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Figure 4. Series capacitor protective device 
for low voltage capacitors 


age and a restriking arc, the series capaci- 
tor will be subjected to high currents 
while the arc exists in the gap. Figure 1 
shows an oscillogram made of the current 
in a 33-ohm, 60-cycle series capacitor 
with a shunt gap set to break down at 
3,000 volts. The gap electrodes were 
made of brass. The normal current of 
43 amperes was increased to 100 amperes. 
The oscillogram shows the presence of 
high currents in the capacitor after the 
gap breakdown occurred. Such high cur- 
rents cause heating of the capacitor and 
may cause serious damage. 

The use of a gap having special graphite 
electrodes gives a low arc voltage and 
limits the current flowing in the series 
capacitor leads to a low value. Even 
with graphite electrodes, however, the arc 
will be moved out of the space between 
the electrodes by magnetic forces, thermal 
air currents, and random air currents un- 
less special precautions are taken in the 
gap design. 

Figure 2 shows the cross section of a 
special type of gap the authors have de- 
veloped to insure a stable arc with a low 


are voltage. The are occurs between the 
surfaces A and B and is shielded from air 
currents by the upper electrode. Mag- 
netic forces produced by the current 
traveling radially through the upper elec- 
trode are in such a direction as to keep 
the arc in the gap. Gaps of this design 
have been tested at currents up to 5,000 
amperes for one second and sustained no 
damage. The arc remained between the 
gap faces at all currents, and there was no 
tendency for the arc to wander down the 
sides of the lower electrode. Figure 3 
shows the results of a test using this new 
gap on the same circuit as that used for 
Figure 1. 

As the spacing of a gap is decreased, the 
variation in breakdown voltage on suc- 
cessive operations becomes greater. For 


SERIES CAPACITOR 


CONTACTOR 
Figure 5. Series capacitor protective device 
with magnetic contactor to extinguish arc in 
the gap 


dependable operation a gap should be ad- 
justed to break down at not less than 3,000 
volts. Since the gap must function de- 
pendably at no more than twice the rated 
capacitor voltage, it cannot be used to 
protect a capacitor rated at less than 1,500 
volts unless an auxiliary means is pro- 
vided to ionize the gap when the capaci- 


Figure 6 (below). Bellows operated toggle switch 


Figure 8 (right). 
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Operation of series capacitor protector using 
bellows operated switch 
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tor voltage reaches twice the rated value. 

Figure 4 shows a diagram of a gap- 
protected capacitor with a continuous 
voltage rating of less than 1,500 volts. A 
step-up autotransformer is used to in- 
crease a voltage obtained across the series 
capacitor to a level such that the auxiliary 
gap will break down when the voltage on 
the series capacitor is twice the rated 
value. The breakdown of the auxiliary 
gap allows the small auxiliary capacitor 
to discharge into a radio frequency choke 
which is in series with the main power 
gap. This discharge causes a high fre- 
quency voltage to appear across the choke. 
Since the series capacitor has a low im- 
pedance at this frequency, the voltage ap- 
pears across the power gap causing it to 
break down and pass power current. 

A simple gap-protected series capacitor 
is a satisfactory installation provided no 
fault is of sufficient duration that the heat 
generated by the arc will damage the gap, 
and provided the are in the gap will go 
out when the line current drops to normal. 
Such conditions may exist on low voltage 
circuits. Usually, however, some special 
means must be employed to extinguish 
the arc in the gap. 


Magnetic Contactors for By-Passing 


Series capacitor protective devices 
made in the past have utilized gap current 
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Figure 7. Series capacitor protective device 
using thermal switch 
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to initiate the closing of a magnetic con- 
tactor which by-passes the capacitor and 
gap to extinguish the arc. Such an ar- 
rangement is shown in Figure 5. The 
capacitor closing coil is placed in series 
with the gap so that when the gap breaks 
down the current flowing through the gap 
will cause the contactor to close. The 
contacts are connected to shunt the gap 
and all but a small portion of the closing 
coil. The number of turns remaining in 
the circuit is sufficient to cause the con- 
tacts to remain closed until the current in 
the line drops to normal. Thus, the arc 
exists in the gap only for the time re- 
quired for the contactor to close, and the 
contactor shunts the capacitor for the 
duration of the fault. 

The magnetic contactor provides ade- 
quate protection of the gap in a gap-pro- 
tected series capacitor; however, a special 
and expensive contactor must be designed 
and built for each application. The size 
of the operating coil must be adjusted for 
each equipment so that the contactor will 
pick up at twice the rated capacitor cur- 
rent and drop out when the current drops 
to the rated value. The coil must be de- 
signed to withstand the steep wave front 
surge imposed upon it when the gap 
breaks down and the stored energy of the 
capacitor is discharged into the coil. In 
addition to stressing the coil, this surge 
also causes the contactor to accelerate 
very rapidly so that its contacts are closed 
while the capacitor discharge current is 
still high. This imposes severe duty on 
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Figure 9. Time-current characteristic of gap 
and switch 
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the contacts, and they must be carefully 
designed to prevent welding or excessive 
burning. 


New By-Passing Switch 


To overcome the difficulties encoun- 
tered in the use of magnetic contactors, the 
authors set about to design a new type of 
by-pass switch to meet the following re- 
quirements: 


1. It must close rapidly enough to protect 
the gap from overheating during any fault 
up to 2,500 amperes. 


2. It should have sufficient time delay on 
closing in order that any capacitor bank up 
to 180 kva at 230 to 2,400 volts would be 
substantially discharged through the gap 
before the contacts engaged. 


838. The motor element must not be dam- 
aged by the maximum combined fault cur- 
rent and capacitor discharge current. 


4. It must have sufficient time delay on 
opening to allow a fault to be cleared by the 
line breakers so that no holding arrange- 
ment is required. 


The switch shown in Figure 6 was de- 
veloped for this purpose. It is a ther- 
mally actuated toggle switch which has 
quick-make and quick-break action and 
is connected as shown in Figure 7. The 
bellows is evacuated and charged with a 
small quantity of a liquid having a low 
vapor pressure at any ambient tempera- 
ture which may be encountered in service. 
At such temperature the bellows remains 
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Figure 10. Variation in closing time of bel- 
lows operated switch with variations in ambient 
temperature 
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collapsed because of external atmospheric 
pressure. When mounted in the switch, 
it is stretched to the normal length and 
exerts a pull more than sufficient to open 
the switch mechanism. When gap current 
passes through the walls of the bellows, 
heating occurs which changes the vapor 
pressure of the enclosed liquid. Con- 
tinued heating causes the vapor to exert 
a pressure sufficient to actuate the toggle 
mechanism causing the switch to close. 
Figure 8 is an oscillogram showing the 
gap and switch operation in protecting a 
16-ohm, 60-cycle series capacitor during 
a 2,000 ampere fault. 

The closing of the switch by-passes the 
entire series capacitor and thus terminates 
the flow of gap current and allows the bel- 
lows to start cooling. Cooling causes the 
vapor to recondense, and the resulting 
differen‘ial pressure reopens the switch 
and restores the series capacitor to service 

The gap may be allowed to reach a tem- 
perature of 250 degrees centigrade with 
no risk of damage. Figure 9 shows the 
time-current characteristics of the gap 
shown in Figure 2 based on an attained 
temperature of 250 degrees centigrade on 
the top casting and shows also the time 
required for the switch to close for the 
same currents. From this it is seen that 
the switch meets the first requirement of 
protecting the gap for all currents in the 
operating range. The tests from which 
these data were procured were made at an 
ambient of 25 degrees centigrade; how- 
ever, the gap and switch combination is 
temperature compensating, and adequate 
protection is obtained throughout the 
operating temperature range. At high 
ambient temperatures the gap reaches the 
maximum permissible temperature in a 
shorter time, but the switch closes more 
rapidly. At low ambients the switch 
operates more slowly, but the gap requires 
longer to reach the temperature limit. 
Temperatures below the freezing point 
of the enclosed liquid do not damage the 
bellows because of its flexible nature and 
because the quantity of liquid is very 
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Figure 11. _ Low voltage series capacitor pro- 


tective device 
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Figure 12 (left). 
Typical series capac- 
itor installation 
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small. Operations at ambients below 
freezing do not take appreciably longer 
than those above freezing since the heat of 
fusion of the liquid is small compared to 
the total heat input required to raise the 
bellows to .the operating temperature. 
The operating time of the switch for vari- 
ous ambients is shown in Figure 10. 

The motor element in the new switch is 
essentially self-protecting since the switch 
operates to stop the current flow in the 
bellows when it reaches a certain tempera- 
ture. High currents simply cause the 
switch to operate more quickly. The 
switch shown has been tested with fault 
currents of 2,500 amperes and capacitor 
discharge currents of 100,000 amperes 
and sustained no damage. 

The opening time of the switch varies 
from two to five minutes over the ambient 
temperature range of —20 degrees centi- 
grade to +50 degrees centigrade. Thus, 
any fault will be cleared by the line 
breaker before the switch opens to restore 
the capacitor to service. An arcing 
ground on the system cannot cause opera- 
tion of the switch more often than once 
every two minutes so that heating in the 
capacitor caused by discharge through 
the gap cannot be cumulative and cause 
damage. 


Method of Installation 


Figure 7 is the diagram of a high voltage 
(above 1,500 volts) series capacitor with 
short circuit protection. Figure 11 shows 
the low voltage equipment. In either case 
the complete assembly of equipment for 
each phase is mounted on a platform 
which is insulated from ground for the 
line-to-ground voltage as shown in Figure 
12. Outdoor type capacitor units are 
used, and the protective equipment is 
housed in a weatherproof steel housing 


Marcu 1946, VoLuME 65 


ANA NEAN 


Figure 13 (right). 
Series capacitor with 
short circuit, over- 
load, and dielectric 
failure protection 


with one entrance bushing. A stud on 
the housing serves as the other terminal. 
Disconnect switches are provided to by- 
pass and isolate the capacitor for inspec- 
tion and maintenance. 


Operating Limits 


During momentary overloads, such as 
might be caused by motor starting or the 
operation of a resistance-welding machine, 
the series capacitor rated current may be 
exceeded, and it is not intended that the 
short circuit protective device should 
operate at such times. The breakdown 
voltage of the protective gap is subject 
to variation with temperature, humidity, 
condition of electrode surfaces, and rate of 
rise of the applied voltage. To allow for 
these variations, the gap is set positively 
to break down at 200 per cent of the rated 
voltages and never to break down at 150 
per cent of the rated voltage. Therefore, 
it is important that the momentary cur- 
rent peaks never exceed 150 per cent of 
the continuouscurrent rating of the capac- 
itor. In some cases the current peaks will 
exceed considerably the normal sustained 
current. In these cases it is necessary to 
use a capacitor with a sufficiently high cur- 
rent rating that it will never be exceeded 
by more than 50 per cent, even though the 
capacitor will run most of the time with 
less than rated current. 


Other Types of Protection 


A series‘ capacitor will be damaged by 
continuous operation at more than 110 
per cent of its rated current. The short- 
circuit protective device may not func- 
tion at less than 200 per cent of rated 
current; therefore, it is sometimes desir- 
able to provide overload as well as short- 
circuit protection. The overload protec- 
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tive device should have an inverse time- 
current characteristic which can be co- 
ordinated with that of the capacitor to 
allow momentary but not continuous 
overloads. The bellows operated switch 
is ideal for this purpose. It is necessary 
only to connect a bellows of the proper 
current rating in series with the capacitor 
and to connect the switch to shunt the 
capacitor and bellows. 

Still another type of protection that is 
sometimes used for series capacitors is 
dielectric failure protection. This is a 
means of detecting a failure in the working 
insulation of a capacitor unit in a capaci- 
tor assembly. In an unfused capacitor 
bank a short-circuited capacitor unit may 
sustain an internal arc which will cause 
gas to be generated in the unit.. Con- 
tinued operation will cause the pressure 
to reach a value which will rupture the 
case and possibly cause damage to other 
units and equipment. If the units are 
equipped with individual fuses, a fuse 
operation to remove a faulty unit increases 
the reactance of the bank and continued 
operation at the rated current of the orig- 
inal bank will subject the remaining units 
to overvoltage. The by-pass switch used 
in a protective device for dielectric failure 
protection is spring biased to the closed 
position and latched in the open position. 
A magnetic device is used to trip the latch 
when the currents become unequal in two 
equal branches of the capacitor bank. 
Each phase of the series capacitor bank ts 
divided into two equal branches and con- 
nected so that the two branch currents 
pass in opposite directions through one 
winding of a special current transformer. 
No voltage is induced in the secondary 
winding until the two currents become un- 
equal as a result of a short circuit in one 
of the capacitor units or a removal of one 
or more units by operation of individual 
fuses. 

Figure 13 shows the diagram of a series 
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A B-H Curve Tracer for Magnetic- 
Recording Wire 


T. H. LONG 


MEMBER AIEE 


Synopsis: The equipment described is able 
to show on the screen of an oscilloscope the 
cyclic hysteresis loop of a sample of mag- 
netic-recording wire a little over one inch 
long and 0.004 inch in diameter. Results 
obtained with the equipment in studying 
recording wires are given. A discussion is 
included of the operation of the equipment, 
and of possible modifications. 


N EXPERIMENTAL study of the 

performance of any particular type of 
recording or playback head in relation 
to magnetic-wire recording it becomes evi- 
dent that there are at least two vari- 
ables. One of these, and frequently the 
most serious, is the condition of the head 
as influenced by accumulations of dirt. 
The dirt that accumulates in such a head 
is usually magnetic, but it is probable 
that any kind of dirt is almost equally 
bad on account of the separation it causes 
between the wire and the pole pieces. 
Magnetic dirt has the additional disad- 
vantage of causing a shunting effect on 
the gap. The second variable is the mag- 
netic character of the wire itself. 

It is a matter of experience that with 
suitable recording and playback heads 
the performance of a wire recording sys- 
tem is stable to within about 0.5 decibel 
for short lengths of wire. For frequencies 
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above 2,500 cycles the performance may 
be subject to variations as great as 15 
decibels in playing through a 1 hour spool 
of wire at 2 feet per second. Performance 
at lower frequencies may be subject to 
roughly one-third as much change. These 
figures apply to 0.004-inch diameter stain- 
less steel wire available early in 1945. 

It is known further that a normal 
change in the condition of the head will 
account for only a small part of the change 
in low frequency performance but that 
it may account for all of the change ob- 
served at high frequencies. This situa- 
tion makes it important to be able to 
separate the variables of head condition 
and wire magnetic characteristic in order 
to find out what actually is happening. 
This requires special equipment for ex- 
pediently measuring the magnetic char- 
acteristics of the recording wire. 

The characteristics obviously of interest 
in a recording wire that is to be used as a 
permanent magnet are retentivity and 
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capacitor having short circuit, overload, 
and dielectric failure protection. Actu- 
ally, overload and dielectric failure pro- 
tection are seldom needed on distribution 
circuit series capacitors. These capaci- 
tors are usually selected on the basis of 
the maximum expected line currents, and 
these currents are not likely to be continu- 
ously exceeded because other equipment 
such as transformers would be damaged. 
When the units are applied in this manner 
and are properly protected against dam- 
age from short circuits, they seldom fail 
in service. 


Conclusions 


A graphite gap designed to hold the arc 
in a relatively fixed position provides the 
most effective protection for a series ca- 
pacitor because it does not permit recur- 
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ring rises in voltage on the capacitor dur- 
ing afault. It can be designed to handle 
the fault current without being damaged 
and without serious changes in the break- 
down characteristics. 

A thermally operated by-pass switch of 
the type described provides an economical 
aud effective means of extinguishing the 
are in a series capacitor protective gap. 
The bellows operating element has a neg- 
ligible inductance and is not damaged by 
the steep wave front surge of the capacitor 
discharge. The time delay on closing re- 
lieves the contacts of handling capacitor 
discharge current. The time delay on 
opening eliminates the need for a holding 
mechanism. 

The thermal switch has an inverse 
time-current characteristic which makes 
it ideal for overload protection of series 
capacitors. 
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coercive force. Other magnetic character- 
istics that may be of interest are the shape 
of the normal magnetization curve, the 
erase noise level, and the so-called d-c 
saturation noise level. These last two 
items usually are studied on a record-and- 
playback setup and will not be discussed 
further here. 


Requirements for Equipment for 
Magnetic Measurements 


Perhaps the most important require- 
ment for magnetic measurements is that 
they should be made at a sufficiently in- 
tense magnetization to insure saturation 
of the wire. Measurement at any arbi- 
trarily selected lower level may not be 
proportional to saturated measurements 
and in extreme cases will give little idea 
of the actual magnetic property of the 
wire. It originally was estimated that 
1,500 ampere turns per inch would be 
necessary for the saturation of any wire. 
Subsequent experience has indicated that 
this is satisfactory for any wire suitable 
for magnetic recording with present head 
designs but that wire can be produced 
that requires more than 2,500 ampere 
turns per inch for saturation. 

A requirement of almost equal impor- 
tance is that the equipment should be able 
to operate continuously and indicate con- 
tinuously the magnetic retentivity and 
coercive force of the wire as it runs 
through the equipment at a speed com- 
parable to recording speed. The resolv- 
ing power of the equipment should corre- 
spond to something on the order of 0.1 
second playing time. There seem to be 
no variations in performance of an unde- 
sirable nature or magnitude that are of 
shorter duration than perhaps one-half 
second. If there were shorter transients, 
they could be studied best by oscillo- 
graphic methods on a record-and-play- 
back system which has a resolving power 
of a few thousandths of one inch. 

Considerations of magnetizing coil de- 
sign suggest the desirability of operating 
at a low audio frequency, perhaps several 
hundred cycles. A secondary considera- 
tion pointing in the same direction is the 
possibility of winding the detector coil 
on a stainless steel (nonmagnetic) tube. 

It occasionally may be desirable to 
make rather accurate measurements at 
very low inductions, such as 100 lines 
per square inch. In order to avoid com- 
promising the design as far as more nor- 
mal use at much higher flux densities is 
concerned, it may be desirable to provide 
for measurement in such cases on a small 
bundle of wires. An example of this use 
would be the getting of that part of the 
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normal magnetization curve that is near 
the origin. . 

Calibration should be simple and pre- 
cise with independent adjustments for 
coercive force and retentivity and should 
be relatively stable. A permissible drift 
might be as much as 5 per cent per hour. 
An absolute calibration would be de- 
sirable. 

The equipment should be adjustable to 
obtain full scale retentivity readings at 
several convenient values between 10,000 
and 100,000 lines per square inch. Ad- 
justment also should be provided for full 
scale ampere turns per inch from perhaps 
100 to 3,000. 


Theoretical Considerations 


The practicability of the use of the os- 
cilloscope in obtaining hysteresis loop 
information on small punched washers 
of magnetic material has been demon- 
strated by Adler.t It would seem that 
something of the same technique should 
be applicable to the present problem. 
It hardly would be practicable to form 
the recorder wire into a loop to apply 
Adler’s technique directly. Such a loop 
would require several turns to minimize 
end effect; and very high magnetizing 
currents would be required since the 
recording wire is actually a very efficient 
permanent magnet material. 

An alternative is to run a straight wire 
through a magnetizing coil. The mag- 
netizing force near the axis of a mag- 
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netizing coil of practical proportions will 
not be constant but will increase toward 
the center of the coil. Most of the change 
will be near the ends, and, if only the 
central one-third of the magnetizing coil 
is occupied by the detector and balance 
coils, the variation actually encountered 
will amount to only a few per cent, and 
an average value may be satisfactorily 
used; this is subject to limitations im- 
posed by end effect. If the end effect is 
spread out over a length of the order of 
100 times the wire diameter, it should not 
affect the results appreciably, and this 
expectation has been realized. 

It is clear that, since operation is re- 
quired on the flux contained in one piece 
of 0.004-inch diameter wire, a great many 
turns will be required in the detector coil 
through which the wire will run. It is 
further evident that a very substantial 
part of the flux through this coil will be 
flux outside of the wire and in air. For 
instance, if the inside diameter of the 
winding is 0.312 inch and the radial thick- 
ness of the winding is neglected, the ratio 
of the areas of air and iron included by the 
coil will be about 6,000. It will be neces- 
sary to exclude the influence of this air 
flux from the measurements, since it 
would mask completely the flux being 
measured. This is reasonably simple to 
do with a balance coil having a product 
of turns times area slightly greater than 
the detector coil and located along side 
of the detector coil within the magne- 
tizing coil. A potentiometer adjustment 


Figure 1 (left). 


can be used for the adjusement of the 
final balance as one of the steps in cali- 
brating the equipment. 

A definite limitation is imposed on the 
equipment by the requirement of handling 
wire for which the maximum induction is 
as great as 100,000 lines per square inch, 
since the voltage from the balance and 
detector coil combination must not over- 
load the amplifiers that precede the inte- 
grating circuit. 

This voltage prior to the integrating cir- 
cuit is a very peaked wave, so that a 
fairly wide range of frequency must be 
handled without appreciable distortion, 
and what is perhaps more important, 
without appreciable relative phase shift 
between the various harmonic compo- 
nents at any point inthe circuit. This will 
require the use of unusually large capaci- 
tors on the screen grids, and the elimina- 
tion of cathode by-pass capacitors with a 
corresponding material loss in amplifier 
gain. 

An interesting theoretical question is an 
appropriate design for an air core mag- 
netizing coil to provide 1,500 ampere 
turns per inch continuously at say a maxi- 
mum frequency of 500 cycles. It is 
known? that for a coil wound from round 
or square wire, and having proportions 
suited to the present problem, if the eddy 
current loss increases the effective re- 
sistance by more than about 50 per cent, 
the total loss will be reduced by winding 
with smaller wire to the same total turns 
and axial coil length. This makes it ap- 
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Figure 2 (below). Simplified schematic diagram of B—H curve tracer 
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pear that for a radial winding depthof 1.25 
inches the maximum practicable round 
wire size will be about 0.040 inch. The 
maximum practicable wire size will be 
roughly proportional to the reciprocal of 
the radial depth of the winding. 


B-H Curve Tracer 


The equipment as finally developed for 
the continuous measurement of retentiv- 
ity and coercive force of moving or sta- 
tionary samples of magnetic recording 
wire is shown in Figure 1. The lower sec- 
tion is occupied by the wire handling 
equipment and the magnetizing coil. 
Behind this unit on the relay rack is the 
power supply for the power amplifier that 
energizes the magnetizing coil at the 
finally selected frequency of 200 cycles. 
This power amplifier is at the top of the 
rack. In between there is a 200-cycle 
oscillator, an integrating circuit for the 
induction channel and associated ampli- 
fier, an amplifier for the magnetization 
channel, and the controls associated with 
these items. The equipment is self con- 
tained except for the oscilloscope and in- 
cludes sufficient amplification for 20-volt 
output signals in both channels. 

Figure 2 is a simplified schematic dia- 
gram in which certain standard items are 
designated simply by blocks. The resist- 
ance coupled amplifiers are modified from 
strictly conventional circuits to meet the 
special requirements of the present prob- 
lem as just indicated. The omission of 
the cathode by-pass capacitors results in a 
reduction in the maximum practicable 
gain per stage to about one half of normal, 
or around 50 for a pentode stage. The 
required minimizing of phase distortion 
requires unusually large coupling capaci- 
tors. This results in an amplifier that has 
a very high gain even at a frequency of a 
few cycles. Transients in the 60-cycle 
supply come through a conventional filter 
sufficiently to cause substantial instability 
in the oscilloscope image, so a rather elab- 
orate filter is necessary. This filter is a 
combination of two inductance—capaci- 
tance stages and four resistance—capaci- 
tance stages. The hum bucking circuit 
provides for the variation in phase and 
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Figure 3. 
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magnitude of a small inserted 60-cycle 
voltage and uses a capacitance-resistance 
phase split for the phase variation. 

The afore-mentioned difficulties are in- 
creased by the necessity of using an inte- 
grating circuit in the induction channel 
of the amplifier, identified as B at the out- 
put jacks. This integrating circuit is, 
in effect, a resistance and capacitance in 
series that are so proportioned as to have 
a time constant on the order of 100 times 
the length of a half cycle. The resistance 
involved is the load resistance of ampli- 
fier V2 in parallel with the plate resistance 
of that amplifier, and the capacitance is 
connected from amplifier plate to ground. 

In spite of the various steps taken to 
minimize phase distortion, a prohibitive 
amount remains, and this has been cor- 
rected to a tolerable value by the use of 
the resistance-capacitance network shown 
at the input to each of the channels. The 
adjustment of the phase correction net- 
work in the induction channel varies the 
position of the nearly vertical lines of the 
hysteresis loop, and in the proper operat- 
ing range of this adjustment there is no 
other pronounced change in the hysteresis 
loop seen on the screen of the oscillo- 
scope. This fact seems to preclude the 
expedient arriving at what might be called 
an absolute calibration of the system. 
Calibration against standard samples that 
have been measured by a point by point 
method is an easy way out after the 
standard samples have been measured. 
In making point by point measurements 
on standard samples of stainless steel 
recording wire it is necessary to calculate 
the cross section of the bundle of wire 
used and the cross section of the detector 
coil and then correct for the air flux. This 
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correction amounts to about 10 per cent 
of the coercive force, when measurements 
are made on a ring sample. 


Results Obtained With the 
' B-H Curve Tracer 


The advantages of being able to arrive 
quickly at the magnetic characteristics of 
short samples are too obvious to require 
further comment. The fact that these 
measurements are subject to an absolute 
error that may be as large as 10 per cent 
is not a serious handicap. The relative 
error is substantially less and depends 
only on the accuracy to which the image 
on the oscilloscope screen can be meas- 
ured, on the accuracy with which the wire 
diameter can be measured (this influences 
retentivity only), and on the linearity of 
the oscilloscope. Figure 3 shows satura- 
tion hysteresis loops for two different 
samples of stainless steel wire, and Figure 
4 shows two hysteresis loops taken on a 
single sample of wire about a foot apart; 
the difference may be due to the second 
loop’s being in a part of the wire that had 
been welded at an earlier stage in the 
drawing. The change between these two 
loops was fairly gradual, and several 
half-pound spools were run through to 
find such a case. 

When this project was started it was 
believed that the most important use of 
the equipment would be continuous meas- 
urements to determine the uniformity of 
the magnetic characteristics of a recording 
wire from one end of the spool to the other. 
This indeed has been important, and 
Figure 5 shows the retentivity and co- 
ercive force plotted against winding time 
for a constant spool speed that gave a 
nominal wire speed of 5 feet per second. 
The variations are of sufficient magnitude 
to account for several decibels of varia- 
tion in the low frequency playback, but 
they are definitely not sufficient to ac- 
count for the magnitude of frequently en- 
countered variations in high frequency 
performance. The variations shown seem 
to be typical of current production of 
stainless steel wire (as of November 1945). 

In the earliest use of this equipment for 
continuous measurements on running 
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wire, a small pulsation of the hysteresis 
loop on the oscilloscope screen was ob- 
served. This amounted to only a few 
per cent of the intercepts on the B and H 
axes but seemed to be associated with the 
motion of the wire. It was found that this 
was caused by something analogous to 
magnetostriction. Small variations in 
tension that accompany the motion of 
the wire influence the magnetic properties 
of the wire to an appreciable extent. 

A study of this effect was made in vari- 
ous wires to find out what the magnitude 
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Figure 5. Retentivity and coercive force plot- 
ted against running time for a one-half pound 
spool of 0.004-inch diameter wire 


Nominal running speed was 5 feet per second 


might be and how it varied between 
samples. Figures 6A and 6B show char- 
acteristic results in which coercive force 
and retentivity are plotted against peak 
magnetizing force for various values of 
tension. In general an increase in tension 
always is accompanied by an increase of 
coercive force, and may be accompanied 
by either an increase or decrease in re- 
tentivity. The magnitude of the affect 
for a change in tension from zero to two 
pounds varies from 0 to 12 per cent for 
coercive force, and from 0 to 50 per cent 
for retentivity. 

These stated values apply to the work- 
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from O to 2 pounds 

in half-pound steps, 
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top 
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ing range of magnetizations, and some 
wires do not exhibit either effect appreci- 
ably in this range, although it is evident 
above this range. 

The B-H curve tracer, which might be 
more conveniently called a magnetoscope, 
also is useful in determining normal mag- 
netization curves of recording wire. It 
seems necessary in this case to use a 
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Figure 7. Normal induction curves for three 
samples of stainless steel wire 


@—H, 150, B, 5,900 
©—H, 185, B, 5,400 
O—H, 250, B, 4,800 


point by point procedure, and, to get 
good detail at the bottom of the curve 
where the induction is very low, it is ex- 
pedient to use several wires (perhaps as 
many as 10), but such curves can be ob- 
tained in about 5 or 10 minutes after the 
equipment has been calibrated. It usu- 
ally will be expedient to measure the 
magnetizing force on a voltmeter con- 
nected across a resistance in series with 
the magnetizing coil and to read the in- 
duction on the screen of the oscilloscope. 
Figure 8 is a sample of normal induction 
curves obtained in this manner. 
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Conclusions 
The necessity and adequacy of the 


magnetoscope as a development tool in 
experimental work on wire recording have 


. been demonstrated. It would seem that 


the magnetoscope would be equally useful 
in control work, if the advantages of 
stainless steel wire are to be fully realized! 

The utility of the magnetoscope is by 
no means limited to the field that has been 
explored in some detailin this paper. For 
instance it might be possible to use the 
magnetostrictive characteristic of a mag- 
netic material to get a direct and almost 
instantaneous measure of the tension in 
the material. 

The account that has been given has 
been limited to a measuring device in 
which the end effect (or return magnetic 
circuit) could be safely neglected. This 
is not a limitation inherent in the device. 
In the present form of the equipment the 
detector coil is somewhat sensitive to 
magnetic material closely adjacent to the 
magnetizing coil. This is associated with 
the energy loss so caused and the conse- 
quent lag between flux and current. It is 
probable that an external magnetic re- 
turn circuit can be employed in spite of 
this by energizing the magnetization chan- 
nel from a search coil and integrating 
circuit. This would make it possible to 
use such equipment in measuring the 
magnetic characteristics of a single strip 
of transformer grade alloy. In such ap- 
plications a detector coil of only a few 
turns would be required, and the balance 
coil would be unnecessary. 
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An Automatic Oscillograph With 
a Memory 


A. M. ZAREM 


ASSOCIATE AIEE 


Synopsis: The memory oscillograph de- 
scribed in this paper is used for obtaining 
photographic records of randomly occurring 
electric transients. This instrument differs 
from other oscillographs of the memory 
type)? in that its operation is completely 
automatic. Forty sets of oscillograms can be 
recorded without the aid of an operator. 
Because of this feature, such an oscillograph 
may be used for monitoring electrical sys- 
tems in which sporadic circuit disturbances 
are to be studied. The unit consists es- 
sentially of three cathode-ray tubes with as- 
sociated power supply, a saw-tooth oscillator 
to, provide the horizontal time axis, ampli- 
fiers for the vertical deflection circuits, a 
beam blanking circuit, and an automatic 
camera. When the memory oscillograph is 
in operation, the cathode ray tubes are con- 
tinuously excited. The vertical deflection 
circuits of the tubes are connected to the 
voltages to be investigated, and each tube 
screen carries a cathode-ray pattern char- 
acteristic of the voltage applied to its ver- 
tical deflection plates. Upon the occurrence 
of a transient pulse, the camera shutter is 
released and the electronic beams of the 
cathode ray tubes are interrupted. The 
camera then records the persistence of 
fluorescence, which is characteristic of the 
material used on the tube screens. In this 
way a record is obtained of electric events 
that occurred previous to the opening of 
the shutter. To insure successful operation, 
the component parts of the automatic 
memory oscillograph must be electrically 
co-ordinated and controlled. The sequence 
of functions performed by a control circuit 
for this purpose is described. Photographic 
records of transients which may arise dur- 
ing the operation of a mercury-are poly- 
phase inverter are included. 


N CONNECTION WITH research and 
S development work on mercury-arc 
power converters, it is frequently neces- 
sary to study electric transients which 
occur at irregular intervals. Particular 
attention has been directed to the investi- 
gation of factors which encourage faulty 
operation. Not all of these factors are 
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known and those that are known are not 
understood entirely. It is not a simple 
matter to obtain information concerning 
the initiation of transients. The random 
character of backfire phenomena in recti- 
fiers, for example, makes it difficult to 
study electrical conditions in rectifier 
circuits immediately preceding backfire. 
Yet such a study is of prime importance 
if we are to learn more about the manner 
in which such faults occur. 

The cathode ray memory oscillograph 
is an ideal instrument for this purpose. 
It can be made to provide a record of 
electric conditions previous to the occur- 
rence of a transient as well as of the 
transient itself. The heart of this instru- 
ment is the cathode ray tube. 


The Cathode-Ray-Tube Screen 


A very useful characteristic of the 
fluorescent materials used for coating 
cathode ray tubes is the persistence of 
their luminescence after the exciting 
cathode ray beam is extinguished. All 
other conditions being the same, the rate 
of decay of the afterglow depends upon 
the kind of fluorescent material used. 

Generally speaking, these coatings fall 
into three classes, and the tubes in which 
they are used consequently are referred 
to as short, medium, or long persistence 
cathode ray tubes. 

Figure 1 illustrates in a general way the 
relative brightness retained for three 
different types of cathode ray tubes as 
a function of time. Curve A is charac- 
teristic of the short-persistence type P5 
tube. The screen material used for this 
tube is an efficient emitter of light, and 
fluorescesin the blue range. The relative 
brightness falls to ten per cent in approxi- 
mately 10-° second. This rapid decay 
of brightness limits the use of these tubes 
in a memory oscillograph. Screens of this 
type find an important application when 
moving film recording is to be done. Due 
to the very short persistence, fogging of 
the film is kept to a minimum. 

The medium-persistence P1 tube has 
a screen characteristic like that given 
by curve B. The relative brightness of 
such a screen falls to ten per cent in about 
20 milliseconds. Most of the radiant 
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energy of the Pl screen occurs in the 
yellow-green region. 
The long-persistence P2 screen has a 
brightness-time curve similar to curve | 
C. At voltages below 5 kv, the photo- 
graphic efficiency for this tube is much 
lower than that of the P5 or P1 tubes. 
After careful consideration of tube 
characteristics and the requirements 
imposed by the intended application, the 
type P1 medium-persistence tube gener- 
ally will be preferred for ordinary memory 
oscillograph studies. With an accelerat- 
ing anode potential of 3,750 volts, the 
Pl screen provides sufficient after glow 
to allow a memory time of approxi- 
mately 100 milliseconds, or 6 cycles of 
a 60 cycle a-c wave. By increasing the 
anode potential to 4,500 volts the memory 
time may be elevated substantially. 
However, because the use of beams of 
very high intensity has a markedly ad- 
verse effect on screen life, and since a 
cathode ray pattern of one type or 
another is on the tube screen continually, 
it is a matter of economics to avoid the 
use of very high intensities when they 
really are not required. For this reason 
an anode accelerating potential of 3,750 
volts is desirable for normal operation. 
In anticipation of occasions when greater 
memory time may be required, provision 
may be made to allow the use of a tube 
voltage of 4,500 volts. As a further 
aid to lengthening screen life, the hori- 
zontal sweep oscillator can be allowed to 
remain unsynchronized so that the 
cathode ray pattern drifts slowly across 
each screen. With these precautions 
taken, the instrument can be operated 
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Figure 1. Curves illustrating typical varia- 
tions in relative brightness as a function of time 
for three types of cathode-ray-tube screens 


A—Short persistence 
B—Medium persistence 
C—Long persistence 
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Figure 2. The automatic memory oscillograph 


The automatic camera, the cathode-ray-tube 
unit, and the horizontal and vertical deflection 
control unit are shown 


continuously 24 hours a day, with tube 
replacements required about once every 
five months. Tubes removed from the 
memory oscillograph, of course, will still 
be usable for ordinary cathode ray work. 


Description of the 
Oscillograph Unit 


Figure 2 is a picture of the automatic 
memory oscillograph. In normal opera- 
tion a light-tight shield is placed between 
the camera lens and the cathode ray 
tubes. The lower tube unit shown in 
Figure 2 houses 3 5-inch cathode ray 
tubes with the necessary power supply 
and beam blanking equipment. Adjust- 
ments for focus, intensity, and accelerat- 
ing potential are made by means of knobs 
on the front panel. Three values of 
accelerating tube voltage are available: 
3,000 volts, 3,750 volts, and 4,500 volts. 

Beam blanking may be accomplished 
in a variety of ways. If a trigger circuit 
of the Eccles-Jordan® type is used, the. 
output of this circuit is arranged so that 
the control grids of the cathode ray tubes 
will suddenly be made negative with re- 
spect to their cathodes when the circuit 
is tripped. Tripping may be accom- 
plished by a voltage pulse of either posi- 
tive or negative polarity. The pulse re- 
quired is supplied by a control circuit 
which is actuated by the transient to 
be studied. Provision for adjusting the 
time delay between the opening of the 
shutter and the operation of the beam 
blanking circuit is contained in the 
control circuit. With such an arrange- 
ment, if the duration of the transient is 
not too great, it is possible to obtain a 
picture of the electrical conditions before, 
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during, and after the occurrence of the 
transient. Information concerning condi- 
tions existing after the occurrence of a 
transient will be obtained at the expense 
of “‘memory time.” However, situations 
may arise where such knowledge is de- 
sired. 

The upper unit shown in Figure 2 
contains the sweep oscillator for the 
horizontal timing wave and three sets 
of amplifiers for the vertical deflection 
plates of the cathode ray tubes. Each 
tube has its own 2-stage resistance- 
coupled amplifier. These amplifiers have 
a frequency response which is essentially 
flat up to 30,000 cycles per second. 

The saw-tooth oscillator which provides 
the timing axis is common for all three 
cathode ray tubes. Simultaneous events 
therefore appear at the same relative 
location on all three tubes. Should the 
occasion demand it, the tubes may be 
operated with separate timing axes. 
This is done by means of convenient 
connections located on the rear panel of 
the tube unit. To aid in aligning electric 
events occurring at the same time, ar- 
rangement is made for simultaneously 
marking the traces on all three screens. 

The usual means are provided for the 
adjustment of the vertical and horizontal 
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Figure 4. Block diagram il- 

lustrating the type and se- 

quence of activities performed 

by the control circuit of the 

automatic memory  oscillo- 
graph 
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Figure 3. The automatic camera unit open to 
view 
The camera and film loading cartwidge are 
shown at the left 


gain as well as the vertical and horizontal 
positioning of the pattern for each tube. 
The saw-tooth oscillator may be inter- 
locked with the frequency of the circuit 
being investigated, with a 60-cycle 
voltage, or with any outside alternating 
voltage. 

The camera unit is shown in Figure 3. 
In addition to a lens and shutter, it con- 
tains a motor for automatically winding 
the photographic film and for closing the 
shutter after a picture has been taken. 
A step-type relay is included for the 
purpose of keeping count of the number 
of exposures made. By adjusting the 
knob of the relay, the unit may be preset 
to take a given number of pictures and 
then turn itself off. A maximum of 40 
photographs can be taken with one load- 
ing of film. This number may be in- 
creased by changing the film loading car- 
tridge and the step relay. 

The shutter is of the focal plane type. 
It is kept in position against spring ten- 
sion by a small movable latch placed 
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close to the poles of an electromagnet. 
Release of the shutter is accomplished by 
exciting the current coil of the magnet. 

The camera uses 35-millimeter film. 
Loading is accomplished by means of 
standard film cartridges. For photo- 
graphing the green Pl medium-per- 
sistence screen, panchromatic-xx film 
gives excellent results. The lens has an 
opening of f1.5 and a focal length of three 
inches. 


Figure 6. The automatic memory oscil- 


lograph ‘for use in the investigation of 
transients in an inverter 


Control Circuit 


Figure 4 is a block diagram illustrating 
the sequence of functions performed by 
the automatic memory oscillograph con- 
trol circuit. The control is initiated by 
a voltage pulse applied to the grid of an 
electron tube. This pulse may be sup- 
plied by the transient voltage itself—or 
some other voltage pulse which occurs 
simultaneously with the transient to 
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deflection controls 
C—Control circuit 
R,, Ro, Rs—Potentiometers 
Rg—Grid resistor 
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Figure 7. Photographic record of oscillo- 
gram obtained with the automatic memory 
oscillograph connected as in Figure 6 


The camera shutter coil received its impulse at 
A. The cathode ray beam was blanked at B. 
The time at which the transient occurred is 
given by the clock C. Memory time preset at 
50 milliseconds 
@q_¢—Anode to cathode voltage for one anode 
of the inverter 
€a—c—Main direct voltage of the inverter 
€,-c—Grid to cathode voltage 
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Figure 5. Schematic diagram of a suitable control circuit for the automatic 
memory oscillograph 
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Figure 8. Record of an oscillogram obtained 
with the automatic memory oscillograph when 
the anode being monitored suffers preignition 


The ability of the oscillograph to record elec- 

trical conditions preceding, during, and after 

the occurrence of a transient is clearly indi- 

cated. Memory time preset at 50 amilli- 
seconds 


be studied. As the input impedance of 
the control circuit is quite high, very 
little current is required for its operation. 

The first operation is a multiple one. 
The shutter is opened, a clock dial is 
momentarily illuminated, and an electric 
pulse is released to an isolating circuit. 
An adjustable time thereafter the beam 
blanking unit receives its impulse, and a 
second timing circuit is actuated. The 
latter operates the motor control unit 
which in turn resets the camera, excites 
the coil of the step-relay exposure coun- 
ter, and places the entire control circuit 
in readiness for the next transient to be 
recorded. The timing circuits are in- 
cluded in order to allow the adjustment 
of both memory time and exposure time. 
The clock mechanism insures that every 
oscillogram record contains the time at 
which the initiating transient occurred. 

Figure 5 is a schematic diagram of a 
control unit, which may be used success- 
fully to perform the sequence of opera- 
tions illustrated in the block diagram of 
Figure 4. 71, T2, T3, and T4 are gas- 
filled control tubes. 76 is a rectifier tube 
for the power supply of the unit, and T5 
is a voltage regulator tube. MS1, MS2, 
and MS3 are microswitches. 

When the circuit is ready for operation, 
the relay contacts, R1, R2, and R3 are 
in the positions shown and tubes 71, 
T2, T3, and T4 are in a nonconducting 
state. Tube T1 controls the opening of 
the camera shutter and applies a positive 
voltage pulse to the grid of T2 which 
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serves as an isolating tube. A variable 
resistor determines the time interval 
between the firing of tubes J72 and T3. 
The voltage pulse for operating the beam 
blanking circuit‘ is taken from the plate 
of T3. Tube 74 which will become con- 
ducting an adjustable time after T3 is 
fired, controls the operation of the motor 
that resets the camera and places the 
entire control circuit in readiness for the 
next transient pulse. The amount of 
motor travel is determined by two micro- 
switches MS2 and MS3 operated by a 
cam on the motor shaft. An additional 
microswitch MS1 is actuated by the 
shutter when it reaches the bottom of 
its travel. Operation of MS1 causes 
the momentary illumination of a syn- 
chronous clock mechanism located in the 
light-tight shield placed between the 
oscillograph unit and the camera. 

A bell may be placed across the termi- 
nals of the motor to attract attention 
when a transient is recorded. 


Performance of the Unit 


During operation, the cathode ray 
tubes are continuously energized. The 
vertical deflection inputs are connected 
to the voltage sources being investigated. 
Screen patterns of the desired sizes and 
positions are obtained by adjustment of 
the control for the horizontal and vertical 
deflection plates of the various tubes. 
The cathode-ray-tube accelerating po- 
tential and beam intensity are set to meet 
the memory time requirements, and the 
camera is loaded with sufficient film for 
the number of exposures desired. The 
stepping relay is set for the number of 
photographs to be taken. After arrange- 
ment is made for the transient pulse to 
operate the control circuit, the equip- 
ment is ready for operation. 

Upon the occurrence of a transient, the 
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Figure 9. Photographic record of an oscillo- 

gram illustrating a backfire followed by an 

arc-through on a polyphase mercury arc 
rectifier 


Memory time approximately 50 milliseconds 


camera shutter, normally closed, imme- 
diately is triggered open and the clock 
dial in the light shield is illuminated 
momentarily. Depending upon a preset 
delay time, the cathode ray beams are 
then extinguished. The fluorescent ma- 
terial on the cathode ray tubes retains 
the images on the cathode ray screens 
for a time sufficiently long so that suc- 
cessful photographic recording is accom- 
plished. After a fixed delay the camera 
motor operates, closing the shutter, 
winding the film to the next frame, and 
resetting the control circuit. This places 
the memory oscillograph in readiness to 
record the next transient disturbance. 

The accuracy of reproduction and the 
excellent frequency response of the 
oscillograph amplifiers make this cathode 
ray instrument suitable for the study 
of switching transients and other dis- 
turbances of short duration. In many 
instances the transient voltages being 
investigated are of such magnitude that 
no amplifiers are required. For success- 
fully recording transients of extremely 
high speed, cathode-ray-tube voltages 
higher than those used here must be 
employed.® 


Results 


The automatic memory oscillograph 
described here may be put to use in the 
study of randomly occurring transients 
in mercury arc converters. Figure 6 is 
an illustration showing the instrument 
connected for recording faults in a mer- 
cury arc polyphase converter. The con- 


TRANSACTIONS 153: 


Design and Measurements of Capacitor 


Discharge Welding Transformers 
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Synopsis: A method is presented to cal- 
culate the size of core and windings of a 
capacitor discharge welding transformer re- 
quired to supply a given welding current. It 
is further shown how the resistance and in- 
ductance of a certain welder can be deter- 
mined from oscillograms of the current and 
voltage. The mathematical derivation of 
the formulas used is included. 


Fos THE SPOT WELDING proc- 
esses, where high instantaneous or 
closely controlled welding currents are re- 
quired, an energy storage system will be 
of advantage. For this purpose, the 
capacitor discharge system has been de- 
veloped. One typical application for this 
type of welding is the light metals, like 
aluminum and magnesium alloys, which 
require a high instantaneous and also 
closely controlled welding current. An- 
other example is found in stainless steel 
whose welding current has to be of very 
short duration if carbide precipitation is 
to be avoided. 

A capacitor discharge welder funda- 


trol impulse is taken from a potentiom- 
eter placed across the direct voltage. 
Faulty anode firing will cause changes in 
the direct voltage and these changes 
initiate the operation of the oscillograph. 

Simultaneous oscillograms of the main 
direct potential e,.,, the anode to cathode 
voltage e,, and the grid to cathode 
voltage e,., are obtained with a circuit 
similar to that shown in Figure 6. Figure 
7 is an illustration of a photographic 
record of faults occurring in an inverter. 
The memory time for this oscillogram 
has a preset value of about 50 milli- 
seconds. The reproduction does not show 
all of the “‘memory”’ present in the 
original film. The camera shutter coil 
received its impulse at A, and cathode 
ray beam blanking occurred at B. Time 
proceeds from left to right. 

The anode to cathode potential in 
Figure 7 shows that the disturbance 
recorded is due to the preignition of one 
of the inverter anodes. The regularity 
of the grid to cathode voltage indicates 
that the grid of the specific anode under 
observation suffers no ill effect due to 
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mentally consists of a series RLC circuit, 
with the energy originally stored in the 
capacitor and then discharged through 
the RL portion of the circuit by means of 
some switching device. 

The resistance and inductance of a 
typical aluminum welder are in the order 
of 50 microhms and 1 microhenry re- 
spectively. To quote a specific weld 
schedule for 0.102-inch 24 ST “‘alclad”’ 
aluminum, this impedance must be 
matched with 2,520 microfarads to give 
peak current. 0.029 second after the 
start of the current wave. It is the 
function of the welding transformer to 
effect this impedance match. 

A classical analysis of the circuit which 
has been worked out and expanded for 
the oscillating condition is included in the 
appendix. 

Let us first study the design of the 
transformer. For this purpose we in- 
vestigate a welder which has been built 
to make a given weld. The resistance and 
inductance of this welder can be obtained 


from 60-cycle measurements. The in- 
ductance soobtained will remain relatively 
constant over a wide variation of current 
wave lengths, so this value can be used 
without appreciable error, but the resist- 
ance may vary by 100 per cent or more 
due to skin effect as the wave length de- 
viates from one-half of a 60-cycle wave. 
The curves in Figure 1 show the ratio of 
60-cycle resistance to actual resistance 
under capacitor discharge conditions for 
various wave lengths of a standard ‘‘Hi- 
Wave” welder. 

For determining the size of a trans- 
former core of a new welder, the desired 
time 7, to the first peak current, the 
value I>, of the first secondary peak cur- 
rent necessary to do the welding job in 
question must be known from previous 
welding experience, for they are the 
fundamental requirements to which the 
welder shall be designed. 


Then, as shown in the appendix, 


1 


MN (35) 


7 =—LogL2 X 108X(7,) 


Paper 46-41, recommended by the AIEE committee 
on electric welding for presentation at the AIEE 
winter convention, New York, N. Y., January 
21-25, 1946. Manuscript submitted October 5, 
1945; made available for printing December 7, 
1945. 
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is transformer design engineer, Westinghouse Elec- 
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this transient. A study of the wave 
shapes shown reveals the phase in which 
the fault occurs and the moment of 
initiation. The time at which the oscillo- 
gram is taken is shown by the counter 
dial C in the figure. 

Figure 8 is an example of loss of grid 
control on the anode being monitored, 
and Figure 9 is an illustration of a case 
in which a ‘‘backfire” and a subsequent 
“shoot-through”’ occur. 


Concluding Remarks 


The automatic memory oscillograph 
can serve successfully in studying tran- 
sients of a random character. Oscillo- 
grams may be obtained which are of 


value in the investigation of faults in . 


the operation of apparatus such as mer- 
cury are converters. It is possible to ob- 
tain information concerning the type of 
fault, the moment of its occurrence, its 
duration, and its severity. These data 
are of value in stimulating research and 
development work on all types of elec- 
trical equipment. As a laboratory tool, 
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the automatic memory oscillograph may 
far surpass the ordinary oscillograph in 
utility. Its application to the study of 
physical phenomena in all branches of 
engineering where random transients 
must be investigated is only a matter of 
time. The study of mechanical tran- 
sients by converting them into electric 
pulses suggests itself. The advantages 
possessed by virtue of the fact that the 
operation of this oscillograph is com- 
pletely automatic, are obvious. 
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Figure 1. Variation of 
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function of wave shape 
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where 


¢7 =maximum flux change 
N2=secondary turns 
R2=total resistance referred to secondary 
(ohms) 
L,=total inductance referred to the sec- 
ondary (henrys) 
A(7>) =a function of 7, (see Figure 2) 
T, Ro 
Tv 2L» 
T, =time to zero current (seconds) 


T= 


The desired wave to make a given weld 
usually is expressed in terms of maximum 
current, and time to maximum current 
Tm; but T, is required to solve equation 
35. Equation 28 shows the relationship 
of T;, and T,, and can be solved for T, in 
the following way 


Determine 


Re 
ell, 
g(t) QL» m 


Obtain 7, from the curve g(7,) in Figure 2, 


21 
and calculate T, => 17> 
Ry 

Having evaluated 7,, the amount of 
X(7,) can be taken from the curve in 
Figure 2. The size of flux ¢7 so obtained 
will be the total flux change. The first 
weld will leave the core magnetized with 
a residual flux which will vary with the 
type of core construction and the type of 
transformer steel used, but, in any case, it 
will be high enough to require a core of 
very large cross section unless it is com- 
pensated for. There are three ways to 
take care of this condition. 


1. An air gap in the core for small trans- 
formers. 


2. Amagnetic flux bias by means of a direct 
current between welds. 


3. Alternate reversal of the direction of the 
discharge through the welding transformer. 


The third method will allow a simple 
economical design and therefore will be 
described in detail. 

The residual flux for standard Hi-Wave 
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ted against time to peak 
current 


transformers, when worked to maximum 
permissible flux density, is 42,000* lines 
per square inch and the core, which is 
made of special transformer steel, may be 
magnetized to 111,000 lines per square 
inch without measurable difference be- 
tween primary and secondary ampere 
turns of the load current. This gives a 
maximum permissible flux density change 
per weld of 42,000 + 111,000 lines per 
square inch so that the net core area is 
total flux, as calculated by equation 35, 
divided by 153,000. Heating due to 
core loss need not be considered as even 
the highest welding speed possible at pres- 
ent would amount to only a very few 
cycles per second. 

As can be seen from the problems just 
discussed, the accurate design of the core 
of a capacitor discharge welding trans- 
former requires considerable experience, 
and measurements of similar setups, 
since most of the quantities which must 
be considered as known, vary with chang- 
ing conditions of design, wave shape, and 
method of manufacture. 

The next point for consideration is the 
copper. 

Determination of effective current for 


* The method of determining the residual flux 
will be presented later in this article. 


the general circuit, that is for all com- 
binations of L, R, and C, from the over- 
damped wave to a violently oscillating 
wave, is rather cumbersome from a 
mathematical approach. 

A very large percentage of the total 
energy stored in the capacitor is lost in 
the welder and transformer so that we 
may assume, for design purposes, that the 
circuit must dissipate the total stored 
energy which may be expressed as 


J='/,CE? 


joules per weld where 


2 
C= 14 i | 10® microfarad (29) 
C represents the capacity of the capaci- 
tor (microfarad). h(7,) can be taken from 
the curves in Figure 2. 
The rate of energy dissipation or 
power will become 


Paice (1) 


Where J = energy in joules and S = 
average welding speed in spots per min- 
ute. 

The power dissipated in the trans- 
former will bear the saine relation to the 
total power as its resistance referred to 
the secondary winding will bear to the 
total circuit resistance. It remains 
only to pick a desired efficiency 7 and, 
with welder resistance R, known, to de- 
termine the corresponding total trans- 
former resistance R, referred to the 
secondary winding by the relationship 
Ry = Re(* — 1) 

U] 
R, determined, the copper sections can be 


calculated. 

We now have iron cross section and 
copper cross section which furnish the 
physical size of the welding transformer. 
Having the loss and physical size, the 
temperature rise can be determined ac- 


With the resistance 


Figure 2. Characteristic 


functions of a capacitor 
discharge welding circuit 
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cording to standard transformer design 
practice which is outside the scope of this 
paper. The temperature rise may dictate 
water cooling which can be applied to the 
usually one turn secondary winding (see 
Figures 5 and 6), or it may require an in- 
creased copper section, or both. 

The turns ratio remains to be fixed, and 
may be calculated from the expression 


Mi 2ER(r) 


(30) 
Ne TogRe 


K(r,) can betaken fromcurvesin Figure 2. 


Measurements 


The accuracy of a design, such as we 
just have considered, will depend largely 
on the experience of the designer and can 
be relied upon only when a suitable safety 
factor is applied which would be the cor- 
rect procedure for one-of-a-kind design. 
When the design is to be used for a stand- 
ard-line, a pilot unit should be built and 
accurate measurements made in order 
that some of the original assumptions may 
become definitely known quantities. 

As has been stated before, all the char- 
acteristics which are considered more or 
less constant in the average electric cir- 
cuit vary as the turns ratio and capacity 
are varied. It is, therefore, necessary to 
make measurements under the desired 
conditions, or over a range of capacity 
and turns ratio so that curves can be 
drawn. 

Oscillograms are to be made of the 
primary current, of the capacitor voltage, 
and of a timing wave, usually 1,000 cycles. 
(See Figure 3.) From this we can meas- 
ure all characteristics of the wave neces- 


Figure 3. Oscillogram taken in the primary 
circuit of a capacitor discharge welder 


A—Masnetizing watts 
B—Masnetizing current 
C—Primary current 
D—Induced voltage 
E—Capacitor voltage 


sary for determining primary resistance 
and inductance of the welder and trans- 
former circuit. 

The inductance L, referred to the pri- 
mary winding can be calculated according 
to equations 27 to 30, by substituting 
valves for g, h, and k, as 


Tn 
T,? tan? “lig 


L=——Se 
Tn 

2Cl 1 t 9D ppm 

T (14tan 7) 


i) 


The inductance J, referred to the second- 
ary winding may be found from the rela- 
tionship 


where a = turns ratio. 

The next step is the determination of 
the resistance of the circuit. From equa- 
tion 31 we find 


Ty -1To 


—=€ (31) 


Where Ji, and Ji, are peak values of the 
primary current for the first and second 
half cycles respectively of the oscillating 
wave. 

From equation 31 we find 


and determine 


4.61L If 
R= , logio — 
T, Ly 


(2) 


Having obtained actual values of R, 
L, Tm, To, and I, it is possible to make a 
more accurate determination of total flux 
change, equation 35. In addition to this 
we will have to find the magnitude of the 
actual core flux. Furthermore, the entire 
mathematical analysis presupposes that 
applied voltage isequal to induced voltage, 
which is notstrictly true, dueto JR and IX 
drops in the transformer primary winding. 
The flux change, therefore, must be deter- 
mined from induced voltage oscillograms. 


647-3 
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Figure 4, Resid- 
ual and _ total 
flux in the weld- 
ing transformer 


(aU) aera 


MAGNETIZING 
CURRENT —= 9, 


If the total flux change to produce a 
weld is ¢7, the residual flux is $,, and the 
maximum flux to which the iron actually 
is magnetized is @, (see Figure 4) then 
we may write 


bt =br+bm (3) 


The unsymmetry of the hysteresis loop 
describing the reversal of the flux shall be 
neglected. Since we can test directly 
only 7, we must find a method to deter- 
mine one of the other two quantities, ¢, 
ot dm, in order to apply equation 3. 

It was decided to measure the flux ¢,,. 
As there are no pole manifestations on a 
transformer core, this could be done only 
by comparing the magnetizing current of 
a typical transformer with a d-c magneti- 
zation curve of the same transformer 
which had been prepared from 60-cycle 
oscillograms. To obtain the magnetizing 
current, it was necessary to connect the 
transformer primary winding in parallel 
with another identical transformer which 
had been installed in a welding machine 
in the normal manner. Both trans- 
formers had the same residual ¢,. The 
voltage wave form of the transformer 
under test was identical with that of the 
transformer which actually was welding, 
and as the test transformer’s secondary 
winding was open, its primary winding 
carried only magnetizing current. After 
several previous discharges with the same 
energy, an oscillogram of the magnetizing 
current was taken, and its peak value was 
compared with the d-c magnetization 
curve to determine the flux ¢,, This 
value of ,, is subject to the same error as 
that caused by considering capacitor 
voltage to be the same as transformer in- 
duced voltage, because the primary wind- 
ing of the test transformer carries only 
magnetizing current, and hence the dif- 
ference between induced voltage and ap- 
plied voltage will be negligible. This 
means that the test transformer’s induced 
voltage will be equal to the welding trans- 
former’s applied voltage. A correction 
factor for any one setting of capacity, 
voltage, and turns ratio can be estab- 
lished. If the total flux change is calcu- 
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Standard ‘“Hi-Wave” 
transformer 


Figure 5. welding 


lated on the basis of capacitor voltage and 
called }7¢ and again is calculated on the 
basis of induced voltage and called ¢7z, 
then the actual flux to which the iron is 
excited may be stated as 


dm Le (test) (4) 
orc 
if we assume the ratio of the corre- 
sponding residual fluxes ¢, is the same as 
that of the main fluxes¢,, and¢,, (test). It 
now remains to determine the total flux 
change accurately. 
The fundamental voltage equation is 


do 
= N— X1078 5 
é Zi x (5) 
where 


N=number of turns 
e=instantaneous voltage 


From this we can write 


108 ta 
o=— | edt (6) 
N th 


where f; represents the time at the begin- 
ning of discharge and ft, any time there- 
after. Then f;edt represents the area 
under the voltage curve which equals 


te (average) (7) 


so that we may write total flux change 


108 
or= Tag? (average) (8) 
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Inspection shows that this expression 
holds completely only for an oscillating 
condition where 7, is finite, since in a case 
where 7, is infinite, e will approach o and 
the expression becomes indeterminate. 
Equation 8 can be evaluated, however, for 
any portion of the wave so that we may 
evaluate from ¢ = 0 to a value of ¢t where 
e (instantaneous) is practically equal to 
zero. 

The value te (average) may be obtained 
from the area under the oscillogram of the 
voltage e by some graphical method. 

In this way $c can be determined from 
an oscillogram of the capacitor voltage. 
An induced voltage oscillogram will give 
the actual total flux change ¢7z. 

The induced voltage can be measured 
by placing a search coil of several turns 
evenly distributed on the center core leg 
next to the iron. 

To summarize: 


1. Total flux change ¢7z can be determined 
by applying equation 8 to an induced volt- 
age wave. 


2. Maximum flux to which the core is 
excited is according to equations 4 and 8. 


_te (average) from induced voltage 


™”“ te (average)from capacitor voltage 


dm (test) (9) 


where $m (test) is read from a magnetiza- 
tion curve of the transformer in question, 
having measured its magnetizing current 
as described previously. 

This method of determining maximum 
flux and flux change was developed to 
measure accurately the flux conditions 
of a previously designed line of trans- 
formers with a view of possible refinement 
of the design. Its usefulness lies in the 
fact that any piece of equipment whose 
induced voltage can be recorded on an 
oscillogram may be investigated, regard- 
less of the complexity of the induced volt- 
age wave. 

Pictures of the assembly and of the 
secondary winding of a standard Hi-Wave 
CCIT capacitor discharge welding trans- 
former are shown in Figures 5 and 6. 


Appendix. Mathematical 
Analysis 


Figure 7 shows a simplified capacitor dis- 
charge welding circuit for which we will use 
the following symbols: 


e=voltage across capacitor (volts) 

E=maximum or initial value of e (volts) 

C=capacitance of capacitor (farads) 

R,; L,=total resistance (ohms) and leakage 
inductance (henrys) of the welding 
transformer referred to the secondary 
side 
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Ry; Ly=total resistance (ohms) and induc- 
tance (henrys) of the external second- 
ary welding circuit 

Rc; Lo =total resistance (ohms) and induc- 
tance (henrys) of the external pri- 
mary capacitor circuit 

R,; L,=resultant resistance (ohms) and in- 
ductance (henrys) referred to the 

. primary side 

R2; L.=resultant resistance (ohms) and in- 
ductance (henrys) referred to the - 
secondary side 

N,; No=primary and secondary number of 
turns 


M ; 
a=— =turns ratio 
2 


i; 2=primary and secondary currents 
(amperes) 

lh; I2=maximum values of i and % (am- 
peres) 


Tray Tin; Tea; Ip = first and second maximum 
values of 7, and % for oscillating dis- 
charge (amperes) 

kvag=power rating of capacitor referred 
to 60-cycle excitation (kilovolt-am- 
peres) 

¢p=maximum flux change of magnetic core 
flux of welding transformer (max- 
wells) 

T=time (seconds) to any current peak 
vay =f) or 19 =o 

Tm = time (seconds) to first current peak 

T,=time (seconds) of half cycle of 4 and i 

Tc =time (seconds) to first zero e 

n=number of current peaks up to time T 


Since R, and L, of the capacitor circuit 
may be neglected, we may write 
R.=R,+Ry; Le=L,+Ly 


The general circuit equations are 


dy, di 4 
L.i— + 2: + ==0 
iga a SG 
de 
= C— 
ke dt 
Introducing 
fa ge (10) 
An ( _ (Bins 


Standard 


transformer secondary winding 


Figure 6. “Hi-Wave'’ welding 


TRANSACTIONS 157 


Ro Le Rw 


‘ Ret 
—k 


Simplified capacitor discharge 
welding circuit 


Figure 7. 


The complete solution is 


1 /R1 1 f/R, 
Sy a72)E ais o+z)! 
4 =Ae + Be 
Des Ry 
ly alias Ly 
e=A Zilles ei Se: fais 
——Z 
2 
Dey AeEaT 
ec 
ay 
2 


where A and B are constants of integration. 
A and B are determined from the boundary 
conditions t=O; 1=O; e=E so that we ob- 
tain 


(11) 
Agel, 
E ak he eens hcl) 
e=LHe = inh — = 
27 Ss iE; cos ie 


to get the maximum value J; of 7; determine 


di 
7 from equation 11, equate to zero, solve for 


h, introduce 2,=ai; a?R:=R; a*Lo=Li, 
and obtain 

ib VW, 
T == tanh-! — (13) 


—— Ry Re 
= oe ae 
hang’ gene: nanyle en? esi) 
ly Ls 
The foregoing solutions are general. For 


a numerical application the following three 
special cases should be considered. 


Case 1. Aperiodic Discharge 


Ri \2 Ei ; ; 
> aren Z of equation 10 is real so 


that we may apply equations 10 to 14 di- 
rectly. Since there is only one maximum 
N=lia or Ig=Ioqg of the currents i, and ip, 
we may write T=7,, and obtain for 


CE? 


k =— (2760 
vac= 5 5 1,000 


the expression 
Re 


1," 
kvac =0.1885Ioq?L2€ (15) 


or 


kvac = >1.41oq7L» 


158 TRANSACTIONS 


Figure 8. System of current and voltage oscil- 
lations of the primary capacitor circuit 


A—Capacitor voltage e 
B—Primary current i; 


C—Time t 


Case 2. Periodic Discharge 


RP La, 
2 Ge 


so that we transform 


By using a real 


we may write instead of equations 11 to 14 


Z of equation 10 is imaginary 


(16) 


Ry 
5 2 as a 
=— sin — 
? in (17) 
S(aRee ee Z 
2L, 1 
=a), == =t =) 18 
e€ E in L + cos ?1| (18) 


QZ IL 
Tn=z tant; T=Tn+(n-1)re (19) 


The expressions for J; and J, remain the same 
as in equation 14 while I,g and Ing are rep- 
resented by 


za Tm a ae sy 
mr beset red AY) ¢ 
JgaBe| Ge. 8s aie hele so 
i 27, (20) 


Kva, is given by equation 15 and lies be- 
tween the limits 


0.1885 Ioq?Lo<kvag<1.4Iog?Lo. 


Case 3. Limit of Aperiodic Discharge 


Ins IG : 
3 =e Z becomes zero. In substitut- 


ing Z=0 in equations 17 to 19 we have to 
evaluate the expressions 


Z—o0 VA Ex Z—» 


R 
and obtain, instead of equations 15 and 17 
to 19 

pic 
seas 21, 


(21) 
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(22) 
(23) 


(24) 


kvag = 1.4]o_?Le (25) 
In spite of the fact that equations 11, 17, and 
21, for example, are of greatly different form, 
it can be seen from the reasoning in develop- 
ing equation 21 from 17, and a similar proc- 
ess could be applied to develop equation 21 


Li 
C 
equations 21 to 25 could be used, without 
great error for either case 1 or 2. 

For the purpose of machine design, equa- 
tions 15 to 20 for the periodic discharge 
case 2 shall be transformed so that the de- 
sired machine constants may be determined 
for any specific wave form. In this analy- 
sis R, and Ly are fixed with the selection of 
the size and form of the welding throat as 
well as of the efficiency and per cent im- 
pedance of the welding transformer. J, and 
Tm are determined by the desired welding 
effect, and E may be fixed if we standard- 
ize on a certain value of capacitor voltage. 

If instead of 7,, the time JT, of the first 
half current cycle is introduced, it will be 
possible to determine explicitly, all other 


, IGN 
from equation 11, that for ele the 


values, like a = Tia; E; 7; Ly and R as 
LV2 


functions of the given circuit constants. 
T, is obtained from equation 17 for i=o0 by 


Zi 
— T5=7 
Ly 


or 


ib, 
l= Ze ae A ; 
Z & 2 


This value of 7, is introduced into equa- 
tions 15 to 20 by combining the functions 


(26) 


Ton: . 


1 
£(79) =T, tan-! — 
o 


h(r,) =€9 (70) (27) 


1 
k(t) bE Ie 
le / 1472 h(t) 


ees 
See aes: la To) i | 


£ (To); h(ro); R(ro); (ro) are plotted against 
To in Figure 2. Using the values taken from 
these curves, we may write instead of equa- 
tions 15 to 20 


X(T) = 


T=T,+(n—-1)T,; 


21 
Im = R (79); 
4 Voe=To— Tm, 


(28) 
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Phonograph Reproducer Design 


W.S. BACHMAN 


NONMEMBER AIEE 


HONOGRAPH reproducers, which 

convert the mechanical motion of the 
stylus to a corresponding electric voltage, 
have been in commercial use for the past 
two decades. They have employed a 
wide variety of voltage generators such 
as carbon microphone buttons, variable 
reluctance magnetic circuits, moving 
coils in magnetic fields, and Rochelle 
salt crystals. Although excellent per- 
formance has been obtained with many 
of these types, there has been a continued 
effort to reduce the mass of the moving 
system and to simplify the mechanical 
construction, even to the extent of 
sacrificing output voltage. 

While the carbon button type of re- 
producer was one of the first to appear, it 
‘was soon outmoded by subsequent types. 
The variable resistance principle, how- 
ever, again is employed in one of the 
reproducers to be described in this paper. 
An important difference between it and 
the carbon button type is that the vari- 
able resistance element is a fine metallic 
wire the resistance of which changes in 
response to strain. These wires may be 
of the same material as is used in strain 
gauges, but in this case there is no need 
to determine the absolute value of the 


Paper 46-32, recommended by the AIEE committee 
.on communication for presentation at the AIEE 
winter convention, New York, N. Y., January 
21-25, 1946. Manuscript submitted November 19, 
1945: made available for printing December iy 
1945. 
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strain, since only the voltage resulting 
from the change in strain is utilized. This 
imposes the requirement of linearity, if 
distortion is to be avoided, which easily is 
met by most of the commonly used strain 
sensitive wires. Measurements have 
shown that the ratio of change of resist- 
ance to change of length is constant 
through and even beyond the elastic limit 
of the wire. 

One of the first successful designs em- 
ploying a wire resistance strain ele- 
ment is shown in Figure 1. The stylus is 
carried in a small cantilever beam 9, and 
the strain element 14 is attached to it at 
a point about 1/3 of its length from the 
fixed end. The strain wire is held in 
tension sufficient to stress it about half- 
way to its elastic limit by the piano wire 
springs 15, and the Textolite pins 16 serve 
as snubbers to prevent the tension springs 
from following the motion of the canti- 
lever. The circuit employed to polarize 
this reproducer is shown in Figure 2. 

Since the voltage derived from the 
strain is proportional to the displacement, 
the output of this reproducer is propor- 
tional to the displacement of the stylus 
by the record. This makes it easy to 
check the frequency characteristic without 
knowing the actual displacements which 
are pressed on a frequency, or constant 
tone record. If the same band is driven 
at various speeds, the amplitude of the 
reproduced wave should be the same. 
This was found to be true from 10,000 
cycles down to the low frequency reso- 
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nance except for a wave form distortion at 
about 6,500 cycles, which was found later 
to be caused by the second mode of vibra- 
tion of the cantilever which occurred at 
13,000 cycles. This could be damped 
readily by placing a small block of a ma- 
terial such as Pyralin approximately at the 
loop of the second mode of vibration, at 
which point a negligible amount of loading 
would be reflected to the stylus tip for the 
fundamental mode of vibration. These 
modes of vibration are shown in Figure 3. 

Although the output voltage was low, 
about —65 decibels below 6 milliwatts 
with a displacement of 0.0003 inch 
(Columbia WT-1, frequency record, 1,000 
cycle band), the performance was very 
nearly ideal. In order to avoid varia- 
tions in tension the design shown in Figure 
4 was evolved. The strain wires were 
soldered to 1/16 inch diameter rods which 
were free to move axially in holes pro- 
vided in the Textolite mounting block. 
The tension, as previously, was applied 
by means of piano wire springs, but in- 
stead of the snubbers the rods were lu- 
bricated witha viscous liquid which readily 
permitted them to move slowly in an 
axial direction to equalize variations in 
tension in the strain wire, but offered a 
high impedance to the motion resulting 
from the rapid strain variations due to the 
useful stimulation of the cantilever. In 
other words the strain wires were resist- 
ance terminated. 

Another solution of the termination 
problem is shown in Figure 5. In this 
model use is made of the fact that an in- 
crease in strain on one side is accompanied 
by a decrease on the other. If both ends 
were terminated at the same point, the 
two forces would balance out. The tiny 
bell cranks 35 at the root of the cantilever 
serve to change the direction of the strain 
by approximately 90 degrees, and the ends 
ef the strain element both are attached to 
the yoke 36, which applies the desired 
tension to them. 

All of these designs require the use of 
the strain elements under tension, restrict- 
ing their operating range to about half of 
their potential range. In order to make 
use of the compression as well as the ten- 
sion range, the design in Figure 6 was de- 


veloped. Although not shown in the 


Figure 1. Early form of strained wire resistance 
reproducer 
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figure, the back end of the cantilever 55 
is fastened to a stud which mounts rigidly 
to the tone arm. In it the strain wires 
were cemented to the cantilever itself to 
measure the strains in the outer fibers of 
the beam. Being attached in repose, they 
are subjected to both tension and com- 
pression. Although a strain element need 
be applied to only one side of the canti- 
lever, it actually was applied to both, 
principally to permit balancing of the 
direct current in the primary winding of 
the input transformer. In this form the 
resistance reproducer lends itself readily 
to the application of a new technique for 
the damping of the resonance between the 
supporting arm mass and the suspension 
compliance, 

It is usual, in most pickup designs to 
obtain damping of this resonance by in- 
troducing some dissipation in the pivots 
or bearings, such as by the use of rubber 
sleeves or blocks on the axis of oscillation. 
This imposes an additional load upon the 
record, as may be seen from a study of the 
electrical equivalent of the mechanical 
system, as shown in Figure 7. 

Inspection of the equivalent electric 
circuit of such a reproducer, Figure 7B, 
shows that the presence of R is desirable 
to limit the impedance rise at the reso- 
nance frequency. In the useful audible 
range above the resonance the proper 
operation of the pickup depends upon the 
motion of M being negligible in response 


Figure 2. Circuit for 
polarizing variable 


Ve 25 resistance reproducer 


AMPLIFIER 


. Figure 3 
A—Normal mode of 
vibration of canti- 
lever stylus support 
B—Second mode of 
vibration 


to signal stimulation. This requires that 
practically all of the applied motion be 
suffered by R and C (practically all of the 
current must travel through the path 
R, C). If R were omitted, the needle 
point impedance would decrease with 
frequency, but in the equivalent circuit 
it readily is seen that it can never drop 
below R as the frequency increases. 

To give a quantitative illustration of 
the importance of this problem, consider 
a pickup and tone arm assembly having an 
effective arm mass (referred to the needle 
point) of 30 grams and a suspension com- 
pliance of 10~* centimeter per dyne. For 
critical damping of the arm resonance it 
would require 


4M 4x30 
R?=—— =——— =120X 108 
C one 0X 10 

d 
REI sips ns sowed 
centimeters 


Under stimulation of 15 centimeters per 
second, a quite usual value of velocity, a 
lateral force of 


F=RV—10.9X10?X15=165X 10? dynes or 
167 grams 


would be developed. Assuming 45-de- 
gree inclined groove walls, a bearing 
weight of 5.9 ounces would be necessary 
to keep the needle in contact with the 
groove. 

Of course it is not necessary to provide 
critical damping of the tone arm reso- 


nance, but, if the damping is not sufficient, 
the reproducer will be very unstable 
when shock excited and even may tend 
to jump out of the grooves of a warped or 
uneven record. In many designs the 
bearing upon the record is made large for 
this reason alone. 

Because of the extremely small size of 
the generator unit shown in Figure 6 and 
the fact that the output voltage is ob- 
tained as a result of the bending of the 
cantilever only, it became possible to ap- 
ply a new arm resonance damping tech- 
nique. The mechanical schematic of the 
system is shown in Figure 8A. The elec- 
trical equivalent of the system is shown in 
8B. It is obvious in the circuit of 8B 
that the resonance may be damped criti- 
cally without any increase in the mechan- 
ical impedance above resonance. Such a 
system is not mechanically stable, how- 
ever, as is evident from inspection of 
Figure 8A. In this mechanical system 
there is no restoring force available to 
keep the needle point and the arm from 
wandering away from each other as energy 
is dissipated in R. In other words the 
resistor must be restricted from any except 
oscillatory motion. This is done by the 
system shown in 8C and 8D. If ( is 
made very large, the circuit of 8B ap- 
proaches the performance of 8C, except 
that a new resonance, which would be 
damped only very lightly, appears at the 
frequency where the reactance of C,; and 
C, in parallel is equal to the reactance of 
m. By proper choice of C,; and C2, R may 
be made effective for both resonance fre- 
quencies, as may be seen from the curve 
of mechanical impedance at the needle 
point versus frequency shown in Figure 9. 


Figure 10 shows a design of the resist- 
ance pickup employing this new type of 
arm resonance damping. Corresponding 
to the element R in Figure 8 are the rub- 
ber sleeves bearings 72; and the Pyralin 
disc 74; all are in torsion. The compli- 
ance C, is that of the spring 80. This re- 
producer with only 15 grams of bearing 
weight on the record would not leave the 
groove even with quite violent shocks ap- 


Figure 4. Strained wire resistance reproducer 
with means for maintaining uniform tension in 
resistance wire 
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Alternate form of strained wire 
resistance reproducer in which opposing strains 
are balanced against each other 


Figure 5. 
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Figure 6. Strained wire resistance reproducer 
element having strain wires applied directly to 
the cantilever to measure strain in its outer 


fibers 
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Figure 7A (above, left). Mechanical sche- 
matic diagram of a reproducer having damping 
material at its pivots 


F =force exerted by needle upon record 

C=compliance of suspension 

R=mechanical resistance represented by the 
damping material 

M=mass of cartridge and arm 

Mass of needle is neglected being insignificant 
at low frequency 


Figure 7B (above, right). Electrical equiva- 
lent of mechanical system shown in Figure 7A 
(motions of the mechanical elements are repre- 
sented as currents in the electric network) 


plied to the motor board and turntable. 
The effect of this damping system was 
observed by watching the displacement 
output of the reproducer on an oscillo- 
scope while a tone band of a frequency 
record was allowed to coast down from 
rated speed to zero. The observed ampli- 
tude remained uniform until the resonant 
frequency, approximately 25 cycles, was 
nearly reached, below which the ampli- 
tude dropped smoothly. No rise before 
cutoff occurred. 

While the strained wire resistance re- 
producer provides nearly ideal perform- 
ance, the techniques acquired during its 
development are by no means limited to 


Figure 9. Low frequency needle point im- 
pedance and response of magnetic phonograph 
reproducer 


© Measured values 

B 

Response =— 

S Y 

C =0.875X10°-® centimeter per dyne 
C.=3.54X107® centimeters per dyne 

R =6,000 dyne seconds per centimeter 


Mechanical 


Figure 8A (above, upper left). 
schematic diagram of a reproducer having a 
preferred form of low frequency resonance 


damping 


Figure 8B (above, upper right). Electrical 
equivalent of system shown in Figure 8A 


Figure 8C (above, lower left). Practical me- 
chanical system retaining advantages of ideal- 
ized system shown in Figure 8A 


Figure 8D (above, lower right). Electrical 
equivalent of system shown in Figure 8C 


its type of generator element. The fol- 
lowing is a description of a variable reluc- 
tance or magnetic type of reproducer em- 
bodying similar mechanical design con- 
siderations. 

The fact that even a simple cantilever 
carrying the stylus at its free end required 
some damping to restrain its second mode 
of vibration, as mentioned in reference 
to Figure 3, made it very evident that no 
more complicated system could be relied 
upon to transmit the motion of the stylus 
tip to an armature or reed without intro- 
ducing a frequency characteristic describ- 
ing their relative motions. Accordingly a 
design was worked out in which the arma- 
ture is right at the stylus, so that the 
motion of the armature is inseparably that 
of the stylus. Obviously this design could 
have no frequency characteristic as long 
as the stylus properly traces the groove, 
the output voltage being proportional to 
the stylus velocity. 

The armature is a steel ribbon having a 
cross section of 0.010 inch by 0.030 inch. 
As may be seen from Figure 11, it has a 


Figure 10. Design of strained wire resistance 

reproducer utilizing element of Figure 6 and: 

having damping applied as shown schemati- 
cally in Figure 8C 


90 degree twist near the fixed end, which 
makes possible nearly as much compli- 
ance in the vertical direction as is pro- 
vided laterally. This is desirable to per- 
mit the stylus to recede within the guard, 
provided by the two pole faces, when sub- 
jected to excessive downward forces such 
asin dropping. The small block of Pyra- 
lin just forward of the twist provides suffi- 
cient damping to restrain the second mode 
of vibration of the cantilever, which has. 
already been discussed. At the free end 
the width of the armature is increased to. 
receive the stylus. The dynamic mass. 
of this stylus armature assembly is in 
the order of 8 milligrams. This mass is. 
suspended on the spring, represented by 
the cantilever, the mechanical schematic 
of which is shown in Figure 12A. The 
electrical equivalent, Figure 12B, is a 
simple series circuit which expresses the 
mechanical impedance at the stylus tip. 
At low frequencies the system is stiffness 
controlled, and the impedance therefore 
decreases linearly with frequency until 
the resonance of M, and C is reached. 
The impedance at this resonance becomes 
very nearly zero, since very little me- 
chanical resistance is reflected to the sty- 
lus tip from the Pyralin damping block 
attached near the fixed end of the canti- 
lever. This, then, is the frequency at 
which practically no force is required to. 
move the stylus, and with the values of 
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Figure 12A (left). Mechanical schematic of 

the stylus cantilever assembly. The fixed end 

of the cantilever is assumed to be rigid, which 
is very nearly so at high frequencies 


M, is the dynamic mass of the stylus assembly 
C is the compliance of the suspension 


Figure 12B (above, right). Electrical equiva- 
lent of system shown in Figure 12A 


dynamic mass and suspension compliance 
noted previously it occurs at approxi- 
mately 2,300 cycles per second. 

Above this resonance the system is mass 
controlled, the impedance rising linearly 
with frequency. Because the mass is so 
small, this system will remain in contact 
with both side walls of a 45 degree inclined 
side wall groove under acceleration of 
2,000 g with a bearing weight upon the 
record of only 16 grams. 

The mechanical system shown in Figure 
12 accurately represents the needle point 
impedance except at the low frequency 
end of the range, where the dynamic mass 
of the arm and cartridge resonates with 
the compliance C. This condition was 
discussed with reference to Figure 8, and 
the same treatment for the control of 
this resonance is applied to this magnetic 
design. Again referring to Figure 11, the 
poles, coils, magnet, and armature all are 
mounted upon a chassis which is spring- 
mounted to the cartridge and arm as- 
sembly. Between the chassis and car- 
tridge another block of Pyralin is inserted 
which provides the mechanical damping 
resistance, R. The mechanical system of 
the magnetic reproducer is shown in Fig- 
ure 13A. It differs from that of Figure 
S8C in the presence of My. If this mass 
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Ce 


M oC M2 
M 
R 
Figure 13A. Mechanical schematic of mag- 
netic pickup 


M, is the dynamic mass of the stylus assembly 

C is the suspension compliance 

MM, is the mass of the coils, poles, and magnet 

assembly 

Ris the arm resonance damping 

C, is the compliance which provides the oper- 
ating point for R 

M is the cartridge and arm mass 


is too large, the resonance of M2 with C 
and C, in series may be low enough so 
that R is not very effective, giving an- 
other frequency at which high impedance 
appears at the needle point. If Mz is 
small enough to avoid this condition, it 
may be neglected. In this particular 
design the total weight of the magnet, 
coil, poles, and chassis assembly is ap- 
proximately two grams. Figure 9 shows 
the calculated mechanical impedance, Z, 
of the magnetic reproducer, taking M, 
into account. The two asymptotes which 
the curve approaches correspond to the 
reactances of the suspension compliance 
C, and the total mass, M; and M. It is 
seen that the resonant rise is very slight. 

The frequency response characteristic 
of this reproducer may be calculated by 
finding the ratio of the admittance of the 
path through C, referring to Figure 9, to 
the total admittance of the circuit. This 
is the same as the ratio of the motion of 
the cantilever to the motion imparted to 
the stylus tip, the open circuit voltage 
output of the reproducer being propor- 
tional to the velocity of motion of the 
cantilever. The network may be con- 
sidered to be fed from a constant current 
source, the record groove being a stiff or 
high impedance source. 
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Figure 13B. Electrical equivalent of system of 
Figure 13A 


Also plotted in Figure 9 are measured 
values of response which were obtained 
by first measuring the output of the 
cartridge supported in an arm, and re- 
peating the run with the cartridge 
clamped in a vise, the ratio of these values 
indicating the low frequency response. 
The source for these measurements was a 
crystal cutter head the exact mechanical 
impedance of which was not determined 
but which, because of the head’s very 
evident stiffness, was regarded to be high. 
The agreement with the calculated re- 
sponse is reasonable considering this and 
also that the damping material is not a 
pure mechanical resistance. Similar 
technique was employed as mentioned 
previously in the case of the resistance 
pick-up for determining the response in 
the range above arm resonance, with the 
important difference that the electric 
output was integrated before being fed 
to an oscilloscope. Under these condi- 
tions no change in amplitude of the trace 
was observed, regardless of the rotational 
speed, below 78 rpm at which any tone 
band from 10,000 cycles down was driven. 
This indicates the absence of any fre- 
quency characteristic from 10,000 cycles 
down to the region in which the arm 
resonance occurs. 
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Synopsis: The application of the AIEE Test 
Code for Synchronous Machines in field 
testing of hydroelectric generators is dis- 
cussed, and the preferred method of making 
certain tests is indicated, together with 
reasons for its selection. Methods of making 
acceptance tests on turbines are outlined in 
sufficient detail to establish the fundamental 
theory, and the electrical measurements on 
the generator required to establish the gen- 


-erator input for the hydraulic test, are 


listed, with brief reference to the accuracy 
required, and to means of obtaining it. 
Rating and other hydraulic tests on hydro- 
electric units are also described. 


LTHOUGH commercial or accept- 
ance testing of hydroelectric units 

has been the rule rather than the except- 
ion, very little has been written of the tech- 
nique, especially of matters peculiar to 
field testing. The Test Code for Prime 
Movers of the American Society of Me- 
chanical Engineers,! has been available 
for some years, and the AIEE Test Code 
for Synchronous Machines? was approved 
recently. The latter ‘‘provides in con- 
venient reference form the more generally 
applicable and accepted methods of con- 
ducting and reporting tests of a com- 
mercial nature, which apply to the ful- 
fillment of performance guarantees and 
to acceptance tests.’’ This code serves a 
very useful purpose, permitting manu- 
facturer and purchaser to agree on meth- 
ods of conducting tests, and avoiding the 
necessity of specifying in detail how per- 
formance guarantees may be determined. 
It is the purpose of this paper to discuss: 


1. The application of the Test Code for 
Synchronous Machines to field testing of 
hydroelectric generators, noting especially 
which methods given in the code can be 
used, and why alternative methods are un- 
suitable. 


2. Certain aspects of field testing of hy- 
draulic prime movers. 


3. The frequent necessity for making elec- 
trical measurements on the generator when 
the primary test is on its associated turbine, 


Paper 46-70, recommended by the AIEE committee 
on power generation for presentation at the AIEE 
winter convention, technical meeting, New York, 
N. Y., January 21-25, 1946. Manuscript submitted 
November 26, 1945; made available for printing 
December 13, 1945. 


G. D. Frovyp is ciectrical consultant, electrical engi- 
neering department, Hydro-Electric Power Com- 
mission of Ontario, Toronto, Ontario, Canada; 
J. J. Tram is with the ame company. 
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and the method of measurement and accu- 
racy required. 


It is not the purpose of the paper to 
record methods of making either electrical 
or hydraulic tests where the technique is 
routine and straightforward, and presents 
no difficulties other than those usually 
present when tests are made on any gen- 
erator or its prime mover. 


Electrical Tests 


GENERAL 


In the great majority of cases, hydro- 
electric generators are erected on the site. 
The stator iron and complete stator wind- 
ing in the larger units are often assembled 
in the field, and field poles mounted on the 
rotor spider or rim. Even when the above 
operations can be performed in the fac- 
tory the assembly of the unit is of necessity 
a field job, and any tests on the completed 
generator must be performed at the site, 
after erection is completed. This situa- 
tion produces the first peculiarity in test- 
ing under field conditions, in that the facil- 
ities for testing may be, and usually are, 
restricted greatly, compared to those 
usually available in the factory. Restric- 
tions may be imposed by units already in 
routine operation in the plant, by con- 
struction, and because the generator is 
permanently connected to its bus, and in 
fact, may have been in commercial opera- 
tion before certain of its acceptance tests 
are made. The site may be many miles 
from the factory, and from the utility’s 
laboratory. It is, therefore, essential, 
before proceeding to the site to make the 
required tests, that the specification be 
carefully examined, the tests to be made 
listed, and the methods of making them 
discussed. It is of the utmost importance 
to list all portable instruments likely to 
be required, of such ranges as will accom- 
modate the potential and current trans- 
formers associated with the generator. 
It is very seldom necessary to provide 
special potential or current transformers 
for routine acceptance tests. Where tests 
of a special nature are included, it may be 
necessary to devise special equipment to 
obtain the desired measurements. All 
this work should be done, if possible, be- 
fore the tests are started; otherwise a 
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great deal of time may be lost, or one or 
more tests may have to be abandoned for 
lack of the proper equipment for making 
them. 


RESISTANCE MEASUREMENTS* 


Hydroelectric generators, except for 
units of low kilovolt-ampere rating, have 
very low armature and field winding re- 
sistances. Special artifices are often 
necessary to obtain an accurate measure- 
ment of resistance. The voltammeter 
method is usually employed, as use of the 
Kelvin bridge is not practicable for field 
measurements. Battery voltage and low 
range voltmeter have been found to be 
satisfactory, with the usual precautions. 
If the armature winding is two, three, or 
four circuit, as is frequently the case, each 
circuit can be measured separately, or all 
windings in one phase may be connected 
in series and the voltage drop across each 
measured. Temperature detectors almost 
always are specified for the hydroelectric 
generator, and are used to measure the 
winding temperature. Care must be 
taken to have the generator in thermal 
equilibrium at the time resistance meas- 
urements are made. The test current 
must not be so great that the winding 
temperature is affected by the copper loss 
due to the current. 

The field resistance at a known tem- 
perature is required for the following 
reasons: 


1. To determine accurately the field /’R 
loss. 


2. To determine the temperature rise of the 
field. 


8. To calibrate the field temperature indi- 
cator if such is provided. 


The voltammeter method should be 
used to make this measurement, as the 
“hot” resistance, of necessity, must be 
determined by this method. The meas- 
urement of temperature of a winding by 
its change in resistance requires that every 
source of error be minimized. The cold 
and hot resistances should be measured 
with the same instruments, and with de- 
flections on the instruments of the same 
order of magnitude. 


TELEPHONE INTERFERENCE FACTOR 


Although hydroelectric generators of 
modern design have a telephone inter- 
ference factor low enough to prevent dis- 
turbance in telephone circuits, it is pos- 
sible that disturbing harmonics inadvert- 
ently may be present in the voltage wave. 
Conditions at some remote point, where a 
power and communication circuit are in- 


* The sequence of these notes has been made gen- 
erally the same as in the Test Code for Synchronous 
Machines. 
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volved in a parallel may be magnified by 
the presence of these harmonics. Meas- 
urement of the telephone interference fac- 
tor is recommended where equipment is 
available to determine this factor, es- 
pecially if the design of the generator 
winding is limited in freedom of choice to 
the point where it becomes difficult to 
eliminate undesirable harmonics. 


PHASE CHARACTERISTIC CURVES 
(V CurRVEs) 


These curves offer the best method of 
determining the excitation values at all 
loads and power factors. As discussed 
later under load excitation, the zero 
power factor saturation curve used with 
the open circuit saturation curve to ob- 
tain the excitation characteristics is al- 
ways difficult and often impossible to 
obtain. It is not usually possible to set 
the voltage, load, and power factor at 
exactly the value desired when the unit is 
operating on the system. Small devia- 
tions from the desired values, especially 
in power factor, cause relatively large 
changes in field current. The phase char- 
acteristic curve permits greater accuracy 
in the determination of excitation under 
any condition of load, provided the volt- 
age can be held close to normal value. 


LINE CHARGING CAPACITY 


This characteristic may be important 
in the case of hydroelectric generators be- 
cause the units are usually associated with 
a transmission network of high-voltage 
lines. Voltage must be built up on a line 
for line testing, and the generator should 
have sufficient line charging capacity to 
permit this without becoming self-exciting. 
Self-excitation is an unstable condition, 
leading to high and uncontrolled voltage 
on the generator and system being tested. 
Excitation can be reduced to zero on a 
hydroelectric generator with safety, and 
even made slightly negative, with the 
generator under test connected to the sys- 
tem. Provided the kilovars taken by the 
generator are not large enough to disturb 
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system conditions, the ability of the 
generator to supply line charging kilovars 
thus can be determined exactly. 


LOAD EXCITATION 


It is frequently difficult or impossible 
to obtain a saturation curve at zero power 
factor and rated amperes on a hydro- 
electric generator. The difficulty arises 
because it is impossible to circulate full 
load current between one generator and 
another of equal size, even if both can be 
synchronized on the same low-voltage bus. 
It is sometimes possible to synchronize 
the generator with the system, and ob- 
tain one or perhaps two points on the 
curve at or near normal voltage. A third 
point is available at zero voltage from the 
short-circuit impedance curve. Such 
meager data are insufficient to plot an 
accurate zero-power-factor saturation 
curve. 

As stated earlier in this paper, the use 
of the phase characteristic or V curves, 
which can be determined readily, is 
recommended. 


SUDDEN SHORT-CIRCUIT TESTS AND 
SYNCHRONOUS MACHINE 
QUANTITIES 


The 3-phase sudden short-circuit test 
at rated voltage should not be omitted 
on a large machine of new design, as me- 
chanical failures due to inadequate brac- 
ing of the stator winding are known to 
occur. If oscillograms are taken, the 
transient and subtransient reactances and 
their time constants can be determined. 
The determination of these reactances and 
time constants by test gives valuable in- 
formation to both designer and user. 

Very little information is available on 
the suitability of the test methods for 
determining other synchronous machine 
quantities. Those that have been tried 
in the field have given only fair results. 
There is need for an exchange of informa- 
tion among those interested covering the 
technique to be used. The instructions 


Figure 1. Gibson 

diagram from dif- 

ferential test of 

66,000 - horsepower 
unit 
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in the test code appear to be insufficient, 
and need to be proved in the field. Such 
tests are in a comparatively new field in 
testing of hydroelectric generators, al- 
though the value of a knowledge of these 
quantities in estimating the performance 
of a generator has been appreciated. 


LOSSES 


Several methods for measuring genera- 
tor losses are listed in the Test Code (page 
13 and those that follow). Only the re- 
tardation method has been found uni- 
formly successful for hydroelectric units. 
The separate driving motor, calorimeter, 
cooler method, and input-output method 
are either impractical or require special 
facilities and time for execution. The 
electrical input method has been used, 
not because it was satisfactory, but be- 
cause the retardation method had not 
been developed to the present degree 
of accuracy. This method requires 
special low-ratio current transformers, 
which are often difficult to mount in the 
leads from the generator, especially if 
these leads are of cable, brought out to a 
metal-clad bus structure. It is impossible 
to prevent hunting between driving and 
driven units, and great care is necessary 
to obtain a consistent set of readings. 
Harmonics are usually present in the cur- 
rent wave, and may increase the error al- 
ready present from other causes. There 
is great danger of the units falling out of 
step if the voltage is lowered to a point 
where synchronizing power is insufficient. 
If this condition should develop, a heavy 
overload is placed on the metering current 
transformers, and these may burn out 
before they can be protected by closing 
their short-circuiting disconnects. The 
measurement of stray loss by this method 
is involved, and the accuracy doubtful. 
One major source of error arises in the 
use of high-ratio current transformers and 
low-power-factor current, giving current 
transformer errors and errors due to small 
deflections on the wattmeter used. The 
latter error may be decreased by using a 
low-power-factor wattmeter. The use of 
the electrical input method, at least for 
medium or large units, is not recom- 
mended, unless no other method can be 
used. 

The retardation method depends for its 
accuracy on careful determination of the 
Wk? of the generator, and of the speed- 
time curve, both of which are essential for 
the calculation of the loss under any given 
condition. 

A very close approximation of Wk? of 
the generator can be made for the rotor 
of a water-wheel generator. The weight 
of each salient pole is known accurately, 
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and the weight of the rim is also capable of 
accurate calculation from drawings. 
These calculations can be checked by 
test, using one or more of the methods 
outlined in the test code. 

Use of the d-c generator separately ex- 
cited, with biased output voltage (see 
test code, pages 18-19) has proved most 
successful for measurement of speed. The 
measurement must be made carefully, and 
frequent checks made during the progress 
of the test to prove the constancy of the 
calibration. This method of speed 
measurement is given in detail in the 
test code, and need not be repeated here. 

The calorimeter method of determining 
losses? is applicable only to totally en- 
closed hydroelectric generators. Unless 
the temperature of the ambient air can be 
closely controlled, as in the case of the 
totally enclosed generator, it is extremely 
difficult to relate the temperature rise of 
the air to the loss or losses causing it, due 
to the thermal capacity of the generator. 
The increase in number of this type of 


Delineation of area on Gibson 
diagram measuring impulse 


Figure 2. 


Actual length of hatched area 7.75 inches or 
10.6 seconds 
Maximum height 4.4 inches, equivalent to 
4.80 feet of water 
Average height equivalent to 2.65 feet of 
water 


generating unit permits use of this alter- 
native method of loss measurement. Its 
chief disadvantage is the time required 
for a complete set of tests. A crosscheck 
can be obtained on the total losses, by 
operating the generator at rated load and 
measuring the temperature rise of the 
cooling air. The individual losses also can 
be measured, and windage separated from 
friction loss. 

The segregated generator losses are 
used to establish the generator efficiency, 
and also are used to determine generator 
input on the acceptance test of the prime 
mover. Their use in this latter respect is 
discussed in some detail later in this 


paper. 
Hydraulic Tests 


This section of the paper deals chiefly 
with the acceptance tests of the prime 
mover and the rating test of the hydro- 
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electric generating unit. The acceptance 
test is that having as its objective the 
determination of whether or not the unit 
and its component parts satisfy the guar- 
antees of capacity, efficiency, and reli- 
ability made by the manufacturers. The 
rating test determines the efficiency of the 
unit as a whole, and the variation in effi- 
ciency, in order that the most effective 
use may be made of it along with other 
units in the same power plant and with 
other plants in the same system. 

The acceptance test of necessity con- 
siders the component parts of the unit 
separately, that is to say the generator 
and turbine independently of each other. 
The discussion will not extend to other 
parts such as the governing system, and 
water passages except incidentally. The 
rating test on the other hand considers 
the unit as a whole including not only the 
turbine and generator but conduits and 
other water passages serving that unit 
and no other. 

For tests of both kinds, three primary 
quantities must be measured, namely, the 
power, the flow, and the head. The flow 
is the same whether one is considering the 
acceptance or the rating test, but power 
and head are not. In the acceptance test 
of the turbine the output power is the 
same as the input to the generator shaft 
and therefore includes the generator out- 
put and all generator losses while in the 
rating test the power is the net output of 
the generator. The head in the accept- 
ance test is determined from measure- 
ments made as close to the turbine as 
practicable. In the rating test the head 
considered is the difference of elevation of 
forebay or headpond and tailwater. 


ACCURACY 


At this point the authors would like to 
comment on certain features of the pre- 
cision required in test equipment and 
observations. Insofar as the acceptance 
test is concerned, test codes of various 
associations and technical societies define 
in greater or less detail the method in 
which various quantities shall be meas- 
ured and the acceptable degree of pre- 
cision. No such criteria exist, however, 
to govern accuracy in rating tests. The 
responsibility of securing the results re- 
quired at a cost no greater than is war- 
ranted by their value rests with the engi- 
neer in charge of the tests. It is the 
authors’ considered opinion that as great 
accuracy is necessary in the rating tests 
as in the acceptance test where the repre- 
sentative of the manufacturer carefully 
scans the details of all arrangements for 
the test and all observations in order that 
the final result for efficiency may not fail 
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LOG OF Q 
Figure 3. Relation of discharge to pressure 


differential between piezometers in pen- 
stock and scroll case of turbine 


M=differential pressure, feet of mercury 
Q=discharge, cubic feet per second 


so much as a tenth of one per cent below 
the maximum that can be shown honestly. 

Because of their ready availability, 
there is a tendency to substitute switch- 
board meters, gauges, or instruments of 
low grade for test instruments of high 
precision and accuracy, and to use ob- 
servers unskilled in tests and investiga- 
tions of this type. In consequence of this, 
unreliable or misleading results may be 
secured and incorrect conclusions reached. | 
The authors call to mind certain specific 
incidents that justify this criticism. 

The acceptance test of the turbine and 
the rating test of the unit frequently are 
made at the same time. It is convenient 
therefore to give a single description of 
measurements and procedure applying to 
both. This description will be divided 
into three parts, each part dealing with 
one of the three primary quantities to be 
measured. 


MEASUREMENT OF POWER 


For the rating ‘test the quantity to be 
measured is the output of the generator. 
The authors have been associated in many 
tests and have used instruments of vari- 
ous types. In general the instrument pre- 
ferred is a calibrated polyphase watt- 
meter. Exception may be taken to this 
instrument and in fact many test codes 
require that single-phase meters be used. 
The objection to the use of the polyphase 
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Figure 4. Power efficiency relation from an 
index test 


The variation of efficiency with load and 
blade angle is found although the absolute 
value of the efficiency is not known 


meter is based in some instances on the 
type of generator connection and ground- 
ing. The objection does not apply in the 
case of the plants operated by the organi- 
zation with which the writers are con- 
nected and the advantages of using a 
single instrument are so evident that it is 
to be preferred wherever it is properly 
applicable. 

In the acceptance test of the turbine, 
its power output is required. Where the 
turbine and generator are mounted on the 
same shaft, the turbine output is the 
generator output plus the generator losses. 
The accuracy required makes the method 
of dividing the generator output by gen- 
erator efficiency unsatisfactory, although 
the authors have found it necessary on 
occasion to do this, on generating units of 
small size, where insufficient data were 
available to enable generator losses to be 
computed, 

If generator losses have been measured 
on the unit under test, readings of genera- 
tor voltage, stator current and tempera- 
ture, field current, and exciter outputs, 
on each test run, will permit an accurate 
computation of individual losses. These 
can be added to the measured generator 
output. The precision of measurement of 
the losses is very high, compared to the 
measurement of generator output, so that 
it is possible to use losses as measured on a 
duplicate generator, or even to use the 
generator designer’s estimate of losses, 
without introducing an error large enough 
to have any noticeable effect on the over- 
all result. 

Calibrated portable instruments of high 
standard should be used for the electrical 
measurements. The instrument trans- 
formers associated with them should have 
a known ratio of transformation. Other- 
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wise they should be calibrated. In at 
least one instance a calibration of the in- 


strument transformers requested by the 


representative of the turbine manufac- 
turer disclosed errors that were quite un- 
suspected until the calibration had been 
made. 

The importance of this test on occasion 
may justify duplicate measurement of 
power by independent observers, using 
separate instrument transformers and 
wattmeters calibrated against different 
laboratory standards. 


MEASUREMENT OF FLOW 


The accurate measurement of the quan- 
tity of water flowing through the turbine 
is one of great difficulty. Various meth- 
ods of measurement are available, the 
choice of method depending on the par- 
ticular situation in hand. Four of these 
methods will be described briefly. Com- 
plete descriptions of all of these consid- 
ered herein are available elsewhere; hence 
descriptions are carried only so far as to 
make clear the comments on their fields 
of application and reliability. 


THE Gipson MeruHop? 


The Gibson time-pressure method of 
measurement of flow is an invention of 
Doctor Norman R. Gibson, and an out- 
come of his extensive studies of pressure- 
rise in hydraulic pipe lines. The method, 
simple in principle and fundamentally 
sound, is an application of the second law 
of motion, expressed briefly as 


Pt=m/(v—2) 


When a column of water flowing in the 
penstock of a hydroelectric unit is brought 
to rest by closing the turbine gates, a 
force is impressed on the water column in 
bringing it to rest. Assuming that the 
mass of water has its velocity changed to 
zero during gate closure, the change in 
momentum effected is the product of the 
mass of the water in the penstock and the 
original velocity. This change in momen- 
tum is equal to the impulse causing it, 
that is to say, the mean value of the force 
acting upon it to bring it to rest multi- 
plied by the time during which it acts. Of 
these four quantities, force, time, mass 
and velocity, three can be measured and 
the fourth, the velocity, computed, it 
being the only unknown in the equation. 

Equipment was devised by Gibson to 
measure the force or pressure acting on the 
water column by a mercury U-tube, and 
to record the pressure variations on a 
moving film. The equipment, with minor 
changes, has been used by nearly all, if not 
all, investigators on this continent. Ger- 
man scientists working mainly with Doc- 


Floyd, Traill—Testing of Hydroelectric Units 


tor D. Thoma at Munich built instru- 
ments in which pressure changes deflected 
a mirror through the movement of a 
spring-controlled piston. A beam of 
light of high intensity focused in the mir- 
ror is reflected through lenses to a photo- 
graphic paper moving past a narrow slot. 
Comments on both of these types of equip- 
ment will be made later. 

The Gibson instrument consists of a 
camera at the front of which one leg of a 
mercury U-tube is clamped at a definite 
distance from the lens. The U-tube is 
connected to the penstock, and the level 
of the mercury in it is a measure of the 
pressure in the penstock. At the rear of 
the camera is a photographic film on a 
cylinder which is rotated at a speed suited 
to the rate of closure of the turbine gate. 
Between the U-tube and the lens, a pen- 
dulum is arranged to cut off the light pass- 
ing through the U-tube once every second. 
Illumination for exposure of the film is 
provided by a bank of photoflood lamps. 
The instrument is so constructed that no 
light can reach the film except that pass- 
ing through the U-tube. As the pressure 
varies in the penstock corresponding 
movements take place in the mercury 
column in the U-tube and these move- 
ments are recorded on the film at the rear 
of the camera. 

The procedure, in making a measure- 
ment of flow in a penstock, is as follows: 
The unit under test is loaded to the point 
at which it is desired to measure the dis- 
charge and sufficient time allowed for 
operating conditions to become satisfac- 
torily steady. On signal from the opera- 
tor at the Gibson instrument, the turbine 
gates are closed at a uniform, predeter- 
mined rate, during which time, and for a 
few seconds before and after, the moving 
film in the camera is exposed recording the 
rise and fall of the mercury column in 
the U-tube, and therefore the changes in 
pressure. From an analysis of the exposed 
film an area is delineated which measures 
the impulse bringing the mass of water in 
the penstock to rest. The measurements 
are repeated for a series of similar runs 
covering the whole range of capacity and 
flow for the turbine. 

Originally it was the practice to have a 
connection to the penstock from one leg 
only of the U-tube, the other leg being 
carried to a sufficient height to balance 
the penstock pressure. The mercury 
column was often of great height, 20 feet 
or more in some tests conducted by the 
authors, which introduced certain diffi- 
culties in conducting the tests. It made 
it necessary also to secure, in synchronism 
with the Gibson diagram, a graphic rec- 
ord of the variations in headwater level. 
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It is the practice now, whenever possible, 
to connect both legs of the U-tube to the 
penstock at sections so far apart as to 
secure a diagram of satisfactory area on 
the film. The test made with a single con- 
nection is known as a simple test, that 
with two connections to the penstock as a 
differential test. 


In Figure 1, a diagram from a differen- 
tial test is submitted. The dimensions of 
the original are marked on the figure to 
give a better idea of the scale. In Figure 
2 is shown a copy of this diagram with the 
area representing the product of pressure 
and time crosshatched. It is not intended 
to discuss here the method of determining 
the lower and left hand limits of the area, 
but this explanation should be made: 


The regular waves following the end of 
the diagram result from the fact that the 
mercury column swings up and down in 
the tube until friction brings it to rest at 
its final static level. They are not due to 
pressure variations in the penstock. 
These after waves enable the end point 
of the diagram to be determined in most 
cases. The author has found it necessary 
for tests of plants with very short supply 
pipes to have a contact, closed by the 
servomotor piston at the end of its stroke, 
complete a circuit which gives an indica- 
tion in the film of the completion of clo- 
sure of the turbine gates. 

The instruments made by Volkhardt 
and Deckel and used at Munich, Hitting, 
and Heidenheim, are much more compli- 
cated than the instrument by Gibson. 
One of the advantages sought in their 
design is the elimination of effects due to 
the inertia of the mercury column. This 
inertia, however, has certain compensating 
advantages, Thoma points out, enabling a 
more precise determination of the end 
point of the diagram, in certain instances, 
than the instruments with spring con- 
trolled pistons. Special provision is made 
to overcome the effect of friction. Cali- 
bration is difficult and liable to change. 
However, they are instruments of great 
precision. 

Deckel submitted the results of tests 
by his instrument made at Munich in 
1930 in which the average difference from 
the measurement by a calibrated weir was 
0.41 per cent, only 2 runs out of 14 show- 
ing errors exceeding one per cent. 
Deckel’s comments on the method are 
interesting in that other methods of 
measurement have found greater favor 
generally in the institution in which his 
work was done: 


“The Gibson measurement process in many 
cases offers considerable advantages as com- 
pared with other measurement methods. 
These advantages are based on the prac- 


Marcu 1946, VOLUME 65 


tical simplicity and good theoretic founda- 
tion for the process. It must be provided, 
of course, that its grade of accuracy is not 
below that of other processes, that is, the 
possible error should not exceed one per cent 
when compared with the highly developed 
stage of present measuring processes... 
The tests which were carried out will confirm 
this.’’ 


ALLEN SALT-VELOcITY METHOD? 


Professor C. M. Allen of Worcester, 
Mass., has, by his research, brought to a 
high degree of precision the measurement 
of flow by observations of the time for a 
charge of brine to pass from one section to 
another ina penstock. In this method the 
charge of brine is injected through one or 
more special valves suitably disposed on 
the cross section of the penstock and the 
time for it to move from the point of in- 
jection to a cross section further down- 
stream is measured. At the lower cross 
section a series of electrodes is set up in 
the penstock and the time of passage from 
the point of injection to the electrodes is 
determined by a graphic measurement of 
the change in conductivity of the water, 
the time being accurately measured on 
the chart as well as conductivity. The 
method is adaptable to situations where 
the cross-sectional area of the penstock is 
irregular or where velocities are extremely 
low and other cases where the Gibson 
method is not readily applicable. Its dis- 
advantages are that the disposal of the 
injection valves and the electrodes on the 
cross sections require considerable experi- 
ence with this type of test. A more or 
less prolonged shutdown of the unit is 
necessary also to install the equipment. 


The necessity for experience in the de- 
sign of the equipment and its disposal on 
the cross section will be realized when it is 
remembered that the charge of salt com- 
ing through a valve at the center of the 
penstock moves downstream at a greater 
velocity than a charge injected at the side 
of the penstock. It is therefore necessary 
to design the equipment so that the aver- 
age time of passage from one cross section 
to the other will be recorded correctly. 
The authors have attempted to use the 
method on one occasion and from the diff- 
culties experienced in securing satisfac- 
tory results in that instance have some 
appreciation of the vast amount of effort 
that has been put into the perfection of 
the method by Professor Allen. 


THE CURRENT METER® 


The third method to which reference 
will be made and one that has been used 
perhaps more frequently than any other, 
is the current meter method. The method 
has been brought to a high degree of ac- 
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curacy for measurement of discharge of 
power houses through the work of a large 
number of investigators in North America 
commencing with the work of Groat and 
Nagler in 1912. The method has been 
preferred above all others for measure- 
ments in Europe and a great deal of work 
on the development of suitable instru- 
ments has been carried out there. 

The method is simple enough in princi- 
ple. It consists of the measurement of 
velocity at a large number of points on a 
cross section at the intake of the unit and 
the computations of the discharge by 
multiplying the average measured veloc- 
ity by the area of the cross section. The 
necessity for refinement comes about be- 
cause the velocities at any section are not 
at right angles to the cross section. In 
areas of disturbed flow certain meters 
have a tendency to over-register, that is to 
say, they measure a velocity greater than 
the resolved part of the velocity normal 
to the measured cross section. Other 
meters under-register, some to a greater 
degree than others. By using groups of 
meters of different types in a test and com- 
paring the results, each with the other, 
the correct normal velocity may be deter- 
mined. 

The method is readily adaptable to 
cases where a very short supply pipe leads 
to the turbine, therefore making it diffi- 
cult to apply the Gibson or Allen methods. 
As just indicated the common European 
practice applies the current meter method 
in nearly all instances, in fact it has been 
used frequently in Europe to measure the 
velocity on the cross section of a penstock 


Figure 5. Bank of gauges used for index test 


These are simple water columns under com- 
pressed air to depress them to the range of 
the scales 
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where in North America one of the other 
methods would be applied. 


THE WEIR 


In some instances it is possible to in- 
stall a weir in the tailrace of the plant. 
Measurement of discharge by a weir is 
only possible in cases where the discharge 
is moderate, that is to say, not more than 
two or three hundred cubic feet per second 
and where the reduction in head resulting 
from the installation of the weir is only a 
small percentage of the total head. 


MEASUREMENT OF HEAD 


The third of the primary quantities to 
be measured is the head acting on the tur- 
bine or on the plant. There is, of course, 
a distinction between these, sometimes of 
considerable magnitude, for example, in 
the case of a plant having a long penstock. 
For low-head plants the difference is not 
so marked. For the purpose of tests, the 
simpler the equipment, the more satis- 
factory it is for measurement of water 
level. In the forebay or tailrace of a 
plant, simple float gauges are preferred 
installed in float boxes connecting with the 
body of water, the surface elevation of 
which is to be measured, by a small open- 
ing in the float box which dampens surges. 
The usual practice in the rating test of a 
generating unit is to install at least two of 
these in the forebay and two in the tail- 
race, usually in the stop log checks. 

In the acceptance test of the turbine 
unit, however, the head must be measured 
at the entrance to the turbine casing, and 
in a plant having a long penstock the 
head measured at this point will be appre- 
ciably different from that measured in the 
forebay. Bourdon gauges are unsatisfac- 
tory for this purpose and a mercury 
manometer is preferable even though this 
may be of great height, requiring two ob- 
servers to read it. A case in point is a 
plant on which a test was made recently 
where the operating head was 340 feet 
and the mercury manometer about 24 
feet in height. 

In the case of the acceptance test, as 
indicated previously, the pressure head is 
measured at the entrance to the turbine 
casing. To the pressure head, plus eleva- 
tion head at that point, there must be 
added the velocity head in the penstock. 
The net head acting on the turbine is the 
head at entrance to the casing, expressed 
as an elevation, minus the sum of tail- 
water elevation and the velocity head at 
the section at which the tailwater level is 
measured. In some instances, however, 
the velocity head in the tailrace is neg- 
lected. In the case of the rating tests of 
the plant the gross head only is to be con- 
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sidered, that is to say, the difference of 
level in the water in the forebay and in 
the tailrace. 

Frequently gauges measuring these 
water levels are installed to give an indi- 
cation in the control room of the levels, 
and it is most desirable to check these 
gauges during the tests, not only for cor- 
rectness in their indications, but also for 
the correctness of indication by them of 
the true forebay or tailrace level. The 
location of the actuating element of the 
gauge is frequently such that it is affected 
by local disturbances and by variation in 
load on the particular unit near which it 
is installed. It is the authors’ practice to 
observe the operations of such gauges 
carefully during the test in addition to 
making observations on special gauges in- 
stalled for the test itself. 

In addition to the primary measure- 
ments dealt with in the three preceding 
sections, a number of other quantities are 
observed such as gate opening of the tur- 
bine and information that will enable seg- 
regation of the hydraulic losses in the 
water conduits to be made. 


ANALYSIS OF DATA 


Having computed the three primary 
quantities, power, head, and discharge, 
for each run, these are tabulated and cor- 
rected for departure of the test head from 
the rated head of the unit. In the case of 
the acceptance test, capacity and effi- 
ciency of the turbine will be given by 
the turbine builder for some specific head. 
In the tests the actual head will differ 
from this slightly, and power and dis- 
charge for each of the runs will be cor- 
rected to that which would have been 
realized had the test been made at rated 
head. This correction can be made with- 
out impairing the accuracy of the results 
provided that the test head does not differ 
by more than three or four per cent from 
the rated. head. The results are then 
plotted in the form of a power-discharge 
curve. Two additional curves are plotted 
also, namely, the power on a base of gate 
opening, and discharge on a base of gate 
opening. The three curves are then com- 
pared and adjusted until all three are in 
agreement. From this point on practi- 
cally all of the results secured regarding 
capacity and efficiency will be based on 
the three curves, particularly the power- 
discharge curve. It is customary to com- 
pute the efficiency of the unit from the 
adjusted power-discharge curve and not 
from the individual test runs. 

A similar set of three curves will also 
be drawn based on the gross head of the 
plant and the generator output, these 
forming the basis of a report on the rating 
test of the plant. 
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RATING DISCHARGE AGAINST 
DIFFERENTIAL PRESSURES 


It will be appreciated from the de- 
scription of the various methods of meas- 
uring the quantity of water flowing that 
this part of the test is difficult and expen- 
sive and may involve serious interruptions 
to operation of the unit. It is desirable 
therefore to secure records that can later 
be used to measure the discharge with less 
inconvenience and expense. The author 
used such a method some 23 years ago at 
the Queenston plant on the Niagara River 
by observing the reduction in head from 
forebay to a point at the entrance to the 
casing of the turbine, using a mercury 
manometer for the purpose. The reduc- 
tion in pressure head was largely due to 
the great increase in velocity head at the 
lower measuring point and was a function 
of the magnitude of the flow of water in 
the penstock. The ratings so made in 
the original tests by the Gibson method 
were later used in tests which involved 
simply a measurement of the difference in 
the pressure head at forebay and scroll 
case, to determine the flow. It is common 
practice now to install piezometer con- 
nections at suitable points in the penstock 
and scroll case and to determine, at the 
time of the original tests when the flow is 
measured by one of the methods described 
above, the relation of the discharge to the 
differential pressure between two of these 
piezometers, 

The results of such a measurement in a 
turbine test made recently are as shown in 
Figure 3. The flow was measured by the 
Gibson method and the differential pres- 
sure was read on a differential manometer 
connected to a piezometer in the speed 
ring and a ring of four piezometers around 
the downstream end of the penstock. It 
is only necessary at any future time to 
measure the differential pressure to deter- 
mine discharge from the data submitted 


inthe graph. Therelationis unaffected by 


head, the condition of the turbine runner 
or other changes beyond the piezometers. 


INDEX TEsTs 


When, for physical or economic reasons, 
it is unadvisable to make discharge meas- 
urements, it is still possible in many in- 
stances to secure records of variation of 
efficiency of a turbine unit by measuring 
quantities, the variation of which with the 
discharge is known, approximately, if not 
exactly. Tests in which such quantity is 
measured instead of the discharge are 
known as index tests. From them, the 
power and head being measured, it is 
possible to derive efficiency curves which 
show the variation of efficiency with load 
but not the absolute valueof the efficiency. 
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To illustrate: In order that the govern- 
ing mechanism of a Kaplan turbine may 
be so designed as to secure the highest 
efficiency at all loads, information must 
be available as to the variation of effi- 
ciency with gate opening, or load, and 
blade angle. The quantity related to the 
discharge, which is measured is a pressure 
differential between two piezometers suit- 
ably disposed. The discharge varies ap- 
proximately with the square root of the 
differential pressure and the efficiency 
therefore with the kilowatts divided by 
the square root of the differential pressure. 
In Figure 4 such a series of curves derived 
from a test of a Kaplan runner is shown, 


each curve being for a specific blade angle. - 


The envelope of these curves provides 


- the information for the design of the cam 


which properly correlates gate opening 
and blade angle. Forty or more separate 
measurements of discharge would be re- 
quired to develop the five efficiency curves 
shown in Figure 4. The gauge, or series 
of gauges set up for the test, is shown in 
Figure 5. Readings in this case were 
taken on water columns depressed by com- 
pressed air to a reading range. The vari- 
ous gauge columns are connected to 
piezometers in penstock and scroll case. 


Conclusion 


In conclusion, it may be stated that a 
definite policy of making tests on both 
generator and prime mover, even if con- 
siderable expense and effort is involved, 
undoubtedly will pay dividends. These 
tests make quantitative data available, 
the value of which may not be apparent 
at the time the tests were made. How- 
ever, it later may make possible an engi- 
neering solution to some difficult problem 
of operation, or point the way to improve- 
ment in performance in the unit tested, 
or succeeding ones in the same or other 
stations. 
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Dielectric Recovery by an A-C Arc 
in an Air Blast 


T. E. BROWNE, JR. 


MEMBER AIEE 


INCE the extinction of the are drawn 

upon opening an a-c switch depends 
upon a rapid transition of the arc near 
a normal current zero from a conducting 
to an insulating state, much study has 
been given by switch designers to this 
transition, often referred to as dielectric 
recovery. However, the published ex- 
perimental data with regard to the mecha- 
nism of this dielectric recovery still 
are meager and there is no generally 
agreed upon theory, even for the simpler 
cases. One simple case, of growing im- 
portance in this country, is that of the 
arc in an air-blast circuit breaker. Per- 
haps the simplest arrangement is found 
in the nozzle type of air-blast breaker 
variously described as radial blast or 
axial blast. Figure 1 is illustrative of 
such nozzles, somewhat reduced from 
practical forms. 

Of particular value for the understand- 
ing of the arc extinction processes are 
curves showing the rise of the arcs re- 
ignition voltage, or dielectric strength, 
with time during the first few hundred 
microseconds following arc failure near 
a normal current zero. There have been 
several attempts to predict the course 
of such curves for the air-blast breaker, 
of which that by Kesselring and Koppel- 
mann! is noteworthy for its complete- 
ness. Some direct experimental results 
defining a single curve and indicating 
another have been presented by Prince, 
Henley, and Rankin? for a cross-blast or 
splitter type of breaker at greatly reduced 
air pressure and unstated current. Also 
presented by Prince were some very 
interesting high-speed moving pictures 
of the arc in a splitter type breaker, but 
these, like earlier ones presented by 
Biermanns’ for the nozzle type breaker, 
are somnewhat inconclusive. These photo- 
graphs and the theoretical picture of arc 
interruption in an air blast have been 
further discussed by Slepian.4 In the 
theory of Kesselring and Koppelmann 
and others a physical cutting and pro- 
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gressive displacement of the permanent 
arc core is presumed. Slepian, in agree- 
ment with earlier discussions by Mayr,® 
has preferred to ascribe the dielectric 
recovery of the arc space to cooling and 
ion diffusion, and has pointed out the 
decisive importance of turbulence of the 
gas motion in enhancing the diffusive 
effects. 

In the course of an extended experi- 
mental study by the writer of the factors 
influencing arc extinction in models of 
air-blast orifices like those of Figure 1, 
a considerable mass of data has been 
obtained, including 16 more or less com- 
plete curves of dielectric recovery with 
time by the arc space under widely 
varying conditions. Some of these results 
will be presented and briefly discussed 
in the light of existing theories. 


Experiments 


The nozzle and contact arrangement 
shown in section in Figure 1A is typical 
of the earlier forms studied. This sketch 
shows the location of arc resisting inserts 
of copper-tungsten and soapstone as 
generally used, these being omitted in 
the other sketches for simplicity. In all 
of the work to be described the orifice 
diameter was 0.765 inch and the arc 
was drawn by rapid downward motion of 
the lower (upstream) contact through the 
orifice to the open position shown. Com- 
pressed air from a storage tank was intro- 
duced into the annular space between 
the supporting fiber plates through a 
poppet valve, piping, and entrance 
orifices which reduced the steady-state 
gauge pressure at the interrupting orifice 
entrance to between 0.7 and 0.8 of the 
initially adjusted tank pressure. Beyond 
the are space the discharged air passed 
through openings having 31/3 times the 
area of the main orifice, resulting in a 
pressure elevation on the discharge side 
of the orifice roughly 1/10 the entrance- 
side gauge pressure without arcing and up 
to two or three times this in the presence 
of a one or two thousand-ampere arc. 

Of all the orifice arrangements tried, 
that of Figure 1B proved to be the most 
efficient in terms of required air pressure 
for interruption of low power factor cur- 
rents up to 2,200 amperes at 13,800 volts 
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Experimental air-blast orifices 


Figure 1. 


and 4,200 amperes at 6,900 volts, the 
maximum values available for these 
tests. Interrupting test results with this 
orifice are plotted in Figure 2A. The 
upper broken line is drawn through points 
representing tests at the maximum gauge 
pressure in the tank at which a failure to 
interrupt occurred and the lower line 
through points of minimum gauge pres- 
sure in the tank for a successful inter- 
ruption. Interruptions were considered 
successful if not more than one cycle of 
arcing (at 60 cycles per second) occurred 
after passage of the electrode tip through 
the orifice. These limits were always 
checked by obtaining at least four tests 
just outside the limits all of which were 
either successful or unsuccessful. Thus, 
the region between the lines is one of 
uncertainty separating regions of high 
and of low probability of interruption. 
Figure 2B is a similar plot for the orifice 
of Figure 1C, which was a much less 
efficient interrupter, especially at the 
lower currents. The favorable features 
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combined in the Figure 1B orifice were 
indicated step by step in a long series of 
tests leading up to it. They are prin- 
cipally : 

1. Rounding of the edges of_the orifice and 


contact rings to minimize electric stress 
concentration. 


2. Proper spacing of the contacts relative 
to the orifice. 


3. A slight crowning, or beveling of the 
upstream contact face. 


4. Insulation of the metal orifice ring from 
the downstream contact. 


5. Venting to atmosphere of the center of 
the upstream contact face through a smaller 
auxiliary orifice. 


These features are in close corre- 
spondence with those of an orifice-type 
high-voltage compressed-air circuit inter- 
rupting element developed by Ludwig 
and Baker.® The orifice of Figure 1C, 
lacking only features 4 and 5 of the pre- 
ceding list, was chosen for an extended 
study of dielectric recovery with time 
because its inferior performance per- 
mitted it to be tested adequately over a 
much wider range of pressures and cur- 
rents than would have been possible with 
the Figure 1B orifice. Also, the Figure 
1C orifice is itself of practical interest, 
since its simpler construction permits its 
use in simpler and more compact circuit 
breakers, especially those for the lower 
voltages. 

Figure 3 shows some of the information 
leading up to the Figure 1B type of 
orifice. These data were replotted from 
families of curves like those of Figure 2, 
using points from the upper limit curves 
only. These maximum failure pressures 
are plotted in Figure 3A as a function of 
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the spacing of the downstream contact, 
in this case a copper-tungsten tipped 
1/4-inch rod, above the open position of 
the upstream contact face. For con- 
venience in interpretation, the orifice 
and electrode sections are dotted in to 
the scale of the spacing co-ordinate with 
the plane of the upstream contact face 
at the origin. Smooth curves are drawn 
through the somewhat scattered points 
for each of the three currents, 175, 1,100, 
and 2,000 amperes, all of these tests 
being at 13,800 volts. It may be deduced 
from the slopes of these curves that the 
region near the flow constriction, or ‘‘vena 
contracta,”’ is of most importance at all 
currents but was practically the only 
effective interrupting region at the higher 
currents. At 175 amperes, the axial 
region beyond the orifice was of lesser 
but still of considerable importance. 
Figure 3B is a similar plot of results of 
tests in which the projection into the 
orifice region of a 1/4-inch stud from the 
center of the upstream contact face was 
the varying parameter. These curves 
similarly show a more sharply restricted 
interrupting region for the higher cur- 
rents. The minimum near 3/16-inch 
projection for the 175-ampere curve 
probably also points to the advantage of 
a somewhat pointed or crowned shape 
for the upstream contact face. 

In all of the work just described the 
testing circuit was used without modi- 
fication of its normal transient charac- 
teristics, the natural frequencies and 
decrements of the recovery voltage oscil- 
lation components varying with the par- 
ticular circuit adjustments, particularly 
with the short-circuit current settings. 
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To get direct information about the 
course of the dielectric recovery in the 
arc space with time, the natural fre- 
quency of the circuit, or its rate of rise 
of voltage, was controlled by capacitor 
shunts in parallel with the arc, and the 
reignition voltages appearing across the 
arc terminals were measured from 
cathode-ray oscillograms. Figure 4 shows 
four samples of such oscillograms, taken 
by photographing the screen of an RCA 
904 cathode-ray tube with a miniature 
camera. The beam was oscillated mag- 
netically at power frequency with such 
phase and amplitude that it passed across 
the screen only during each recurrence 
of a small time interval embracing each 
current zero moment. At this time the 
rate of change of the deflecting magnetic 
field and so the speed of the beam was 
nearly constant. Voltage calibration 
was provided by superimposing the hori- 
zontal lines resulting from application of 
open circuit voltage (these being the 
positive and negative peaks of the voltage 
waves), and time calibration by further 
superimposing a small amplitude trace 
produced by a calibrated oscillator. 

The oscillograms in Figure 4 of tests 
12,417 and 12,440 show, successively, 
the effect on the reignition transients of 
a 175-ampere arc with 20 pounds per 
square inch air tank pressure of adding 
a small (0.035 microfarad) shunting ca- 
pacitor. Wide variations in reignition 
voltage and time at successive current 
zeros are well illustrated by the three 
reignition traces in test 12,440. The 
smallest value (of negative polarity) 
probably occurred before the contacts 
were fully open. The oscillograms of 
tests 13,110 and 12,848 each show two 
are reignition transients followed by an 
extinction transient, the currents inter- 


Figure 3. Effect of electrode position on 
maximum failure pressures at 13.8 kv and 
various currents for an orifice similar to that 


A—175 amperes at 13.8 kv, no shunt, 20 
pounds per square inch in the tank, 20- 
kilocycle timing frequency 


C—1,070 amperes at 13.8 kv, no shunt, 80 
pounds per square inch in the tank, 20- 
kilocycle timing frequency 


Figure 4. Cathode-ray oscillograms of arc 
reignition and extinction voltages 


rupted being 1,070 amperes and 2,260 
amperes, respectively. In test 13,110 
the circuit, containing an air-core reactor, 
was unshunted and in test 12,848 a de- 
laying shunt of 0.102-microfarad capaci- 
tance was added. 

The results of a long series of such 
oscillographic measurements of tests 
with the Figure 1C type orifice were 
plotted and are shown in Figure 5. In 
addition to the reignition voltage points 
marked with open circles, in many cases 


A—(left)Downstream electrode position varied 


B—175 amperes at 13.8 kv, 0.035-microfarad 
shunt, 20 pounds per square inch in the 
tank, 20-kilocycle timing frequency 


D—2,260 amperes at 9.2 kv, 0.102-micro- 
farad shunt, 5 pounds per square inch in 
the tank, 33-kilocycle timing frequency 


the peaks of recovery voltage transients 
which did not cause reignition (extinction 
voltages) were also plotted and marked 
with solid circles. Where possible, en- 
velopes were drawn enclosing the esti- 
mated regions of uncertainty within 
which most of the breakdowns occurred. 
Low breakdown points near or outside 
the envelopes, when indicated by adjacent 
question marks, were judged, probably 
to indicate breakdowns at less than 
maximum contact separation. The dotted 
lines through the origin are lines of a 
theoretically calculated dielectric re- 
covery to be explained later. 


B—(right) Upstream electrode position varied 
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The method of voltage measurement 
from the oscillograms and of the measure- 
ment of the longer times probably in- 
volved errors of not more than 10 per 
cent, but random errors of as much as 50 
per cent may easily be present in the 
measurement of recovery times of the 
order of 10 or 20 microseconds because 
of skewing of the oscilloscope axis and 
uncertainty in locating the often poorly 
defined arc ‘“‘current zero’’ moment. 
This moment was taken as that at which 
the course of the arc terminal voltage 
began to be determined mainly by the 
circuit rather than by the arc. At low 
rms currents, this point on the arc termi- 
nal voltage record is generally clearly 
marked by a sudden radical change 


in slope followed by a smooth oscillation 
and is believed to be accompanied by a 
sudden virtual cessation of the arc cur- 
rent, or by an ‘“‘arc failure.” At the 
higher currents, however, such a transi- 
tion point becomes much less clear on 
the oscillograms and also undoubtedly 
less clear in physical meaning, measurable 
arc conductivity often persisting up to 
and beyond the voltage reversal point, 
which is the only point at which the arc © 
current is certainly known to be zero. 
It should be kept in mind, therefore, 
that ‘“‘time after current zero’ plotted 
in the figures actually means time after 
apparent arc failure. 

An outstanding feature of all experi- 
ments with a-c arcs in general and arcs 
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in an air blast in particular is the very 
wide and apparently random variation 
in dielectric recovery, not only between 
tests but also between successive current 
zero moments. These are well illus- 
trated by all of the curves in Figures 5 
and 6, as well as by the oscillograms of 
Figure 4. The especially great varia- 
bility characterizing the reignition of low- 
current arcs (Figure 5, A-F) probably is 
due in part to the variability in the 
currents just preceding arc failure. 
Similar variations in are failure current 
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were first observed and pointed out by 
Attwood, Dow, and Krausnick,’ who also 
measured and plotted dielectric recovery 
envelopes similar to those presented 
here except that they were for low current 
ares in still air and in comparatively low 
voltage circuits. 


A general survey of the whole array of 
recovery envelopes and partial envelopes 
of Figure 5, covering the ranges of cur- 
rents and pressures: 50, 175, 1,100, 
2,200, and 4,200 amperes at 40, 20, and 
5 pounds per square inch air tank pres- 
sure, reveals certain basic characteristics. 
more or less common to them all. These 
characteristics are most clearly shown 
in Figures such as 51 and 5L where a 
combination of high current and low air 
pressure resulted in a slower and so more 
easily followed recovery than in many of 
the other figures. These envelopes ex- 
hibit three separate regions or successive 
stages of recovery. At very short times 
(up to 10 or 20 microseconds in these 
figures) reignition voltages are only 
moderately higher than the last are 
voltages in the preceding half cycle, 
indicating relatively slight dielectric re- 
covery. After this pause, however, the 
reignition voltages show a rapid rise 
with time along loci roughly parallel to 
the linear rate of rise values indicated 
by the dotted lines through the origin. 
This region of rapid recovery at a nearly 
constant rate is ended, with this orifice, 
when a rather broad and nearly hori- 
zontal breakdown region is reached where 
the dielectric strength becomes almost 
independent of time on this few-hundred- 
microsecond scale. Although showing 
wide variations and not always so clearly 
defined, this same pattern seems to char- 
acterize the dielectric recovery under all 
the conditions of current and air pressure 
covered by these tests. At currents as 
low as 50 and 175 amperes, the greater 
natural period of the higher-inductance 
circuits did not permit exploration of the 
very short times in which the initial 
pause might be expected to be evident 
and so the results are inconclusive with 
regard to the existence of a delay period 
at such low currents. Even the rapid- 
rise portions of the recovery envelopes. 
were largely missed at these currents, 
especially at the higher pressures. The 
reignitions at 40 pounds per square inch, 
for example (Figures 5A and 5D), ap- 
parently occurred entirely in the nearly 
time-independent region. At 1,200 am- 
peres (Figure 5, G-I) most of the early 
reignitions fell within the rapidly rising 
recovery region following a possible 
initial pause. At 2,200 amperes (Figure 
5, J-L) and more especially at 4,200 
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amperes (Figure 5, M-—O) reignitions 
within an initial pause region began to 
be apparent. At the higher currents 
and air pressures the upper limits of 
dielectric strength in the “plateau” 
~ | regions (see Figures 5G, 5J, and 5K) were 
above the reach of the transient voltages 
+ which the testing circuits could produce 
and so these limits could not be deter- 
mined. At 4,200 amperes, the reignition 
voltages available from the 6,900-volt 
source were insufficient even to reach 
the plateau regions, 

Figure 6 is a plot of a few dielectric 
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Figure 5J-O. Dielectric recovery following 


apparent arc failure at current zero by 60-cycle 
arcs of various currents in a 0.765-inch solidly 
connected metal orifice with air flow from the 
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recovery tests with the more efficient 
insulated and vented orifice arrangement 
of Figure 1B at the same current and air 
pressure as the results of Figure 51 for 
the Figure 1C orifice. The superiority 
of the Figure 1B orifice is evident in its 
slightly shorter initial pause, its some- 
what more rapid subsequent recovery, 
and in its much higher plateau voltage 
limit. This latter is in agreement with 
the interruption data of Figure 2 where 
the greatest difference in performance 
appears at low currents where reignitions 
occurred only in or near the plateau 
region. 

In conjunction with the dielectric re- 
covery envelopes, the results of Figure 3 
now help to locate in space along the 
orifice axis the different time regions of 
dielectric recovery. Since the reignitions 
of the 175-ampere are in the unshunted 
test circuit occurred generally in the 
third, or plateau, time region only, the 
plateau dielectric strength appears, in 
Figure 3A, to be fairly well distributed 
along the flow axis. The early dielectric 
recovery determining the extinction or 
reignition of the 1,100- and 2,000-ampere 
arcs, however, is shown to be quite closely 
confined to a short portion of the arc 
channel near the minimum flow section. 
Figure 3B seems to show that this critical 
arc length for early dielectric recovery 
lies nearer to the orifice entrance for the 
2,000-ampere arc (faster circuit) than 
for the 1,100-ampere arc (slower circuit), 
suggesting that effective dielectric 
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Figure 6. Dielectric recovery following 

current zero by a 1,100-ampere 60-cycle arc 

in the Figure 1B insulated metal orifice, lower 

contact vented, with air flow from the tank at 
5 pounds per square inch gauge pressure 
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strength makes its first appearance near 
the entrance and then progresses along 
the axis in the direction of the flow. 


Discussion of Results in 
Terms of Theory 


Space limitations do not permit an 
extended treatment of the various di- 
electric recovery theories in this paper, 
but a few possible theoretical interpreta- 
tions of the foregoing results will be 
indicated briefly. There still remains 
so much of vagueness and uncertainty in 
the physical picture of the rapidly chang- 
ing a-c arc space near a current zero that 
precise calculations on the basis of any 
theory are impossible. Only very broad 
limits, at best, can be calculated, often 
so broad as to be valueless in distinguish- 
ing between theories. 

The apparent initial mean time delays 
before the beginning of rapid dielectric 
recovery have been estimated roughly 
from Figure 5, G—O, and presented in 
Table I as functions of pressure and 
rms arc current. a 

It is possible that these delays, observ- 
able only at the higher currents, are, or 
should be thought of as, mere transition 
periodsof rapidly decreasing but still finite 
are conductivity preceding actual arc ex- 
tinction,’ which extinction may coincide 
with the observed upturn in dielectric 
strength. If, on the other hand, this 
delay can be thought of as a period when 
the arc is already essentially out (having 
negligible conductivity) the delay may 
be explained in various ways. By 
analogy with the cooling of an initially 
uniformly heated solid cylinder, the 
diffusion theory would predict just such 
an initial delay preceding a rapid fall of 
temperature and ion density along the 
arc axis. Quantitative agreement with 
the observed time values can also be 
shown for a one-millimeter arc channel 
by using Slepian’st assumption of a 
hundred fold or so increase in diffusion 
rate due to turbulence. If the cooling, 
and deionization of the last arc filament 
should be much faster than this, a time 
delay of the same order can also be cal- 
culated to result from the finite rate of 
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acceleration of the surrounding cold and 
comparatively dense air as it closes in 
on the low density and so electrically 
weak arc channel after its temperature 
and hence its pressure have dropped to 
a low value. With very rapid cooling, 
such a momentary associated pressure 
drop along the are axis might at least 
be contributory to the delay in dielectric 
recovery. 


The subsequent rapid dielectric re- 
covery also follows from the turbulence 
enhanced diffusion theory, both qualita- 
tively and quantitatively. After the 
initial appearance of appreciable dielectric 
strength, probably at some most favorable 
point along the arc axis, it may be ex- 
pected to increase rapidly also by length- 
ening of the affected region by axial pro- 
gression of the cooling and recompression 
process and further by the stretching ac- 
tion of the nonuniform-air velocity near 
the flow constriction. That sucha proc- 
ess may be tied loosely to and so tend to 
vary with the product of mean air velocity 
and air pressure (or density) is not sur- 
prising. This correspondence is evident 
in the rather marked agreement (discrep- 
ancy two to one or less) between the steep 
slopes of most of the well defined dielec- 
tric recovery envelopes and the slopes of 
the dotted lines drawn through the ori- 
gins. These lines were drawn in accord- 
ance with the simple displacement theory 
of Prince? on the assumption of a dielec- 
tric barrier of sound air formed at “‘cur- 
rent zero” at the “‘vena contracta’”’ and 
growing with the air velocity existing at 
this point. At first glance, this agree- 
ment appears to support the displacement 
theory, at least in part, but Slepian has 
shown! that the formation of such an as- 
sumed sound fluid barrier by simple dis- 
placement is physically impossible and 
the foregoing consideration of the prob- 
able diffusion process shows that the 
agreement can be explained on a basis 
other than that of simple displacement. 


An interesting feature of the plateau 
dielectric strength values is their rela- 
tive insensitivity to pressure, especially 
at the higher currents. The upper and 
lower limit values at 300 microseconds 
(well within the plateau region in all 
cases) have been plotted as a function of 
the air pressures at the orifice entrance 
in Figure 7 for different arc current values. 
The loci of the envelope limits are com- 
pared with a dot-and-dash line through 
the origin representing a linear extrapola- 
tion of the observed 60-cycle breakdown 
voltage at atmospheric pressure with 
neither air flow nor preliminary arcing. 
The growing departure with increasing 
are current of the plateau breakdown 
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Figure 7. Effect of pressure on dielectric 

strength recovered 300 microseconds after 

extinction of arcs of various currents in the 
Figure 1C orifice 


limits from such a no-arc line is particu- 
larly hard to explain on the basis of simple 
displacement of the arc channel by the 
air flow. It definitely seems to suggest 
the continuing presence of a still some- 
what heated and perhaps partially ion- 
ized path along the arc channel after the 
initially very rapid diffusion has become 
comparatively slow. The presence in 
this orifice of a ‘‘dead space”’ of high pres- 
sure and low velocity gas at the tip of the 
upstream contact may be expected to 
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contribute to the slow disappearance of 
this “residual contaminated arc path. 
The shape of these curves and some in- 
complete recovery data at higher pres- 
sures suggest that these breakdown volt- 
ages all increase more rapidly with pres- 
sure in the higher pressure range used in 
practical circuit breakers than they do at 
the lower pressures covered by these 
figures. 
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Applications of Thin Permalloy Tape in 
Wide-Band Telephone and 


Pulse Transformers 
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HE development of thin permalloy 

tape and its use in cores have re- 
sulted from the increasing need for ef- 
ficient magnetic structures at high fre- 
quencies. For some time for example, 
the trend in the telephone plant has been 
to the use of higher frequencies in the 
longer distance toll circuits. The reason 
is that these permit the simultaneous 
transmission of a larger number of tele- 
phone conversations over a single con- 
ducting circuit. The coaxial transmis- 
sion system developed before the outbreak 
of the war, operates over the range of 
about 64 to 3,200 kilocycles and required 
transformers for repeater amplifiers and 
terminals capable of passing this wide 
band efficiently. Eddy current effects 
at these frequencies preclude the use in 
such transformers of magnetic material 
in conventional thicknesses. 

With the advent of radar pulse trans- 
formers were needed urgently to trans- 
mit high power pulses. The latter are in 
the order of a microsecond in length and 
square-shaped with very steep sides. 
Fourier analysis of the pulses reveals 
large components of energy at high fre- 
quencies. Consequently, here also cores 
with low eddy current losses are required 
for the transformers, not only to assure 
the faithful transmission of the pulse 
shape, but also to reduce heating to per- 
missible values. 

The use of magnetic powder might sug- 
gest itself for these high frequency pur- 
poses. However, this involves a three 
dimensional subdivision of the material. 
The effect of the particle separations in 


Paper 46-27, recommended by the AIEE committee 
on communication and presented at the AIEE 
winter convention, New York, N. Y., January 
21-25, 1946. Manuscript submitted November 23, 
1945; made available for printing December 12, 
1946. 


A. G. Ganz is with Bell Telephone Laboratories, 
Inc., New York, N. Y. 


APRIL 1946 


the direction of the flux is equivalent to a 
large series air gap in the core, and the 
net permeability, even with the best al- 
loys, is much too low. With punched 
laminations, as they are made thinner to 
reduce eddy currents, the number re- 
quired for a given stack-up increases. 
Then fabricating, handling, and insulat- 
ing the thin laminations to form cores be- 
come a problem. 

There is thus an area of high intrinsic 
permeability and low eddy current losses 
which is satisfied neither by powder cores 
nor, at the other extreme, by practical 
punched lamination structures. It is 
here that permalloy cores of tape 2 mils 
and less in thickness find their field of use. 
The tape may be insulated and formed 
into cores in a continuous operation as 
will be described. The magnetic circuit 
is essentially closed. For the wide-band 
application smali toroidal cores of one mil 
tape accordingly were used. For the 
pulse transformer applications one and 
two mil permalloy tape in the form of 
larger rectangular cores found immediate 
successful use. The excellence of the re- 
sults obtained in these designs is largely 
attributable to these materials. 


Fabrication 


The permalloys are well adapted to use 
in thin tape cores. They can be rolled 
to one mil and less with relative ease com- 
pared, for example, with silicon iron. 
Nor are their magnetic properties ma- 
terially impaired in the process. Of the 
two permalloys that mainly have been 
used for such purposes molybdenum perm- 
alloy has the higher permeability. It 
consists of 4 per cent molybdenum, 79 per 
cent nickel, and the remainder iron. 
However, 45 permalloy has a higher satur- 
ation value. It consists of 45 per cent 
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nickel and 55 per cent iron. Both these 
alloys are melted in an arc furnace, and, 
after hot rolling of the thicker sections, 
the strip is cold rolled to finished size. 
For the thinnest tapes the final reductions 
are carried on in a multibacked rolling 
mill with small work rolls. For some ap- 
plications the tape is used at 1/4 mil and 
1/8 mil thicknesses. The latter is ob- 
tained by plating an equal thickness of 
copper onto the tape and rolling the com- 
bination down to 1/4 mil. The copper 
then is removed by an acid bath, leaving 
the desired 1/8 mil tape. Cross sections 
of thin tape are illustrated in Figure 1. 
The method of insulation that has been 
found best is by cataphoresis, that is, the 
electrodeposition of fine colloidal parti- 
cles. In this process the tape is passed 
through a suspension of silicic acid in 
acetone. The tape is kept at a positive 
potential of from 5 to 45 volts with refer- 
ence to the container. The charged par- 
ticles of the acid powder are attracted to 
the tape and form a very uniform coat- 
ing, the thickness of which is under the 
control of the operator. The tape is 
dried by means of hot air jets as it leaves 
the bath and is wound under tension on a 
mandrel to form the core. The coating 
so applied is quite adherent. The ap- 
paratus that has been developed for this 
process is illustrated in Figure 2. The 
insulated core is heat treated in an atmos- 
phere of hydrogen, and when rectangular 


Molybdenum permalloy tape of 


Figure 1. 
1/8 mil, 1/4 mil, and one mil thickness 


Thicknesses compared with that of human hair 


shown at right. Magnification 100 X 
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shaped it is held in clamps to maintain 
close dimensional tolerances. At the 
high temperatures the silicic acid dehy- 
drates to silicon dioxide which provides 
the final interlaminar insulation. It also 
prevents welding of adjacent layers of 
tape during treatment. This process re- 
sults in a fully adequate insulation and a 
typical packing factor of 80 per cent for 
one mil tape. 

The cores so made are sufficiently rigid 
to require no strengthening by impregna- 
tion. Windings are applied to the closed 
cores by winding machines with circular 
shuttles. For some uses, a very small 
air gap is advantageous as will be de- 
scribed. The core is cut into halves using 
a wet rubber-bonded cutoff wheel. The 
windings are applied directly to the core 
halves. These are reassembled and the 
butting surfaces held together under pres- 
sure. 


Application to Wide Band 
Transformers 


In the design of wide band transform- 
ers* for carrier telephone circuits, the 
problem is to obtain a sufficiently wide 
transmission band with low attenuation. 
Leakage inductance is a major factor in 
limiting this band. Reducing the leak- 
age by closer coupling of the windings 
usually increases the winding capacitances 
which also restrict the range. “Lower 
leakage therefore must come from the 
use of better cores which permit fewer 


* The design of the amplifiers in which these are 
used impose many other requirements, the discus- 
sion of which is beyond the scope of this paper. 
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turns without increasing the shunt at- 


tenuation. It is for such reasons that 
magnetic materials having higher per- 
meabilities at frequencies above 50 kilo- 
cycles are needed. 

Transformers in telephone circuits 
operate at low alternating voltages, and 
the flux densities in the cores are corre- 
spondingly low, less than 20 gausses. 
Molybdenum permalloy is characterized 
by very high permeability at low den- 
sities and also by very low hysteresis ef- 
fects. This latter feature is valuable, 
since magnetic modulation might other- 
wise cause objectionable interchannel 
cross talk and noise. Figure 3 gives the 
effective permeability and Q of molyb- 
denum permalloy tapes in the form of 


Figure 2. Cataphoresis insulating equipment 


1—Tape supply spool and Prony brake 

9—Cover for insulating bath 

3—Motors for agitating suspension 

4—Hot air jets 

5—Mandrel on which core is wound 

6—Take-up mechanism which winds tape 
under tension 

7—Control panel 


given for purposes of comparison. As 
pointed out previously, the windings are 
applied to these cores with shuttle type 
winding machines. This permits a con- 
tinuous magnetic circuit to be used and 
the high permeability of the tape to be 
fully retained in the core. The fact that 
the permeability of thin tape holds up at 
high frequencies is noteworthy and ac- 
counts for the low attenuation of the 
transformers. Figure 4 shows a typical 
core of one mil tape together with a trans- 
former in which it is used. 


Application in Low Voltage Pulse 
Transformers 


Radar indicator circuits employ trans- 
formers passing low amplitude pulses of 
short duration. The high frequency 
components of the pulses correspond 
roughly to those of the wide band trans- 
formers and the design considerations re- 
quiring a high effective permeability core 
apply here also. However, the core ma- 
terial then is operated over a different por- 
tion of its magnetic characteristics from 
that for alternating current. 


Figure 3. Effective permeability and Q of 
three thicknesses of 4-79 molybdenum perm- 


cores. A curve for 14 mil material also is alloy as a function of frequency 
400 
Le-00! 
200 bid + i 1 i 
aS C Le -.0005 
-00) 

100 3 sf en 

co 60 aie ake 

8 N ~~ 
'o 40 + sf: ~~ te 

SS 

x Sie SJ \ 

> -0005 

- 20 =lt t = 7 a BSB x 

3 Q-014 Sai SY } 

8 me mS SS 

ul 10 SS Ie = SS 

z 8& Tscien == ae = 
me i Prats ees ay S S 

t (SS 

y [ as. 
- 4 a pec 

Q \ 

ira 

we 

Woos + F 

her . 
10 2 4 6 81 2 4 6 810 2 A. eueuiocie we 4 6, 810 


FREQUENCY -KILOCYLES PER SECOND 


Ganz—A pplications of Permalloy Tape 


ELECTRICAL ENGINEERING 


Each unidirectional pulse conditions 
the material for the succeeding pulse. 
From the basic relatione = — K,NA X 
(dB)+(dt) each pulse demands a flux 
density change AB=(K2EHt)+(NA), 
where £ is constant during the pulse. 
For virgin material the initial flux density 
swing, O—P,—B, leaves the material 
magnetized to the value B,, as shown in 
Figure 5, the falling portions of the loop 
P,—B, representing the decay occurring 
between pulses. The next cycle leaves 
the material magnetized to the value Bs, 
and so on. The steady state condition 
B,—P,—B, is reached when the falling 
portion of the loop is equal to the flux den- 
sity change required by the pulse. The 
permeability that applies is then the ratio 
of the change in B to that in H for this 
cycle. For larger flux changes the loop 
becomes B,—P,—B, where B, is near the 
retentivity of the material. This per- 
meability value is always substantially 
less than the initial permeability and for 
molybdenum permalloy is in the order of 
4,000 for a 1,000 gausses change. Re- 
verse magnetization between pulses alters 
the phenomena, and this will be described 
under high power pulse transformers 
where it is more likely to occur. 

The permeability values as described 
are of course reduced by eddy currents 
owing to the rapid change of flux during 


Pr 


oO 
B) 


Pa 


FLUX DENSITY 


MAGNETIZING 


FORCE 


Figure 5. Sequence of flux-density changes 

with repeated unidirectional pulses, namely, 

O—P, —B,, B,—P2— Bs, ++ -B,—Py»— Bn; larger 
changes result in B,—P,—B, 
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Figure 4. One mil 

4-719 molybdenum 

permalloy core and 

transformer in which 
it is used 


Operating range 
64-3,200 kilocycles 
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Figure 6. Relative flux density distribution 
in tape with square pulse voltage excitation 


The average flux density Byy increases linearly 
with time 


6 
A—y =a (surface) 


pic Sey 
HS 
es 
oe 
5 
peewee 
Bre 
E—y=0 


p=resistivity of tape in ohm-centimeters 
5=thickness of tape in inches 

t=time in seconds 

u=d-c permeability 

y =distance from mid-plane of tape in inches 


the pulse. For low density operation the 
characteristic of the material may be re- 
garded as linear for analytical purposes. 
The equations for flux distribution, ef- 
fective permeability, and losses for the 
linear case are given in the appendix. 
Ranges of values are given in the graphs 
of Figures 6 and 7. 

These graphs illustrate the extreme 
variation of flux density which may be 
caused by eddy currents and the corre- 
sponding low permeability which may ob- 
tain with pulses of short duration, that is, 
small values of ¢. They also illustrate 
that this loss of permeability may be re- 
covered to any desired extent by using 
thinner magnetic material, that is, smaller 
values of a. These considerations have 
led to the use of thin tape in low voltage 
as well as in high voltage pulse transform- 
ers. In a typical case one mil molyb- 
denum permalloy was required. The 
core was toroidal and very similar to that 
illustrated in Figure 4. By this means 
it was possible in the transformer to trans- 
mit one microsecond square pulses with 
0.05 microsecond sides without appreci- 
able distortion. 


Application in High Power Pulse 
Transformers 


These transformers are used in the 
modulator circuits of radar transmitters 
to impress pulses on magnetrons. Power 
ranging from 100 to 1,000 kw is carried 
by these transformers for the duration 
of each square pulse. The high winding 
voltages range from 10 to 30 kv. Most 
uses demand small size and weight in ap- 
paratus, especially air-borne equipment. 
It is thus necessary that transformers for 
these powers insulated for the high volt- 
ages be designed on small core structures; 
for example, 2 pounds for 300-kw pulses. 
Further, the magnetrons to which the 
transformers are connected are voltage 


Figure 7. Curves for 
computing the effec- 


tive | permeability 
and the eddy current 
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loss in tape with 
square pulse voltage 


WAT T-SECONDS PER CU IN. PER PULSE 
6=THICKNESS OF TAPE IN INCHES 
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excitation 


P=RESISTIVITY IN OHM-CM 
=D-C PERMEABILITY 


When t is taken as 
the pulse length, J is 
the total loss during 


N=TURNS ON CORE 


A=CROSS SECTIONAL AREA OF CORE 
IN SQ IN. 


and after the pulse, 
assuming that the 
voltage is zero after 
the end of the pulse 
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| Pte= EFFECTIVE PERMEABILITY 
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sensitive in their operation. Appreciable 
magnetizing current being drawn through 
the source impedance is objectionable as 
it tends to reduce the voltage applied. 
All these factors impose severe demands 
on the core material requiring thin tape of 
the high quality obtainable in the perm- 
alloys.* 


Range of Flux Density 


The power capability of the transform- 
ets obviously is governed by the flux 
density range in the core material. 
Where there is simply decay of the flux 
between pulses, the minor B—H loops 
traversed are like those shown in Figure 5. 
The useful flux density range is limited 
by the difference between saturation and 
retentivity. Generally speaking, as the 
magnetic quality of materials is improved 
and the permeabilities increase, the loops 
become more nearly square. This is illus- 
trated for the two permalloys in Figures 8 
and 9. Consequently, the difference be- 
tween saturation and retentivity becomes 
less, 

The available flux range can be in- 
creased substantially by the addition of 
an appropriate air gap. This is illus- 
trated by the dotted hysteresis loop of 
Figure 8 for molybdenum permalloy with 
a 0.02 per cent air gap. The loop is 
sheared compared with the normal loop, 
and the apparent retentivity has been re- 
duced to about 400. The flux density 
range now is increased to B,—B,’, ap- 
proximately 8,100 for the proportions 
shown in the figure. The maximum per- 
meability, however, has been reduced, 
which represents some sacrifice in effi- 
ciency to obtain the flux range. The 
principle of adding an air gap for this pur- 
pose has found general use where reversal 
between pulses, as will be described, was 
not effective. 


Reverse Magnetization 


If, during the long interval between 
pulses, the material is magnetized in a re- 
verse direction, an even wider flux range 
can be obtained. Referring to Figure.9 
the peak reverse current between pulses 
provides a reverse magnetizing force of 
H,. This causes the material to traverse 
the P—B,—A—B, section of the loop. 
The rate is slow enough not to be affected 
by eddy currents. When the next pulse is 
applied, the flux can swing from B, to P. 


* 4-43 Permalloy, a new alloy, also has been used, 
to a limited extent. It consists of 4 per cent molyb- 
denum, 43 per cent nickel, and the remainder iron. 
It is characterized by high resistivity and the core 
losses are accordingly at least 30 per cent lower 
than other materials. 
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Figure 8. Hysteresis loop of one mil 4-79 

molybdenum permalloy obtained on com- 

pleted core, showing effect of 0.02 per cent 
air gap 


Packing factor 0.8 


The material then is being used over the 
steepest part of the loop where the per- 
meability is upwards of 50,000 over a 
large part of it (see Figure 9). It is pos- 
sible with high enough peak reverse cur- 
rent to make available the limiting range 
from the retentivity below the axis to sat- 
uration above, that is, 10,000 + 16,500, 
or a total swing of 26,500 gausses for 
45 permalloy. It is clear from the illus- 
tration that the reverse magnetizing 
force to be very effective must be at least 
greater than the coercive force of the ma- 
terial. It is also clear from comparing the 
solid with the dotted loops of Figure 8 
that much better results can be obtained 
with a closed magnetic circuit than 
with an air gap. A reverse direct 
current fed to the winding has been used 
experimentally, raising the limiting flux 
swing to twice saturation. This has not 
been found of sufficient advantage in the 
pulse transformer cases considered to 
warrant the attendant circuit complica- 
tions. 

Reverse magnetization between pulses 
has been used very successfully in prac- 
tice to obtain wide flux swings. The 
permalloys are especially well adapted to 
take advantage of this feature by virtue 
of their low coercive forces, which are 
0.05 and 0.3 oersted as illustrated in 
Figures 8and 9. These values permit re- 
versal to be effected with minimum mag- 
netizing forces. 


High Density Pulse Magnetization 


With high power operation the effect 
of the eddy currents on short pulses is usu- 
ally to saturate the surface of the tape. 
This follows from the large differences in 
flux density within the tape as illustrated 
in Figure 6. Under these conditions the 
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Figure 9. Hysteresis loop of 2 mil 45 perm- 

alloy obtained on completed core, showing 

flux density cycle with reverse magnetizing 

force 


Packing factor 0.9 


characteristics of the material are not at 
all linear, and the equations previously 
referred to do not directly. apply. Un- 
fortunately, the rigorous analysis of the 
nonlinear case is, at the least, laborious. 

The high density behavior may be ana- 
lyzed readily by making simplifying as- 
sumptions appropriate to the high per- 
meability alloys. It will be observed 
from Figures 8 and 9 that the d-c perme- 
ability over most of the range is exceed- 
ingly high with a rapid transition to satu- 
ration. Accordingly, let infinite d-c per- 
meability but finite saturation be as- 
sumed. At the start of the pulse the flux 
is confined to the surfaces of the tape 
which saturate. The saturated regions 
propagate toward the center of the tape 
until the pulse ends or until the entire 
lamination is saturated. Equations for 
permeability and loss for this case are 
derived in the appendix. . 

The behavior of actual tape of the best 
magnetic materials approximates that 
described. For example, for 1.1-mil tape 
the computed value of 5,050 for a 2.1- 
microsecond pulse using these equations 
is approached by the measured value of 
4,000 (see Figure 11). The previous 
equations for the linear case are also of 
some use for high densities if a proper 
averaged value of d-c permeability is 
assumed. Together the two sets of equa- 
tions provide a check on empirical data 
and serve as a guide in design. 


Pulse Loops 


Magnetic materials and cores are evalu- 
ated experimentally by pulse loops. 
The measuring circuit operates on the 
same principle as the familiar hystereso- 
graph often used for obtaining 60-cycle 
loops. A schematic of the pulse circuit 
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Figure 10. Simplified circuit schematic for 
presentation of pulse loop on oscilloscope 
screen 


for oscilloscope presentation is shown in 
Figure 10. The lower portion of the loops 
obtained defines the material, the return 
trace varying with circuit conditions. 
Calorimetric methods are relied upon for 
accurate loss determinations. Figure 11 
shows the pulse loop of one-mil molyb- 
dentm permalloy tape in a core with 
0.3 oersted reverse bias. The effective 
permeability is seen to be 4,000 with a 
flux swing of 14,000 gausses. The loop 
was taken with a reverse d-c bias instead 
of peak reversal between pulses, since the 
measuring circuit is better adapted to the 
former procedure. Peak reversal yields 
somewhat less flux swing, in this instance 
about 12,500 gausses. Figure 12 shows 
how different reversals affect the pulse 
permeability of a 45 permalloy core. 
The data were obtained from pulse loops 
with varying average flux densities. 
Figure 13 gives data on the pulse perme- 
ability of two thicknesses of molybdenum 
permalloy with small air gaps. 

Figure 14 shows a pulse transformer 
which has found wide use in air-borne 
radar equipments. The core shown with 
it is the one on which the pulse loop 
of Figure 11 was taken. Figure 15 shows 
a large pulse transformer with a 45 perm- 
alloy core. In contrast there is shown 
one of the smallest transformers of this 
type. These illustrate the range of ap- 
plication of the superior magnetic prop- 
erties of thin permalloy tape. 


Application to Nonlinear Coils 


It is characteristic of molybdenum 
permalloy mentioned here that the mag- 
netization curve is very steep, that it has 
a relatively sharp transition to the satu- 
rated condition, and that the perme- 
ability there is very low. Valuable use 
has been made of these features in the 
generation of groups of harmonics. The 
basic circuit is shown schematically in 
Figure 16. The generator provides 
current of the fundamental frequency 
to which the series coil and capacitor 
are resonant. During that part of 
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Figure 11. Pulse loop of 1 mil 4-79 


molybdenum permalloy with reverse bias ob- 
tained on completed core without air gap 


Packing factor 0.8 


EFFECTIVE PERMEABILITY 
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8000 12,000 16,000 
Figure 12. Effective permeability with 5 
microsecond pulses obtained in completed 
core of 2 mil 45 permalloy without air gap 


Packing factor 0.9 


A—Reverse d-c bias, 0.52 oersted 
B—0.28 oersted 

C—0.078 oersted 

D—No bias 


the cycle where the nonlinear coil 
has a high inductance, the capacitor 
C, is charged. As the coil begins to satu- 
rate its inductance falls and the capaci- 
tor discharges through it. This carries 
the material farther into the saturated re- 
gion where the permeability is very low. 
The coil thus acts as a magnetic switch 
by which a sharply peaked current pulse 
rich in harmonics is generated. These 
harmonics pass through appropriate 
equalizers and filters to supply the car- 
rier currents to multichannel coaxial and 
other carrier systems. Coils of this type 
are attractive as modulating devices, as 
they are stable and have an indefinitely 
long life compared to vacuum tubes. 


The efficiency of the device requires 
that the inductance during the nonsatu- 
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Figure 13. Effective permeability? character- 
istics of 4-79 molybdenum permalloy ob- 
tained in completed cores with small air gaps 


Packing factor 0.7 for 1/2 mil tape and 0.8 for 
1 mil tape 


Figure 14. Rectangular core of 1 mil 4-79 
molybdenum permalloy and pulse trans- 
former in which it is used 


Pulse power 100 kw 


Figure 15. Rectangular core of 2 mil 45 

permalloy weighing 3 pounds and 1/4 pound 

core of one mil 4-79 molybdenum permalloy 

with the pulse transformers in which they are 
used 
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rated interval be very high compared to 
the saturated interval. For a funda- 
mental of 120 kilocycles the flux swing 
from negative saturation to positive 
takes place in less than 4 microseconds. 
The approach to saturation takes place in 
tenths of a microsecond. If eddy cur- 
rents are not minimized, much larger 
power input is needed to avoid broadening 
the peaked pulse and so reducing the out- 
put of high frequency harmonics. These 
considerations again dictate a core of 
very thin molybdenum permalloy tape, 
in this instance 1/4 mil. This core in a 
specific case has differential permeability, 
with eddy currents, over the steep part of 
the curve of more than 10,000. This is 
in striking contrast to the value of 3 at 
the flat portion of the curve, where it is 
driven by the peak magnetizing force of 
20 oersteds. Similar coils have found 
military uses. In tank communication 
circuits they provide means for frequency 
modulation of a desired harmonic of the 
carrier input. The fundamental fre- 
quency there is 400/ kilocycles requiring 
1/8 mil tape. In order to operate ef- 
fectively at this frequency and with small 
power, the cores were designed with a 
diameter of 0.3 centimeter and weigh 
only 20 milligrams. Figure 17 illustrates 
coils of this type. 

Nonlinear coils have found further im- 
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Figure 16. Elementary circuit for harmonic 
generation by nonlinear coil 
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Figure 17. Cores of 1/4 mil and 1/8 mil 4-79 
molybdenum permalloy used in harmonic 
generator coils 


Tape is wound on ceramic forms for mechanical 


support. Weights of metal 60 and 90 milli- 
grams, respectively 
182 TRANSACTIONS 


Figure 18. Cores of 

one mil 4-79 molyb- 

denum __ permalloy 

tape and partially as- 

sembled nonlinear 

coils in which they 
are used 


Weights of core 

stacks and pulse 

powers are as fol- 

lows: 30 pounds, 

1,000 kw; 2 pounds, 

100 kw; 1 pound, 
50 kw 


portant use as magnetic switches in the 
generation of high power pulses. These 
are accompanied by heavy currents up to 
100 amperes. Nonlinear coils readily 
can be designed to carry heavy currents 
in the saturated condition. They there- 
fore can function as high current switches 
with the feature that they do not deteri- 
orate with use. Cores of one mil molyb- 
denum permalloy tape for this purpose 
weigh from 2 to 30 pounds and are illus- 
trated in Figure 18. They are used in ra- 
dar equipments. 


Appendix 


Voltage Pulse Magnetization—Linear 
Case 


The applied voltage is taken as constant 
for the duration of the pulse which is the 
usual condition for pulse transformer opera- 
tion. If a homogeneous material with con- 
stant permeability and not saturable is as- 
sumed, the following expressions are de- 
rived* from Maxwell’s equations by straight- 
forward methods. The flux distribution 
during the pulse after an interval of time ¢ is 
given by 
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where the average flux density in the tape is 
15.5 
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B= 10+6 


The effective permeability, defined for 
pulses as the ratio of the average flux density 


* By Doctor L. A. MacColl, Bell Telephone Labo- 
ratories, Inc. 
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in the tape to the magnetomotive force at 
the surface, at time ¢ during pulse is given by 


49.3pt 1 49.3pt 
ee 1026) = 
Heron axe Eee 
2. _,  —487n%t}-2 
ree i neh fi 
ce 


The total energy loss due to eddy currents 
during and after the pulse, assuming that 
the voltage after the pulse is zero for in- 
finite time, is given by 
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ae per cubic inch per pulse (3) 


This equation is plotted in Figure 7. The 
conditions assumed apply to a well-designed 
pulse transformer in the usual circuit. 
There the voltage in the relatively long 
interval between pulses is small, and the 
total flux decays so slowly that the eddy 
current losses from this source can be neg- 
lected. On the other hand, eddy current 
losses accompany the rapid transition from 
a nonuniform to a uniform distribution of 
the flux within the tape after the pulse, and 
these losses are included in the foregoing 
expression. 

If the voltage after the pulse is not small, 
no general expression can be given as the 
loss then depends on the particular condi- 
tions. However, the loss during the pulse 
itself, which is the major part, is determined 
and is given by 
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watt-seconds per cubic inch per pulse (4) 


where 
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Figure 19 


- «=the permeability relative to free space 

without eddy currents 

5=the thickness of the tape in inches 

y =the distance from the mid-section of the 
tape in inches 

p=the resistivity in ohm-centimeters 

t=the time in seconds 

T =pulse length in seconds 

A =the cross section of the core in square 
inches 

N=the number of turns in the winding 

E=the electromotive force applied to the 
winding, in volts 


Current Pulse Magnetization— 
Linear Case 


The corresponding equations for the cur- 
rent pulse are given for completeness: 
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2.02 Be fs 
—_ 
aN es —122n%pt 
i1— |) sin —— exp——___— 
ae 6 P at10-8 
gausses (5) 
8 ao 
He=u 1—— Don *x 
ae ent 


2.58N%%n — .f{ , nr\4 
pat Let (se) x 


watt-seconds per cubic inch per pulse (7) 


where / is the length of magnetic circuit in 
inches, and J is the current in amperes, con- 
stant during pulse and zero thereafter. J 
includes the losses during and after the 
pulse. 
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Voltage Pulse Magnetization— 
Nonlinear Case With Saturation 


For this case an idealized magnetization 
curve as shown in Figure 19 is assumed. 
With infinite permeability the tape is divided 
at any instant into surface sections which 
are saturated and a central section devoid 
of flux as shown in the figure. 

For a section of tape of thickness 6 and 
unit length and width, the eddy current 


dx 2.54% 

te=2AB,Ky ri aad amperes 

where AB, is change in flux density from the 
initial value to saturation. AB,;=B, when 
the material originally is unmagnetized. 
Since the permeability is infinite, the mag- 
netomotive force at the surface is only that 
required to maintain the eddy current. 
Whence, H=0.495z, oersted. The change 
in average flux density, ABayg = (2x ABs) + 
5. Whence the effective permeability 


ABayg 1 .59p 
eager pad ea 
H dx 
Ky — 
Mat 
For the winding 
dx N. 
[B= DHNB ly SS 
dt 54 
By substitution 
3.180NA AB, 
ia ioe 


Since the change in average flux density is 
linear with time, this also may be written 


+8 
eee Meets AB, T () 
8 ABive 

where TJ) is time in seconds to saturate tape 
without eddy currents. It is also the time 
required to saturate the entire cross-section 
of the tape under the assumed conditions. 
As before, pe is relative to free space, p is 
the resistivity in ohm-centimeters, A is the 
core area in square inches, 6 is the tape 
thickness in inches, B; is in gauss, E is in 
volts, N turns, and 7 is pulse length in 
seconds. 

Since the effective permeability is con- 
stant during the pulse, the loss is propor- 
tional to the square of the flux density and 
may be written 


6.52 VF ABavg?10~8 


loss =- watts (10) 


He 


where V is net core volume in inches cubed, 
Fis in pulses per second, ABayg is the change 
in average flux density to end of pulse. Since 
magnetic energy is proportional to /HdB, 
there is no storage of energy at any time 
under the assumed condition of infinite 
permeability. 
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Figure 20. Distribution of intersheet eddy 
currents in cross section of core 


Resistivity across stack >> than resistivity of 

tape. The dimension for the width shown is 

to be used for the thickness, 6, in the equations 
when these are applied to the core 


Intersheet Eddy Currents 


It is worth noting that all the foregoing 
equations for tape may be employed in 
dealing with intersheet effects in a core. 
The resistivity across the stack is ordinarily 
very high compared to that of the tape 
The eddy currents then run essentially per- 
pendicular to the tape, and the current loops 
are completed in the end tapes as illustrated 
in Figure 20. The distribution of flux and 
currents in the cross section is then the same 
as that in a strip having resistivity equal to 
that across the stack, thickness equal to 
the stack width, and of indefinite extent in 
the remaining directions. It is only neces- 
sary to substitute the width w for 6 in the 
expressions and graphs. Evidently, when 
the stack resistivity equals (pw?)+6?, the 
stack losses are equal to those contributed 
by the tape. 
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Laboratory Method for 


Objective Testing of Bone Receivers and 
Throat Microphones 


E. H. GREIBACH 


MEMBER AIEE 


HE development and testing of inertia- 

type transducers require equipment 
similar to the artificial ear used in the 
testing of air conduction receivers. 

The problem of building a reliable arti- 
_ ficial ear is relatively simple compared to 
that of constructing an artificial mastoid 
for testing bone conduction receivers, or 
an artificial throat for testing throat 
microphones. The artificial ear employs 
an air cavity, which simulates the cavity 
of the ear and couples the receiver under 
test to a condenser microphone, in order 
to measure the pressure produced in the 
cavity by the receiver. In the case of the 
bone conduction receiver, the role of the 
air cavity is played by a layer of skin, 
coupling the bone conduction receiver to 
the mastoid bone. A similar situation is 
encountered in the case of throat micro- 
phones, where the larynx is coupled to 
the throat microphone through an inter- 
posed layer of skin. The properties of the 
layer of skin vary over a very wide range, 
making it difficult todetermine what is the 
average impedance looking into the hu- 
man head or throat. There is also a con- 
troversy as to whether one should meas- 
ure the pressure or the velocity trans- 
mitted through the layer of skin. 

An artificial throat suitable for testing 
throat microphones must have a vibrat- 
ing platform capable of imparting a ve- 
locity to a throat microphone through a 
filter simulating the layer of skin. The 
platform must be large enough to make 
the microphone response independent of 
small changes in orientation or locating 
of the microphone on its surface. The 
velocity of this platform should have some 
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simple law of distribution over the de- 
sired frequency spectrum (preferably a 
uniform distribution) of approximately 
50 to 10,000 cycles. At the same time, 
the platform must have a sufficiently high 
mechanical impedance in order for its mo- 
tion not to be affected by the high im- 
pedance of the tested throat microphone 
at its points of resonance. In the selection 
of a proper system, consideration was 
given to a design of platform which would 
be controlled by one of the three possible 
parameters, namely: resistance, stiffness, 
or mass. Resistance control has the ad- 
vantage of uniform velocity distribution 
over the frequency range, but it was very 
difficult to find a physical embodiment of 
a stable mechanical resistance. Stiffness 
control is difficult to realize, since in a 
physical stiffness element there must be 
some mass present. 


A mass controlled platform on the other 
hand is relatively easy to construct. A 
platform having a mass of approximately 
4,000 grams can be driven with a rela- 
tively small expenditure of wattless 
power. For example, in order to impart 
an amplitude A of 1077 centimeters at 
10,000 cycles (which amplitude is far in 
excess of the amplitude of vibration ac- 
tually encountered) to a mass M of 4,000 
grams, a wattless power of w3 MA? X1077 
or 0.001 watt, is required. 

In an early model of the artificial 
throat, one end surface of a brass cylinder, 
approximately 3!/, inches in diameter and 
31/, inches in length, was used as the driv- 
ing platform. The opposite end of the 
cylinder was designed to support a driving 
“voice” coil. This voice coil moves in 
the field provided by the cylindrical air 
gap of a 50 watt loud-speaker structure 
(Jensen, PM type) (5 in Figure 1). 

In order to insure mass-controlled 
operation, the cylinder is supported and 
guided by a system of extremely flexible 
springs, resulting in a natural resonant 
frequency for the mass and stiffness com- 
bination of approximately 1 cycle per 
second. The power which has to be sup- 
plied to the driving coil can be estimated 
approximately as follows. 
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The total impedance of the driving 
coil of N turns and a diameter (D), 
moving in a magnetic field of intensity 
H, can be shown to be: 


aw?(NHD)? 107° 


=Z,4Z 
Zm et ad 


Z4=Z e+ 


In this equation Z, is the electrical 
blocked impedance of the magnetic coil, 
while the second term, which we may call 
Za, is, the motional impedance of the coil 
in the magnetic field. The mechanical 
impedance, Zm, in this case is essentially 
jwM, since the resonance frequency here 
is far below the frequency of forced vibra- 
tions at which the mass is driven. The 
motional impedance Z, is the part of the 
total impedance which is responsible for 
the energy transfer from the coil into the 
mass of the cylinder. We can, there- 
fore, state that the efficiency of the driv- 
ing system is approximately proportional 

ers 
Pelt ended Ane ea 

(Z. + Za) 
case negligible in comparison with Z,, 


t , or, since Zg is in this 


the efficiency is equal to 


Za . La is 
Ze 
approximately equal to 0.025 ohm for 
actual values of N = 250, D = 23/, 
inches, and H = 15,000. Thus, with Z, 
equal to approximately 250 ohms at 
10,000 cycles, we have an energy transfer 
efficiency at 10,000 cycles equal to 1074. 
Therefore in order to impart to this mass 
an amplitude of 107? centimeters at 
10,000 cycles, the necessary power input 
to the coil is 10 watts. The actual ampli- 
fier used to drive the artificial throat with 
a power output capacity of 50 watts was 
found sufficient to satisfy all requirements 
encountered in development work and 
testing. 

Figure 1 shows the cross section of the 
artificial throat described above. The 
cylinder (1) is supported by four springs 
(2 and 3), illustrated in Figure 2. These 
springs serve to guide the cylinder in the 
axial direction. They are extremely 
flexible in a direction perpendicilar to 
their plane, while they are very rigid in a 
radial direction. Two such springs, dis- 
placed angularly by 90 degrees to each 
other, are used near each end of the 
cylinder. These springs were punched 
out of thin phosphor bronze sheet, in 
order to keep the resonant frequencies of 
their free spring portion S, connecting 
the inner and outer rings of the springs, 
considerably below 50 cycles. This is im- 
portant in order to prevent these springs 
from reacting upon the motion of the 
cylinder in the useful frequency range. 
The weight of the cylinder is supported 
by four very compliant helical springs 
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(6), which are permitted to be sufficiently 
extended to support the weight of the 
cylinder. The position of the helical 
springs can be adjusted by means of levers 
mounted in the cylinder (7), thus pro- 
viding for proper centering of the voice 
coil (4) in the air gap. The throat micro- 
phone under test is shielded both mag- 
netically and electrically by the series of 
disks shown in Figure 1. 


The system of compliant springs main- 
tains the mass of the cylinder effectively 
floating in air and does not affect its pure 
mass impedance character. This behav- 
ior of the cylinder is, however, disturbed 
at the frequency at which the cylinder 
ceases to be a rigid mass and becomes a 
half wave length transmission line with 
distributed parameters. This change 
occurs for a brass cylinder of the dimen- 
sions used at a frequency of approxi- 
mately 17,500 cycles. Therefore, at fre- 
quencies whose second and third har- 
monics are equal to 17,500 cycles, marked 
resonance effects were observed. This 
resonance was shifted to a higher fre- 
quency by substituting stainless steel for 
brass, since the velocity of sound in stain- 
less steel is considerably higher than in 
brass. By using stainless steel cylinders 
of a shape slightly different from the one 
shown in Figure 1, it was possible to move 
this half wave resonant frequency up to 
27,000 cycles. In this way, the first 
resonant effect obtained was in the neigh- 
borhood of 9,000 cycles. 

In order to obtain a uniform velocity of 
the platform in the frequency range re- 
quired, it is necessary to energize the driv- 
ing coil with a current increasing linearly 
with frequency. This was accomplished 
by providing the input of the linear 50- 
watt amplifier with a simple dividing net- 
work, consisting of condensers and resis- 
tors. Figure 3 shows the velocity distribu- 
tion of an artificial throat containing the 
brass cylinder. Two peaks, one at 5,800 
and one at 8,700 cycles are seen in this 
figure. They are due to a very small 
amount of second and third harmonics 
present in the output of the driving ampli- 
fier. The peaks are sharp on account of 
the very high Q of the brass cylinder. In 
the final design, using a stainless steel 
cylinder, the velocity distribution turned 
out to be uniform within +2 decibels in 
the range from 50 to 10,000 cycles. 

The velocity calibration was obtained 
by means of the experimental setup shown 
in Figure 4. It consists of a second voice 
coil attached to the moving platform of 
the artificial throat under test. This coil 
moves inside a stationary magnetic field 
provided by a permanent magnet loud 
speaker field structure m. The magnet is 
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suspended from a substantially vibration- 
proof mounting shown in the figure. This 
mounting consists of two heavy cylinders 
connected to each other by means of three 
very flexible springs and a large oil dash 
pot to provide damping. The upper of 
the two cylinders is suspended from the 
ceiling by means of a set of three chains 


Figure 2. Support 
springs of artificial 
throat (2 and 3 in Fig- 
ure 1) 
S—Free spring portion 


Figure 3. Frequency 


Cross-sectional view of artificial 
throat 


Figure 1. 


1—Driving mass 

2 and 3—Guide springs 

4—Driving coil (voice coil) 

5—Permanent magnet loudspeaker structure 
6—Supporting springs is aE eg 
7—Supporting structure for driving mass 


response curves for 40 bases 
50-watt artificial 35 \ 
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sponse of artificial as 
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is 15 decibels lower saart 
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Figure 4. Artificial throat set up for opera- 

tion. The system of masses, springs, and dash- 

pot serve to keep magnet m stationary for 
calibration of the equipment 


and springs. The artificial throat, as 
seen in Figure 4, rests on a heavy table. 
Centering of the calibrating coil in the 
field of a small suspended magnet is ac- 
complished as seen in the picture by 
means of an ordinary machine shop cross- 
feed device. Employing this set-up, it 
was possible to measure the velocity of 
the platform with good accuracy and 
freedom from external influence. 

The block diagram of an experimental 
set-up for automatic recording of fre- 
quency responses of throat microphones 
is shown in Figure 5.2. A beat frequency 
oscillator, driven by the motor of the 
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NETWORK 


RECORDER 


Figure 5. 


OSCILLATOR - 20 TO 10,000 CYCLES 


= necRanicnL DRIVE COUPLING 
OSCILLATOR AND RECORDER 


POWER AMPLIFIER 


MICROPHONE TO BE TESTED 
HIGH-GAIN AMPLIFIER 


Ania a 
FILTER PAD PLATFORM 


ARTIFICIAL THROAT 


Experimental setup for automatically recording frequency response of throat 


microphone driven by artificial throat 


NETWORK 


RECORDER 


Figure 6. 


OSCILLATOR— 20 TO 10,000 CYCLES 


MECHANICAL DRIVE COUPLING 
OSCILLATOR AND RECORDER 


BONE RECEIVER TO BE TESTED 
HIGH-GAIN AMPLIFIER BX 
RE 


Waza 
LT Ty, 


ARTIFICIAL MASTOID 


Experimental setup for automatically recording frequency response of bone 


receiver driving an artificial mastoid 


recorder, supplies a voltage to the attenu- 
ating network mentioned above, which in 
turn excites a power amplifier with a volt- 
age increasing linearly with frequency. 
The output of the power amplifier is fed 
to the artificial throat which drives a 
throat microphone (fastened to its plat- 
form by means of a compliant elastic 
band) through an interposed filter pad. The 
output of the throat microphone is then 
fed through a linear high gain amplifier to 
the recorder. The position of the micro- 
phone on the platform is not critical and 
identicalresponse curvesare obtained when 
the microphone is shifted on the platform. 
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The choice of a proper filter pad is the 
most difficult part of the problem. A 
filter pad should simulate the impedance 
looking into the human throat through 
the skin (or, in case of bone receivers, into 
the human head). This impedance has 
mainly stiffness and loss components. It 
was found possible to simulate either of 
the components by means of properly 
chosen pads. However, to date, serious 
difficulties have been encountered in con- 
structing a pad that would give faithful 
reproduction of both parameters and 
thereby obtaining curves which are a true 
picture of the sensations received by the 
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Inertia Throat Microphones 


E. H. GREIBACH 


MEMBER AEE 


Synopsis: This paper deals with the 
theory and design of magnetic inertia throat 
microphones. Especial attention is given 
to the treatment of sound power and high 
articulation throat microphones. The 
sound power microphones described contain 
a double frequency, undamped vibrating 
system, while the high articulation micro- 
phones have damping introduced, which re- 
duces the low frequency peak with resultant 
increase in articulation. Wide range fre- 
quency response is obtained from the neigh- 
borhood of 100 cycles, extending up to 3,000, 
4,000, or 5,000 cycles, as may be desired. 


' These microphones have a band pass filter 


character with a sharp high frequency cut- 
off. This cutoff is desirable in order to cut 
out high frequency noises. 


T IS frequently necessary to send mes- 
sages from noisy surroundings, such as 
machine shops, airplanes, and battlefields. 
For example, although the noise levels 
found in industrial plants or aircraft are 


. often of the order of 100 or more decibels, 


communication must be maintained at all 
times. This creates the need for a dis- 
criminating microphone, that is, a micro- 
phone which will attenuate substantially 
the undesired sounds to favor the particu- 
lar desired message. The throat micro- 
phone is such a discriminating micro- 
phone, as it is highly sensitive to vibra- 
tions transmitted to it by bodily contact 
with the sound-producing throat while it 
is quite insensitive to sound waves trans- 
mitted by air. 


L. G. PACENT 


FELLOW AIEE 


A throat microphone also has the ad- 
vantage that it produces less discomfort 
than any other style, is less subject to 
shifting out of position or getting knocked 
off because of movements of its wearer. 
Another advantage is that it permits 
normal conversation to be carried on 
unrestricted to a degree not approached 
by any other form of microphone. 


Throat microphones can be built on 
different principles, according to the 
method used for the conversion of acous- 
tic into electric energy, such as carbon 
chambers, crystal microphones, and elec- 
tromagnetic systems. Of these three 
kinds of elements, as will be shown, the 
electromagnetic system is especially well 
suited to provide a high articulation 
throat microphone. 


Throat microphones reproduce speech 
by picking up the vibrations of the larynx 
rather than the sound waves generated in 
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the air by the speaker. High frequency 
vibrations picked up from the larynx are 
subject to considerably greater attenua- 
tion than low frequency vibrations, since 
these high speech frequencies generally are 
produced in the forward portion of the 
mouth and have to pass over a long path 
of soft flesh to reach the larynx. In addi- 
tion, the larynx is covered with a sheath 
of compliant skin, which attenuates the 
higher frequencies still further. The 
throat microphone therefore should be 
designed to differentiate strongly in favor 
of the higher frequencies of the vibrations 
of the larynx. 


Because throat microphones operate 
while pressed against the throat or other 
portion of the human body, it is neces- 
sary to enclose the working mechanism 
entirely within a rigid housing in order to 
prevent external forces from affecting the 
air gap. For the same reason, it also be- 
comes desirable to use the inertia prin- 
ciple in the design of such microphones. * 


In short, an electromagnetic throat 
microphone should favor the higher speech 
frequencies and be enclosed in a rigid 
housing, which latter calls for the use of 
the inertia principle. 


The inertia unit consists of an electro- 
magnet L; supported by a spring Ci, as 
represented in Figure 1. The electromag- 
net L, consists of two small Alnico mag- 
nets, a central core with a coil wound 
around it, and a yoke and pole plate. Cy 
is an S-shaped spring, supporting the 
electromagnet and forming the working 
air gap between its central portion and 
pole surfaces. This electromagnet struc- 


* E. H. Greibach, United States patents 2,255,249 
and 2,255,250. 


head in the case of bone conduction, or a 
true output of the human throat as it 
affects a throat microphone. While per- 
forated rubber pads were found suitable 
to simulate the stiffness component of the 
skin and while pads of damping material, 
like ‘‘Viscoloid,’ have given a fair ap- 
proach to the loss component of the skin, 
it was difficult to find a pad or combina- 
tion of pads to simulate both stiffness and 
resistance together and in proper propor- 
tion. 

It is readily seen that the artificial 
throat described above can also be used 
as an artificial mastoid. In the case of the 
artificial mastoid, the floating cylinder is 
driven by a bone conduction receiver 
through a filter pad simulating the skin 
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over the mastoid bone, and the output 
of the coil mounted on the lower portion 
of the cylinder (driving coil for the throat) 
is then amplified and fed into a recorder. 
When it is desired to obtain response 
curves representing the force transmitted 
through the filter pad into the floating 
cylinder, it is necessary to use a dividing 
network (similar to the network used with 
the artificial throat) in the output of the 
linear high gain amplifier. This network 
will then deliver a voltage increasing 
linearly with frequency for a constant 
input voltage. On the other hand, re- 
sponse curves, representing the velocity 
transmitted through the filter pad, are ob- 
tained by using the linear high gain ampli- 
fier without an additional dividing net- 
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work. Figure 6 shows how the equip- 
ment pictured in Figure 5 is rearranged to 
take frequency response characteristics of 
inertia bone receivers. 


The above described equipment, in 
spite of some limitations, has proved to 
be a useful and powerful laboratory tool. 
The setups shown in Figures 5 and 6 per- 
mit the rapid taking of consistently 
reproducible response curves. 
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Figure 1. Construction of inertia unit 


L,—electromagnet structure 


C,—spring 
!3—housing 
L3 L ie 
C 


AIR GAP 


Figure 2. Equivalent electric circuit for struc- 
ture shown in Figure 1 


ture is surrounded by a housing, indicated 
schematically in Figure 1 as Z3. The 
equivalent electric circuit is represented 
in Figure 2, where the same symbols are 
used as in Figure 1 to designate the respec- 
tive equivalent components. 

_ The voltage produced across the mag- 
net coil is proportional to the air gap 
velocity. It can be shown that the veloc- 
ity J, of the air gap bears the following 
relationship to the velocity, J, imparted to 
the housing L; by external forces: 


(F/fo)? 
1—(f/fo)? 


where f, is the resonant frequency of the 
vibrating system formed by the spring C, 
and electromagnet 1), while f is the fre- 
quency of the force applied to the housing. 
For frequencies below resonance where 
f/f, is small, the formula then can be 
written: 


=Ix (f/fo)? (2) 


Equation 2 shows the air gap velocity to 
be proportional to the square of the ap- 
plied frequency at frequencies below res- 
onance. Therefore, magnetic or dynamic 
microphones will have a frequency dis- 
crimination of 12 decibels per octave in 
this range. In contrast, crystal or carbon 
microphones, in which voltage is propor- 
tional to the displacement, will have a 
frequency discrimination of only 6 decibels 
per octave. This result illustrates the 
advantage of the inertia magnetic throat 
microphone over the other types on ac- 
count of its greater ability to discriminate 
against low frequencies. 

It thus is seen that the rapidly rising 
response characteristic of the magnetic 
inertia throat microphone, below the 


=Ix 


(1) 
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Figure 3. Construction of double resonant 


inertia unit 


L,—electromagnet structure 
L.—coupler 

Ls—housing 

C,—spring of single resonant unit 
C.—spring for second resonance 


resonant frequency, effectively compen- 
sates for the frequency distortion gener- 
ated in the throat. In order to obtain 
satisfactory intelligibility, it is desirable 
to set the resonant frequency of the micro- 
phone at a relatively high value, in the 
neighborhood of 3,000 to 4,000 cycles. 
On the other hand, though such high fre- 
quency inertia throat microphones give 
a very good intelligibility when used with 
standard flat-response amplifiers, their 
output is low. The output can be in- 
creased substantially by lowering the 
resonant frequency to about 1,000 cycles, 
but this is accomplished at the expense of 
intelligibility. 

Despite this difficulty, there are many 
applications which require that the two 
conflicting requirements of high sensitivity 
and high intelligibility be satisfied simul- 
taneously, for example, in the case of 
sound powered communication systems. 
Through the addition of a second resonant 
frequency to a low frequency microphone 
system (approximately 1,000 cycles) a 
substantial extension of the sensitivity 
of the throat microphone can be obtained 
without loss of intelligibility. This sec- 
ond frequency is obtained by incorporat- 
ing in its mechanical system a second mass 
and compliance system, having its reso- 
nant frequency somewhere inthe range be- 
tween 2,500 and 4,000 cycles. Such 
double resonant microphones have then 
a substantial output over the entire range 
from 1,000 to 3,000 or 4,000 cycles. 

Figure 3 shows a schematic layout of a 


Figure 4. Exploded 

view of parts com- 

prising a double 
resonant unit 
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double resonant electromagnetic inertia 
system. Here L; is the mass of the electro- 
magnet, supported by the spring C; in the 
same fashion as shown in Figure 1. 
Springs Ci, C2, and coupler of mass LI» 
form the second resonant system. C, is 
connected to the spring C; through Ly. 
All parts shown in Figure 3 also are 
shown in the exploded Figure 4 and are 
designated by the same symbols. The 
spring C is held inside a frame structure, 
which is necessary to facilitate the mount- 
ing of the spring inside the housing. Use 
of the frame structure also reduces the 
losses in C, and provides means for easy 
duplication of spring properties in pro- 
duction. Figure 5 represents the equiva- 
lent electric circuit and uses the same 
symbols as in Figures 3 and 4 to designate 
the respective equivalent components. 
The electromagnet L; is connected to the 
housing L; through a mechanical trans- 
mission system, consisting of the springs 
C, and C:, and the interposed mass Ly». 


‘ This transmission system transmits the 


imparted velocity to the air gap formed 
between Z, and C, with an efficiency 
which increases with frequency, thus per- 
mitting emphasis on the high frequencies 
at the expense of the low. 


Of the two resonant frequencies incor- 
porated in this system, one is represented 
approximately by the system consisting of 
the mass ZL; and the spring C,. The 
second resonance, that of the system con- 
sisting of the two springs C,; and C, and 
the mass I», is considerably higher than 
the first one. At frequencies above the 
second resonance most of the velocity 
imparted into the housing is absorbed by 
the spring C;, and only a small fraction of 
it can be transmitted to the air gap. This 
results in a relatively sharp cutoff at 
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Figure 5. Equivalent electric circuit for struc- 
ture shown in Figures 3 and 4 


SS 


ELECTRICAL ENGINEERING 


ee ee a ee Oe ee 
x oe 
- 4 °. 


higher frequencies and a band pass char- 
acter for this type of throat microphone. 
The sharp cutting off of frequencies out- 
side the range required for intelligibility 
is desirable, as it prevents transmission of 
high frequency noises and static and thus 
contributes to the improvement of intel- 
ligibility. 

The values of the two resonant fre- 
quencies are obtained by solving the char- 
acteristic determinant of the equivalent 
circuit of Figure 5. Equation 3 is the 
solution for the two resonant frequencies 
with w=27f. 
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By expanding the square root expres- 
sion and retaining the first two terms only, 
the following simplified approximate 
equations are obtained: 
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The foregoing expansion is valid only 
when the difference wo ?—w 4? is large, so 
that the correction term 6 is small com- 
pared with both ayo? and wo”. 19 and woo 
correspond roughly to the two resonance 
frequencies of the system. 

For experimental purposes, as well as 
for different applications, it is desirable 
to build models having different spreads 
between the two resonant frequencies. 
This can be accomplished by changing 
some or all of the parameters in equations 
4 and 5. On the other hand, the values 
of certain components remain more or 
less fixed on account of limitations in 
size, as well as the need to obtain optimum 
efficiency within a given volume. Among 
the fixed values are ZL, and C;, which 
form the electromagnetic system, as well 
as the value of Z;, which is the mass of 
the housing. 

Equations 4 and 5 demonstrate that, 
even if the values Z;, C), and Ls are kept 
fixed, it is still possible to obtain wide 
variations in the value of the frequency fs 
by simply changing Lz, and (. It is 
further seen by inspecting equation 3 that 
the frequencies f; and f, are functions of 
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values of Z:/L;. Such curves, as calcu- 
lated from equation 3, are shown in Fig- 
ure 6. In this figure the values for fi 
form the lower family of curves, which fall 
closely together, as is to be expected from 
equation 4, where L; and C, remain fixed. 
On the other hand the values for f, show 
a wide spread, since as shown in equation 
5 both C, and L, are variables. The curves 
in Figure 6 therefore can be used to con- 
struct throat microphones with different 
properties. The curves were computed 
for: L3+1i=0.50. 

It is desirable sometimes to build elec- 
tromagnetic transducers having an ex- 
tremely narrow band of response. For 
example, in bridge circuits the null post- 
tion must be determined very sharply 
for the frequency of the power source to 
which such a bridge is connected and for 
the elimination of the disturbing effect of 
harmonics present in the source due to 
unavoidable distortion. In this case it is 
important to have a detector which will 
be sensitive only to the frequency of the 
fundamental component of the current 
wave. Here equations 4 and 5 become in- 
valid, as the difference w?—W1o? be- 
comes very small, hence 6 very large. 
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single and double resonant units 


~----- Single resonance unit 

—— Double resonance unit 

— —— Effect of damping on double resonant 
unit (high articulation) 

A—Hisgh articulation unit 


The complete equation 3 consequently 
must be used. For example, by using the . 
values DIo+2i;=1 and C,+C,=1, re- 
sponse in the narrow band from approxi- 
mately 800 to 1,250 cycles is obtained 
(Figure 6). Such a unit, when used as a 
detector (receiver), will permit very sharp 
balancing of a 1,000-cycle bridge. 

Throat microphones built with com- 
ponents as illustrated in Figure 4 and 
having response in the band between 1,000 
and 4,000 cycles have given high intelligi- 
bility scores when used as a sound powered 
microphone in conjunction with sound 
powered receivers. 


In Figure 7 comparative response 
curves of single and double resonant units 
are shown. The light curve represents 
the response of a single resonant unit, 
and the heavy curve represents that of a 
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double resonant unit, the two units having 
identical electromagnets. These curves of 
the throat microphones were obtained by 
driving the microphones with an artificial 
throat. The artificial throat used in the 
preparation of these curves has a platform 
moving with substantially constant veloc- 
ity in the frequency range from 50 to 
10,000 cycles. A compliant pad, simulat- 
ing theskin layer over the larynx, wasinter- 
posed between the platform and the throat 
microphone under test. The effect of the 
interposed pad is to introduce an attenua- 
tion increasing with frequency and also 
an additional peak. The extra peak in 
each case is due to the compliance of the 
interposed pad coupling the housing to the 
platform. 

The heavy curve in Figure 7 has an 
appreciable peak on the low frequency end 
at about 800 cycles. It is desirable for 
many applications, especially when throat 
microphones are used with flat response 


\ 


Figure 8. Equivalent electric circuit for 
damped double resonant unit 


amplifying systems, to reduce or elimi- 
nate this peak in order to improve still 
further the intelligibility of such com- 
munication systems. This is done by 
introducing a damping member between 
the electromagnet L; and the housing Ls, 
as indicated schematically by the dotted 
lines in Figure 3. The equivalent electric 
circuit is shown in Figure 8. Placing the 
resistor R in the position shown in Fig- 
ure 8 permits a very effective damping of 
the low frequency peak without affecting 
essentially the performance of such throat 
microphones in the neighborhood of the 
high frequency resonance. This is true 
since the damping resistance R effectively 
can suppress oscillations set up in the 
mesh, consisting of L;, C,, and R. On the 
other hand, high frequency oscillations set 
up in the mesh L2, C;, and Cy are affected 
only a little by the energy absorbing re- 
sistance R, since any transfer of energy 
from this mesh must take place through 
the high impedance path L; in order to 
reach R. The dotted line in Figure 7 
represents the response of a damped 
double resonance throat microphone. 
The articulation of these microphones is 
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Figure 9. Com- 
pletely assembled 
typical throat micro- 
phone of electro- 
magnetic type de- 
scribed in the paper 


better than that of undamped throat 
microphones when used in conjunction 
with amplifying systems. The suppres- 
sion of this low peak for sound power ap- 
plication is not important, since sound 
powered receivers can be built to have a 
somewhat attenuated response in the 
range corresponding to the low frequency 
peak of the throat microphone. The loss 
of sensitivity caused by the introduction 
of damping is not serious, as these micro- 
phones are used with amplifying systems. 
Damping can be obtained by using dif- 
ferent damping materials introduced into 
the mechanical system, in the manner 
indicated in Figure 3. Best results were 
obtained by using a damping cup con- 
taining oil. Oil damping cups have the 
advantage of containing little stiffness as 
compared with the amount of resistance 
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introduction of 


they introduce. The 
damping reduces to some extent the sharp 
cutoff characteristic of the undamped 
unit. The average output of a sound 
power throat microphone wound for 100- 
ohm internal impedance is approximately 
15 millivolts, whereas the output of a 
similar high articulation throat micro- 
phone is on the average of 2 millivolts. 
It is obvious that other parts of the 
head, such as cheeks, jaw, temple, vi- 
brate under the influence of sounds pro- 
duced in the mouth cavity and can be 
used to actuate such contact microphones. 
Especially good results are obtained when 
placing the throat microphone on the lips. 
Figure 9 is a photograph of a typical 
throat microphone. This instrument con- 
sists of two units, disposed symmetrically 
on both sides of the throat. They are 
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Performance Calculations on Polyphase 


Reluctance Motors (Synchronous 


Motors Without Field Excitation) 


P. H. TRICKEY 


MEMBER AIEE 


N 1926, Messrs. Doherty and Nickle 
presented their classic paper on “‘Syn- 
chronous Machines” giving a complete 
and thorough analysis. Since many 
fractional horsepower engineers have 


occasion to design small reluctance 


motors (synchronous motors without 
field excitation) and these engineers in 
general have no need of becoming thor- 
oughly familiar with the great and ex- 
tensive field of synchronous motor the- 
ory, it has seemed advisable to simplify 
the equations from this famous paper by 
eliminating the terms having to do with 
field current and to arrange them in the 
form of a simple calculation sheet. It 
also has been found possible by the use of 
calculated curves to arrange a simple 
method of calculating the synchronous 
pull-out torque. 

As in the case of induction motors, it is 
customary also in synchronous motor 
engineering to divide the work of de- 
signing a unit into three parts, first, 
choosing trial dimensions and windings, 
second, calculating the motor ‘‘constants”’ 
such as resistances, reactances, and iron 
loss and third, calculating the perform- 
ance of the trial design. If the perform- 
ance is not satisfactory further trial de- 
signs are made and the same procedure 
followed. 

In the case of the first step, the expe- 


rienced designer can often make the first 
trial very close to the correct design 
either from his experience or from mak- 
ing ratios from similar designs. If the 
designer is inexperienced or if the re- 
quired design is radically different from 
any previous machine, sometimes a num- 
ber of trials may be necessary. 

Many papers have been written on the 
second step, the calculation of motor con- 


= 


reluctance 


Vector 


diagram of 
motor 


Figure 1. 


held on the throat by means of an elastic 
band, which is adjustable to control the 
pressure on the throat. As seen in the 
illustration, the instrument is provided 
with a standard cord and plug. 

Figure 10 is a schematic diagram of the 
setup used in testing throat microphones. 
It consists of an oscillator mechanically 
coupled to a sound level recorder. The 
oscillator feeds a signal with continuously 
variable frequency through a network into 
a linear power amplifier. The power am- 
plifier in turn drives an artificial throat 
whose platform vibrates with an essen- 
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tially constant velocity in the frequency 
range of 50 cycles to 10,000 cycles. The 
throat microphone is placed on the vibrat- 
ing platform with a filter pad interposed 
between the microphone and the platform. 
The purpose of the filter pad is to simu- 
late as far as possible the layer of skin 
covering the larynx of an average speaker. 
The output of the throat microphone is 
amplified by a high gain amplifier and fed 
into the sound level recorder. Thus an 
automatic record is obtained of the varia- 
tion of the output as a function of the 
frequency applied to the microphone. 
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stants. Reference to some of these 
papers is given in the bibliography. It is 
not the purpose of this paper to discuss 
step one and two, but step three, the 
calculation of performance from calcu- 
iated or tested constants. 

In the usual calculations of induction 
motors, the calculation forms are ar- 
ranged so that performance is a function 
of slip, and trials of slip are made until 
the desired output is obtained. In this 
case, also, a trial and error method is 
used. This time the displacement angle 
is the variable and trials are made until 
proper output is obtained. On large ma- 
chines, it is fairly easy to check the torque 
angle by test. With small motors be- 
low one horsepower it often is difficult to 
obtain the zero angle positon as a refer- 
ence point. This is not greatly disad- 
vantageous, however, as the performance 
versus output torque is much more im- 
portant, and calculated displacement 
angles are usually sufficient. 


Performance Equations 


Rearranging Figure 20, page 925 of the 
reference paper,? to omit field excitation, 
we atrive at the diagram shown in Figure 
1 and the equation below. 


E =TgX tI onitj(gX q— Lat) 
Solving for Jg and Ig, 
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I=VIge+1a 

Power input 

P=ph E (I, cos 6—Iqsin 6) 
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Output = input — (Iron loss+ friction + 
windage-+ ph [?11) 
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Synchronous Pull-Out Torque 


The maximum torque that the motor 
will develop while in synchronism, known 
as ‘“‘pull-out’’ torque, may be obtained as 
follows: 


T=(112.7/Syn) output = (112.7/Syn) 
(input — losses) 

T =(112.7/Syn) [(input —copper loss) — 
(Fe+ F+W)] 

T = (112.7/Syn) [Pi— (Fe+F+W)] 


Since iron loss, friction, and windage 
are essentially constant at synchronous 
speed, the maximum synchronous torque 
will occur when P; is at its maximum 
value. By substituting the current 
values given above in the equations for 
input and copper loss, it can be shown 
that 


IP h i : A 
Va Xgl P/O /Ke) 
Where A is a rather cumbersome group 
of terms containing 71, X,, Xq, and 6. 
Values of A maximum have been cal- 
culated and plotted in Figure 2, so that we 
find it fairly easy to calculate the syn- 
chronous pull-out torque. 


112.7 
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[ph EM, Am—(Fe+F+W)] 
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(ounce-feet) 
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It can easily be seen from Figure 2 how 
important it is to keep 7,/X, and /Xq 
as small as possible. 

Figure 3 shows a form which has been 
arranged to make these calculations as 
simple as possible. The displacement 
angle 6 is assumed and the performance 
values calculated. Items 23 to 27 are 
only in calculating the pull-out torque. 

Since reluctance motors are usually less 
than one horsepower, Figure 3 has been 
arranged in terms of actual values of 
volts, amperes, and ohms, instead of ‘‘per 
unit” values which are seldom used by 
fractional horsepower motor engineers. 


List of Symbols 


E=volts per phase 

F+W =friction plus windage 

Fe =iron loss 

ZJ=current per phase 
Jqg=current in direct axis 
I,=current in quadrature axis 
ph=number of phases 

P =power input in watts 

7, =primary resistance per phase 
Syn =synchronous rpm 

T =torque in ounce-feet 

T p1=synchronous pull-in torque 
T po=synchronous pull-out torque 
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Figure 2. Constant A,, used in calculating 
_ pull-out torque 


X g=total direct axis reactance per phase 
X,=total quadrature axis reactance per 
phase : 
6=displacement angle in electrical degrees 


Appendix |. Performance 
Equations 


Rearranging Figure 20, page 925 of the 
reference paper! to omit field excitation, we 
arrive at the diagram shown in Figure. 1. 
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Figure 3. Calculation sheet for reluctance 
motors 


Power input P= ph EI, cos 6— ph EIqsin 6 
P=ph E (I, cos 6—Igsin 8) 

Total losses L= Fe+F+W+ph Pr; 

Output = input —losses 

Torque = (112.7/S yn) output (in ounce-feet) 

Efficiency = Output/input 

Power factor = Input/ph ETI 
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or Maximum Synchronous Torque 


T=(112.7/Syn) output = (112.7/S yn) 
(input — losses) 

T =(112.7/Syn) [(input —copper loss) — 
(Fe+ F+W)] 

T= (112.7/Syn) [Pi—(Fe+F+W)] 

Since the iron loss, friction, and windage 
are essentially constant at synchronous 
speed, the maximum synchronous torque 


will occur when P, is at its maximum value. 
Power input in terms of 5 power input 


P=ph E (I, cos 8—Jgsin 8) 
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Copper loss in terms of 6 
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Maximum or pull-out torque will occur 
when P; is maximum. Pj, x will occur when 
A is maximum. Thus 
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Let 
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The maximum value of A against 6 as 
the variable has been plotted in Figure 2 
for different values of X,/Xq and 1/Xa. 
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Governor for Wariable-Ratio Transmission 
Used in Developmental 400-Cycle 
Electric System for Large Aircraft 


P. F. DESCH 


NONMEMBER AIEE 


Synopsis: A prerequisite for the successful 
parallel operation of main engine driven a-c 
generators is a suitable infinitely variable- 
ratio transmission and high speed governor 
to control it. This paper describes the de- 
velopment of such a governor and its suc- 
cessful operation on a developmental two- 
generator 400-cycle a-c system. 


HE TREND of certain types of mili- 

tary and civil aircraft toward larger 
airplanes requiring large amounts of elec- 
tric power, demanded equally revolu- 
tionary thinking in the field of aircraft 
electrical engineering. Much thought 
and discussion! ? in recent years has been 
given to an a-c system which would have 
the generators driven by the main engines 
and operating in parallel, which with 
proper controls makes possible improved 
continuity of service. Flight conditions 
may demand more than a 3 to 1 speed 
range of the main engines, and all engines 
would not necessarily operate at the same 
speed throughout one flight. With such 
conditions it is essential that some form of 
variable ratio transmission be coupled 
between each prime mover and generator, 
so that a parallel system at substantially 
constant frequency is practical. Varia- 
tion in the ratio of each transmission 
would have to be automatic, to maintain 
each generator speed within the range 
required in spite of high acceleration and 
wide speed differences of the prime 
movers. An electric governor which 
maintained successful parallel operation 
of the generators and equality of load 
division under various conditions of ac- 
celeration and loading was developed. 
Design data and performance character- 
istics of this governor are presented in the 
following. 


Conclusions 


Approximately 200 hours of operating 
experience have been gained on the de- 
velopmental 400-cycle a-c two-generator 
system, and governor operation has been 
satisfactory throughout. Under both 
steady state and transient conditions the 
governor and its attendant load-frequency 
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droop circuit have performed their re- 
quired functions well. Although load 
division with values of no-load to full-load 
linear droop of less than 5 per cent was 
generally satisfactory, the system per- 
formance was at times erratic. A linear 
frequency droop from no-load to full- 
load of 5 per cent was found to be emi- 
nently satisfactory, and this value was 
adopted for all remaining tests on the two 
generator system. 

The speed of response of the governor 
was good. With the generators operating 
in parallel, and one prime mover ac- 
celerated or decelerated, the governor re- 
sponded to begin to restore initial condi- 
tions before the end of the acceleration or 
deceleration period. : 

In general, movement of the governor 
servomechanism began 0.008 second after 
inception by the control coil of the signal 
demanding governor response. On the 
equivalent of an unloaded system the ef- 
fective gear ratio of the variable-ratio 
transmission was changed from 2:1 to 
1.3:1 in 0.18 second and vice versa. 
Since the speed. changes were brought 
about by a unit function change in signal 
voltage, the simulated acceleration ap- 
proached an infinite value. 

Tests on a four-generator system have 


' not yet been made, but it is hoped to begin 


these, together with preliminary flight 
tests, in the near future. 

The weight of the governor pilot valve 
and solenoid assembly is approximately 8 
pounds; the weight of the junction box 
containing the control and droop circuits 
is approximately 5 pounds; in an air- 
craft installation the piston assembly is 
part of the variable-ratio transmission. 

The governor, together with the vari- 
able-ratio transmission which it controls, 
and attendant electric apparatus have 
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combined to make an a-c system with 
parallel operated generators practical for 
use on large aircraft of the future. Opera- 
tion of a developmental two-generator 
system over a period of several months 
and under varying conditions has been 
very satisfactory. It is hoped that in the 
near future planned flight tests will prove 
further the value of a-c systems for air- 
craft auxiliary apparatus. 


Governor Requirements | 


The governor design and performance 
requirements were set up to meet the 
most extreme operating conditions 
thought possible on airplanes which re- 
quire a-c accessory power. Calculations 
based upon the application of rated engine 
torque to the propeller inertia of the en- 
gine-propeller combination indicated a 
possible acceleration at the engine drive 
pad of 2,150 rpm per second. Though in 
practice accelerations will probably be less 
than this, the governor was designed to 
maintain parallel operation with one en- 
gine accelerated at this rate while the 
speed of the others remained constant. 
Some of the essential features of the per- 
formance requirements are that the gover- 
nor be designed to operate from sea level 
to 40,000 feet with ambient temperature 
variations from —55 degrees centigrade 
to +60 degrees centigrade, under humid 
or dusty conditions with specified linear 
and torsional vibrations. More particu- 
larly, requirements affecting the opera- 
tional design of the governor are set out 
asin TableI. With these conditions aris- 
ing from the design of the variable ratio 
transmission, the governor was required 


Table |. Performance Requirements of 
Governor 
Governor 
Item Characteristic Requirement 
1. Input speed range to variable-. .2,100- 
ratio transmission 9,000 rpm 


. Output speed of generator........ 6,000 rpm 
. Speed of governor tachometer. .3,000 rpm 
shaft for generator speed of 
6,000 rpm 
4, Maximum overdrive ratio of..2.85 
variable-ratio transmission 


wr 


5. Maximum underdrive ratio of..0.67 
variable-ratio transmission 

6. Total stroke of governor tie rod...1.25 inches 

7. Oil pressure available for gover-..250 pounds 
nor per square 

inch 
8. Force on governor tierod........ See Figure 1 
9. Tie rod speed at maximum ac-. .3.5 inches 


celeration (2,150 rpm per sec- 
ond at engine). Maximum 
overdrive 

10. Tie rod speed at maximum ac-..0.5 inch per 
celeration (2,150 rpm per sec- second 
ond at engine). Maximum 
underdrive 

11. Maximum time for tie rod to..0.03 second 
reach required velocity 


per second 
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Figure 1. Curve of force on tie rod of governor 
servomechanism 


Y (( as \ed 


AS 
Z 


ITS. 
ES 


SF 
N 


TRY 
ISS 
La 


‘a 
ZZ 


NES 


SAS 


AN 


{(( 
IS. 


YA. 


JR 


N 
WV 
Wk 


Figure 2. Cross sec- 
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A—Solenoid 
B—Pilot valve 
C—Servomechanism 
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to permit satisfactory parallel operation 
of the alternators under specified operat- 
ing conditions with possible engine 
accelerations of 2,150 rpm per second. 
To assist in obtaining successful parallel 
operation of the generators an electric 
circuit was required which would admit 
of a decrease in generator speed with 
increasing load. Thus over the expected 
engine speed range of 700 rpm to 
3,000 rpm, which with the step-up gear 
becomes 2,100 rpm to 9,000 rpm at the 
variable-ratio transmission, the governor 
was required to hold speed as follows: 


Alternator Load, Tolerance, 
Kw Speed, Rpm Per Cent 

0 . .6,300 (105 per cent) .... +1 

30 (100 per cent)..6,000 (100 percent) .... +1 

45 (150 per cent). .5,850 (97.5 per cent).... +1 

60 (200 per cent)..5,700 (95 percent) .... #1 


In accordance with general aircraft 
practice the governor and its control cir- 
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cuits were required to be of minimum 
weight and to occupy a minimum of 
space in meeting all requirements. 


Design Data for Solenoid and 
Pilot-Valve Assembly 


The governor is essentially a constant 
speed device. To provide suitable load 
division among the generators a character- 
istic is added to each governor which pro- 
duces a 5 per cent decrease in system fre- 
quency when the generators are delivering 
fullload. This droop circuit is independ- 
ent of the actual governing circuits and 
therefore need not be considered in the 
design of the solenoid and pilot-valve as- 
sembly. 

An isometric view of the governor as- 
sembly, as finally adopted for test, is 
shown in Figure 2 and a schematic dia- 
gram in Figure 3. Under steady state 
conditions the pilot valve is balanced in 
its mid-position against the force of a 
solenoid magnet by means of a biasing 
spring. A momentary change in current 
to the solenoid (because of a momentary 
change in output speed of the trans- 
mission) results in temporary unbal- 
ance, and oil is allowed to flow to the 
servomechanism until the condition 
is corrected. This correction must be 
very rapid to provide reasonably good 
load division among generators dur- 
ing engine speed transients. The pilot 
valve therefore must move with small 
changes of current through the solenoid 
coil. By use of a magnet with a tapered 
air gap, force-deflection characteristics 
such as those shown in Figure 4A are ob- 
tained, the various curves being plotted 
for different numbers of ampere turns 
X, Y, and Z. However, since the char- 
acteristics of the biasing spring are linear 
(line RT), the magnet is constrained to 
move linearly, resulting in an operating 
characteristic as represented by line RST, 
Figure 4A. By extrapolating from the line 
RST, and the curves for different ampere 
turns, a curve such as LM N in Figure 4B 
is obtained. In the working range of the 
governor only small ampere-turn changes 
are necessary for satisfactory governor 
operation and therefore only the portion 
LiMN' of Figure 4B, need be considered: 
L1MN‘1 is essentially a straight line. 

Since the magnet must be responsive to 
small changes in solenoid current, the re- 
quired pilot valve travel also must be 
small. In the governor under considera- 
tion the total travel of the pilot valve is 
0.1 inch, whereas under normal working 
conditions a movement of only +0.010 
inch is required for a tie-rod velocity 
great enough to ensure correct parallel 
performance. A solenoid force of 11/:-2 
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pounds is sufficient to do this, while an 
oil pressure of 250 pounds per square inch 
on a piston area of approximately 1.2 
square inch is ample for movement of 
the servomechanism. 

Other characteristics of the governor 
are as follows: 


Controlicocurrent nner -neteer- 0.4 ampere 
‘(Earns on control coli secsl eweielels 1,000 
Resistance of control coil.........- 16 ohms 
Diameter of pilot valve........... 3/8 inch 


Figure 5 shows a view of the completed 
governor assembly. The accumulator 
shown mounted on top was found from 
test to be unnecessary and was not used 
thereafter. 


Control Circuit 


A schematic electrical diagram of the 
governor control circuit used for test is 
shown in Figure 3. The output voltage of 
a small 3-phase a-c tachometer with a 
permanent magnet field driven at a speed 
proportional to the output speed of the 
variable-ratio transmission is rectified by 
means of the 3-phase full-wave rectifier, 
S, shown. The output terminals of the 
rectifier are connected through a variable 
resistance to the governor control coil. 
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Figure 4. Curves of governor solenoid design 
characteristics 
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Figure 5. Oblique rear view of an experi- 
mental electric governor 


This control coil operates on a solenoid 
coupled mechanically to a three-land valve 
and biasing spring shown also in Figure 2. 
Under steady state conditions the force of 
the solenoid is balanced by the spring, 
and the valve floats in its neutral position. 
Any change in output speed of the vari- 
able-ratio transmission, either because of 
load variation or input speed changes, 
results in a momentary increase or de- 
crease in current to the control coil. Bal- 
ance of the pilot-valve assembly thus is 
lost temporarily, and oil is allowed to 
flow to and from the servomechanism con- 
trolling the transmission. The force on 
the servo pistons is such that the effec- 
tive gear ratio of the drive is changed to 
restore original speed conditions. As soon 
as these are obtained, the pilot valve is 
returned to its neutral position. Steady 
state speed adjustments may be made by 
means of the trimming rheostat Rr. On 
an aircraft installation a rheostat may be 
mounted on the flight engineer’s panel 
and connected in parallel with Rp to 
provide remote control of each generator 
speed. For parallel operated generators 
this is also an adjustment for load divi- 
sion, should the governor setting deviate 
during a flight. 

Stabilizing of the governor may be ob- 
tained by means of the circuit shown in 
broken lines above the control coil in 
Figure 3. The rheostat R,is geared toa 
rack on the servo pistons, and therefore 
movement of the latter will result in a 
change in the amount of the resistance R, 
in the stabilizing circuit. Since the gover- 
nor control current is essentially constant, 
movement of R, results in a change in 
voltage to the capacitor and stabilizing 
coil. The capacitor therefore will either 
charge or discharge, depending on whether 
the voltage decreases or increases. In 
either case a current will flow through the 
stabilizing coil, producing ampere turns 
in opposition to the change in ampere 
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turns in the control coil. A stabilizing 
action therefore is produced. 

For successful parallel operation the 
alternators should be controlled, so that 
their speed decreases with increasing 
load. In Figure 6A is shown the speed- 
load characteristics of four alternators 
without controls to give speed regulation. 
Prior to synchronizing, the speeds of the 
machines probably are slightly different 
one from the other due to inherent instru- 
ment and human error. On synchroniz- 
ing, the machine with the highest initial 
speed will assume all subsequent load, 
thus giving a very undesirable condition. 
In Figure 6B is shown in the same order 
the speed-load characteristics of the same 
four alternators, but in this case they 
have controls to give speed regulation. 
The same initial speed errors are shown, 
but, on synchronizing, subsequent load 
is divided among the machines in pro- 
portion to their initial speed errors. The 
drawing is not to scale, the percentage 
droop being exaggerated for the purposes 
of illustration. 

The control circuit (load-frequency 
droop control) giving this desired speed 
regulation is part of the governing system 
and is shown in Figure 3. One line to 
neutral voltage of the alternator is sup- 
plied to the primary winding of trans- 
former 7T;. The secondary winding of 
this transformer is midtapped and con- 
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Figure 7. A. Schematic electrical diagram 
of a-c portion droop circuit 
B, C, D. Vector relations in the primary 
windings of transformers Tz and T; for different 
load and power factor conditions 


B—No load 
C—Zero power factor load 
D—0.75 power factor load 


nected through a resistance, R,, to the 
primary windings of the identical trans- 
formers JT, and 73. The output of each 
of these transformers is rectified by means 
of selenium rectifiers S, and S;. By con- 
necting the rectifier outputs subtractive, 
the difference in d-c signals can be placed 
on the droop circuit coil connected as 
shown. On no load the alternator line to 
neutral voltage produces equal signals in 
the rectifiers. The resulting two d-c sig- 
nals being subtractive, there is no signal to 
the droopcircuitcoil. Thesecondary wind- 
ing of the current transformer, CT, is con- 
nected across the resistance R;. On load, a 
signal proportional to alternator output 
current therefore is added vectorially to 
and subtracted from the voltage signal, 
thus producing unbalance in the outputs 
of rectifiers S; and S, This unbalance 
results in current flow, smoothed out by 
means of the capacitor-resistance network, 
N, shown, through the droop circuit coil. 
The control and droop coils are wound 
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concentrically, the latter being connected 
so that on load, the flux produced is in the 
same direction as that of the control coil. 
This has the same effect as an increase in 
output speed of the variable-ratio trans- 
mission, and the governor acts accord- 
ingly. By means of the variable resist- 
ance, Rs, the percentage speed regulation 
of the alternator can be adjusted to its 
most effective value. On an actual air- 
craft installation it is expected that the 
value of R, will be fixed. 

Vector relations involved in the load- 
frequency droop circuit are shown in 
Figures 7A, B, C, and D. 

It is sufficient to consider the absolute 
magnitudes of the resultant voltages ap- 
plied to the primary windings of trans- 
formers JT) and 73, in determining the 
droop coil signal voltage, since the output 
of each rectifier is proportional to the re- 
spective magnitude of the voltage in the 
transformer to which it is connected. The 
rectifiers are connected subtractive, and 
therefore the net signal to the droop 
coil is zero whenever the voltages applied 
to the primary windings of T, and T3 are 
equal in magnitude. 

In Figure 7A is shown the skeleton 
droop circuit and the voltages contribut- 
ing to its operation. Since transformers 
T, and T3 are identical, the voltage com- 
ponents, E, applied to the windings by 
virtue of the alternator phase to neutral 
voltage, are equal. Similarly a voltage 
component, £,, is applied to transformers 
T, and T3 by virtue of the drop in the 
resistor R,, caused by the flow of load 
current through the current transformer. 
The voltages E and E, therefore will be 
vectorially additive in one transformer 
and vectorially subtractive in the other 
transformer. 

In Figure 7B, with no load on the sys- 
tem, the voltage E, is zero, and conse- 
quently there is no signal to the droop 
coil. 

In Figure 7C with zero power factor 
load the absolute value of the vector sum, 
E+E], is equal to the absolute value of 
the vector difference |E—E ;|. Again the 
signal to the droop coil is zero. 

In Figure 7D with a load power factor 
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of 75 per cent the absolute value of the 
vector sum, |E+E,|, is greater than the 
absolute value of the vector difference, 
|E—E,|. Consequently, a voltage propor- 
tional to the difference between the abso- 
lute values is applied to the droop coil 
circuit, actuating the governor in such a 
way as to tend to restore load balance. 
It is clear from the vector relations shown 
in Figures 7C and 7D, that the droop coil 
signal is sensitive to real power current 
and insensitive to reactive power current. 


Performance Data 


GENERAL 


Performance data obtained at the time 
of writing the paper have been confined to 
a developmental two-generator system. 
Each prime mover of the system was a 
450-horsepower 9-cylinder gasoline en- 
gine, coupled through a step-up gear in 
order to obtain input speeds to the vari- 
able-ratio transmission comparable with 
those expected on an aircraft installation. 
The gear output shaft was connected 
through a double universal coupling to the 
input flange of the variable-ratio trans- 
mission. A 3-phase a-c tachometer with a 
permanent magnet field was driven 
through a gear at half output speed and 
provided power for the governor control 
circuit. 

A freewheeling device located between 
the variable-ratio drive and the alterna- 
tor allows the alternator to be driven but 
does not permit it to attempt to drive the 
prime mover. Loading of the alternators 
was provided by water-cooled calrod units 
and air-core reactors, the continuous rat- 
ing of the alternator being 30 kw, 40 kva, 
at 400 cycles per second and 208Y-120 
volts. 

The presence of the freewheeling unit 
between the drive and alternator made 
synchronizing of the alternators a simple 
matter. Successful parallel operation 


Figure 8. Oscillogram showing transient di- 

vision of real power between generators by 

governor action during acceleration of one 
engine 
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was achieved, the generators staying in 
step during various types of disturbances 
and dividing load equally under steady 
state conditions and reasonably well dur- 
ing transient disturbances (see Figure 8). 
The general performance of the governors 
was very satisfactory throughout a series 
of system tests which followed successful 
parallel operation. 


STABILIZING CIRCUIT 


A considerable amount of previous de- 
velopment work on governors for gasoline 
engines used in tanks greatly expedited 
the development of the governor to con- 
trol the variable-ratio transmission. Be- 
cause of the rates of response and the 
values of inertia involved in controlling 
the tank engines, stabilizing circuits were 
required in governors built for this pur- 
pose. A variable resistance, R,, and ca- 
pacitance, C,, connected, as shown dotted 
in Figure 3, to a second solenoid coil 
enabled this stabilizing to be achieved. 
In the case of the governor for use on air- 
craft where a variable-ratio transmission 
is to be controlled, the slip is relatively 
small and the speed of response high. 
Consequently the afore-mentioned type 
of stabilizing is unnecessary. Tests 
showed, however, that if an application 
should occur where stabilizing is required, 
this could be accomplished readily. 


Droop Circuit 


The value of the resistance R, in the 
droop circuit (Figure 3) was set arbitrarily 
to give a 5 per cent frequency decrease 
linearly from no load to full load on the 
alternator. Load division under steady 
state conditions was excellent, each gen- 
erator taking an equal share of the load. 
By varying the value of R; the percentage 
droop was decreased. For values less 
than 4 per cent the load division became 
less satisfactory and erratic. The value 
of R, therefore was fixed to give a linear 
frequency droop of 5 per cent with full 
load on the alternator. With no load fre- 
quency of 420 cycles per second, a full 
load frequency of 400 cycles per second 
thus was obtained. 

Part of the load on a military airplane 
using the a-c system for electric power 
may be thyratron controlled gun turrets. 
When in operation, these control circuits 
will produce a d-c component of current in 
the a-csystem. This will tend to saturate 
any current transformers which may be 
used there. Since a current transformer 
was an essential part of the droop circuit, 
tests were performed with a thyratron 
controlled gun turret load to determine its 
effect on the operation of the droop circuit. 
It was found that load division was satis- 
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factory, the saturation of the current 
transformers used having no noticeable 
effect on governor action. 


SPEED OF RESPONSE 


The general speed of response of the 
governor is illustrated in Figure 8 which 
shows two sections of an oscillogram taken 
with the machines operating in parallel 
and one engine being accelerated. The 
portion between the two sections of the 
oscillogram represents a time interval of 
0.9 second. The average rate of accelera- 
tion at the input shaft to the drive for the 
total interval is approximately 2,000 rpm 
per second, the machines staying in step 
throughout. The left-hand section of 
Figure 8 shows conditions prior to ac- 
celerating. The system is carrying ap- 
proximately 30 kw of load. The machine 
being accelerated assumes more load 
while the other machine takes less load as 
indicated in the oscillogram. However, 
before the acceleration is completed the 
governors have begun to restore condi- 
tions, so that the machine not being ac- 
celerated begins to assume its share of the 
load again. This is illustrated in the right- 
hand section of Figure 8. Other oscillo- 
grams were taken showing the effects of 
acceleration and deceleration when the 
system was supplying lagging power factor 
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Figure 9. Curves of movement of governor 
servomechanism after change in electric signal 


Desch, Garr, Hutton—Variable-Ratio Transmission 


loads. Performance of the system was 
equally satisfactory under these condi- 
tions. However, Figure 8, which depicts 
the effect of acceleration with a unity 
power factor load on the system, is pre- 
sented here, since real power changes are 
more readily observable in oscillograph 
power traces when unity power factor 
loads are used. 

In order to determine accurately the 
speed of response of the governor, it was 
necessary to resort to somewhat artificial 
means. A switch SW, Figure 3, was con- 
nected across the trimming rheostat, Rp. 
The value of the resistance was adjusted 
so that by closing SW, the output speed 
dropped from 6,000 rpm to approximately 
4,000rpm. A battery connected appropri- 
ately to R,, the rheostat formerly used in 
the stabilizing circuit, enabled movement 
of the servomechanism to be determined 
after receipt of the unit function signal 
by the governor control coil. The tests 
were performed on one governor, and 
variable-ratio transmission coupled to a 
generator but supplying no load. 

Figure 9A shows a plot of movement of 
the governor servomechanism in terms of 
time after receipt by the control coil of 
thé unit function signal. The output 
speed of the variable-ratio transmission 
was reduced from 6,000 rpm to approxi- 
mately 4,000 rpm. With an input speed 
of 3,000 rpm this gave a change in drive 
ratio from 2:1 to 1.3:1. 

Figure 9B shows a similar curve ob- 
tained by opening the switch S (Figure 3) 
and thus increasing the output speed from 
4,000 rpm to 6,000 rpm. Here there is an 
overshoot of approximately 2 per cent. 
This is due to the inherent delay of the 
moving parts and the oil pressure of the 
hydraulic system, reaching steady state 
conditions after completion of the unit 
function change in electric signal. 

The successful operation of the gover- 
nor over a period of 200 hours under se- 
vere conditions brought about by many 
stops and starts with heavy loads often 
applied and removed suddenly indicates 
that a suitable automatic control has been 
developed for the variable-ratio transmis- 
sion so necessary in the parallel operation 
of main engine driven aircraft alternators. 
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Field Tests of Interrupting Capacity of 
138-Ky Oil Circuit Breakers 
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Synopsis: The preliminary planning neces- 
sary to estimate the amount of current to be 
interrupted on a large network for staged 
tests under short-circuit conditions is out- 
lined, also the precatitions necessary to keep 
the applied fault from developing into a 
total system interruption. The circuit 
breakers under test. are identified, various 
quantities required for record, and the 
means of obtaining the same are discussed. 


- The results of a number of tests are given 


as well as a general discussion as to the 
conditions of the tests and of results 
obtained. 


HE 25-CYCLE high-voltage network 
of the Hydro-Electric Power Com- 
mission of Ontario extends from the 
Quebec border to Windsor, with generat- 
ing sources on the Ottawa, Gatineau, 
Lievre, and St. Lawrence Rivers in the 
east and on the Niagara River.! Primary 
transmission from the east is at 230 kv, 
while the loads located from Toronto to 
Windsor are supplied from a 115-kv net- 
work covering the afore-mentioned area. 
The total generating capacity normally 
interconnected and supplying this net- 
work isin the order of 1,750,000 kva. The 
short circuit kilovolt-amperes on the 115- 
kv network has increased with system 
growth, with the result that, although 
circuit breakers had been provided at 
many points with the highest interrupt- 
ing capacity available from time to time, 
the increase in short-circuit kilovolt- 
amperes always had to be considered in 
regrouping lines or paralleling busses. 
In some cases it has been necessary to 
sectionalize busses to reduce short-circuit 
currents, where best operating practice 
indicated parallel operation. The neces- 
sity of operating all generating sources 
to their capacity during the war also has 
tended to increase the short-circuit kilo- 
volt-amperes. 

When considering the point to which it 
would be reasonably safe to interconnect 
the network without inviting failure of 
the circuit breakers to interrupt faults, the 
Commission’s engineers were required to 
answer the question, what modifying fac- 
tor, if any, should be applied to the in- 
terrupting capacity of the circuit breaker 
at 60 cycles, as demonstrated by labora- 
tory and field tests, when this circuit 
breaker was required to interrupt 25- 
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cycle current. There appeared to be no 
clear-cut answer to this question. After 
discussion with manufacturer’s engineers, 
it was decided to make the tests described 
in this paper on a modern oil circuit 
breaker, by having this circuit breaker in- 
terrupt actual system fault currents up to 
its rated interrupting capacity and ob- 
serving the results. 

A 1838-kv single tank circuit breaker 
equipped with type BH deion grid, lo- 
cated at Burlington transformer station, 
having rated interrupting current of 
7,950 amperes at 110 kv, was selected, the 
manufacturer being asked to place this 
circuit breaker in ‘‘factory condition” 
prior to the test. It also was decided to 
make a test on a second circuit breaker of 
the same interrupting capacity by in- 
stalling in it temporarily an improved 
interrupting device, known as the type 
MF grid. This assembly was to be 
tested at not over 13,200 amperes at 110 
kv. 


Preliminary Work 


Certain preliminary studies are re- 
quired before tests of this nature can be 
made. Important studies include: 


1. Determination of system required, in- 
cluding departures from normal network 
and generating capacity. 


2. Careful scrutiny of the system and its 
relay protection, to determine the possi- 
bility of loss of tie lines, busses not involved 
in the fault, frequency changer ties, syn- 
chronous loads, and generating capacity 
and, where it could be done, to prevent 
their occurrence. 


3. Listing of quantities to be measured 
and providing of equipment for measuring 
these quantities. 


The circuit breaker to be tested also 
must be conditioned, if the tests on it are 
to be considered a fair demonstration of 
its performance. 


System Required 


The American Standards Association 
“Standard for Oil Circuit Breakers, 
C37-4’’ defines rated interrupting current 
as the total rms current at the time the 
contacts part. It was agreed that these 
standards were to apply. One problem in 
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the preliminary work became that of de- 
termining the system setup required to 
produce a short-circuit current, as defined 
by the ASA Standard, as nearly equal to, 
but no greater than, the rated interrupt- 
ing current given by the manufacturer. 


The system upon which the fault was 
to be placed is shown in Figure 1. Bur- 
lington transformer substation is located 
at the heart of the 115-kv network. Al- 
though the only sources of short-circuit 
current close to the point of fault are the 
two 40,000-kva synchronous condensers 
at Burlington, there are points of infeed 
from eastern sources over the 230-kv net- 
work and from Niagara River plants over 
115-kv lines. Generators in the latter 
plants, which are on busses separate from 
the 115-kv subsystem on which the fault 
was placed, also supply current to the 
fault by back-feeding through 230-kv 
transformers at Burlington to the com- 
mon 230-kv bus. 


It had been decided that two prelimt- 
nary tests would be made, one at approxi- 
mately 1/4 and one at 1/2 rated inter- 
rupting current before the final test on the 
lower rated circuit breaker, and one pre- 
liminary test at not over 7,900 amperes on 
the higher rated contact assembly. To 
determine the initial values of symmetri- 
cal current, and the system rearrangement 
required to produce them, the system 
shown in Figure 1 was placed on the net- 
work calculator. 


System generation and loads for a nor- 
mal Saturday were used with the im- 
pedance of generating sources represented 
by their subtransient reactance. 


After a number of trials on the calcu- 
lator one grouping of lines was found such 
that with the fault located at the distant 
end of the line whose line circuit breaker 
would be under test, approximately 1/4 
rated current would flow initially, and the 
same network with fault located at the 
near endof thesame line would produceap- 
proximately 1/2 rated current. It should 
be noted that rather severe restrictions 
were placed on modifying the system to 
develop the required values of short-cir- 
cuit current. Sufficient generation had to 
be retained to supply the system load, and 
circuits could not be opened to the point 
where service security would be threat- 
ened seriously. 

The system required to give a 3-phase 
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Figure 1. Niagara division transmission net- 
work of the Hydro-Electric Power Commission 
of Ontario 


short circuit of 7,900 amperes and that 
required to produce approximately 13,000 
amperes likewise were determined. For 
the latter the two 115-kv busses at Bur- 
lington would be parallelled and both syn- 
chronous condensers operating. These 
condensers could be used to advantage to 
obtain vernier calibration of the current, 
as the amount of infeed from each was 
known from the calculator readings. 

Calculator readings give only the initial 
symmetrical current, so that the relation 
between this current and the fotal current 
at the time the contacts separated re- 
mained to be determined. 

The d-c component of total current de- 
creases exponentially according to the 
formula i = Tye" ®'/*. The ratio IRIE, 38 
the ratio of resistance to inductance of 
the system looking into the system from 
point of fault. This ratio was determined 
from measurements on the calculator and 
found to be 33, giving a time constant of 
0.03 second for the d-c component. It, 
therefore, was concluded that at 3 to 4 
cycles (0.12 second to 0.16 second) after 
beginning of the fault, the d-c component 
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would have disappeared, or at least it 
would be so small as to have negligible 
effect on the value of total current. 

Standard decrement curves? indicated 
that, when corrected for frequency, the 
a-c component of total current at 3 to 4 
cycles was practically the same as the 
initial a-c component. 

As a result of the foregoing conclusions, 
the decision was made to use the system 
setup determined on the calculator, in- 
cluding as nearly as possible the same sys- 
tem generation without modification. 


Provision for Service Security 


It was of utmost importance that im- 
pairment to service should be avoided. 
The expected behavior of the system 
and its associated relay protections under 
severe 3-phase faults were studied to 
determine points of weakness. As a re- 
sult of this study it was decided all fre- 
quency changer ties would be opened and 
certain relays on tie lines blocked for the 
brief test period. Backup protection for 
the circuit breakers under test was pro- 
vided, and tested, and arrangements were 
made to place observers at widely sepa- 
rated key points to block those relays con- 
sidered necessary and to be available if 
unforeseen trouble developed. Some loss 
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1-55 MVA 


of synchronous load appeared to be un- 
avoidable and was accepted. 


Study of Quantities to Be Measured 


The quantities having direct bearing on 
the behavior of the circuit breaker itself 
and methods developed and used to ob- 
tain them are described later in the paper. 
Advantage was taken of every opportu- 
nity afforded by tests of this nature to ob- 
tain information on system and relay be- 
havior. As a result observations quite 
foreign to those required for the test itself 
were included in the program, and useful 
data were obtained. To avoid confusion 
these data are not included in this paper. 


Description of Circuit Breakers and 
Contacts 


The two circuit breakers tested are 138- 
kv type BQOB oil circuit breakers manu- 
factured by the Canadian Westinghouse 
Company. The 3 poles are mounted in a 
single floor-mounted tank. The spacing 
at the top of the bushings is the same as 
the minimum spacing for bushings of 3- 
phase transformers of the same voltage 
class. 

The bushings are standard oil-filled 
condenser type, with deion grid contacts, 
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Figure 


Figure 3 (right). 


type BH for the 8-cycle 1,500,000-kva 
rating, and type MF for the 5-cycle cir- 
cuit breaker rated at 2,500,000 kva. Each 
grid is surrounded by a heavy circular in- 
sulating tube, which acts as a barrier be- 
tween phases. Entry to the tank is 
through a manhole at the side of the tank. 
Ample space is available between the con- 
tacts and the tank for inspection and 
maintenance. 

Figure 2 shows a row of these circuit 
breakers at Burlington transformer sta- 
tion. Figure 3 shows a section through 
the type MF contact. 


Measuring Equipment 


Past experience indicated that high in- 
ternal pressures could be developed and 
oil ejected when circuit breakers opened 
on heavy fault currents. A pressure gauge 
therefore was installed giving an output 
suitable for oscillographic records. This 
gauge consisted of a Crosby steam gauge, 
in which a slide wire potentiometer had 
been substituted for the oscillating cyl- 
inder and fitted with a 60-pound spring. 
The gauge was connected to a 1-inch 
bushing, the latter welded to the tank 
about 27 inches above the concrete base. 
The pressures that might occur were quite 
conjectural, but the choice proved satis- 
factory for these tests. 

Circuit breaker tanks also had been 
known to shift on their bases, and a de- 
tailed study of motions and stresses was 
suggested. Zenith vibration recorders 
were mounted, one on each of the four 
lifting lugs at the top of the tank. These 
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2. Type BQOB 138-kv oil circuit breakers at Burlington 


transformer station 


Section through 138-kv type MF contact multiflow 
5-cycle Deion grid, 2'/2 million kva 
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TOP CONTACT 


units contain circular clock-driven charts 
and are very sensitive to vertical dis- 
placements that occur at high accelera- 
tions. 

Other stress indicating devices, such as 
scratch extensometers and electric units 
of the strain-resistance type, were at- 
tached at the base of the tank and to the 
holding-down bolts. 

A special travel indicator was designed, 
attached to the indicator arm, and a cali- 
bration curve of the relative motion be- 
tween the vertical lift rod and the indi- 
cator arm was obtained. To obtain a 
continuous accurate record, two slide 
wires with independent sliding contacts 
were used in parallel as a potentiometer. 

Line to ground voltages were obtained 
from the secondary windings of three 
potential transformers, the primary 
windings of which were connected line 
to ground on the 115-kv bus. 

Currents were measured by inserting 
Weston multiratio current transformers 
in the secondary windings of the regular 
bushing-type current transformers, to 
provide a further stepdown of current to 
the oscillograph shunts. An over-all 
calibration of the oscillograph element cir- 
cuits was made by circulating alternating 
current in the primary winding of the 
Weston current transformers. 
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The entire group of measurements re- 
quired the use of 18 and occasionally 20, 
oscillograph elements plus some me- 
chanical records. 


Procedure on Test 


Immediately before each test, duly 
accredited representatives of the manu- 
facturer and of the engineering and oper- 
ating departments of the Commission 
were consulted as to final readiness and 
consent obtained to proceed with the 
test. 

Arrangements previously had been 
made covering the system required for 
each test. A request was made through 
the load supervisor to have this system 
arrangement established, and at the same 
time the relay section of the operating de- 
partment was conferred with for any 
special checking or blocking of relays to 
maintain protection without interfering 
in any way with the test proposed. 

Finally, the instrument operators were 
checked for readiness. The last group of 
items checked consisted of oscillographs 
and mechanical recorders, which were 
automatic in operation. 

A public address system is installed in 
various buildings and in the yard in Bur- 
lington transformer station. The oper 
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ator in charge announced to all present 
the test was to take place; communication 
was established also with operators at 
Niagara, Dundas, Toronto, London, and 
other stations, over the private telephone 
system. A 2-minute warning was given, 
then at the proper time, 10 seconds, 9, 
8, and so on, and on the stroke of zero 
the circuit breaker was closed on the 
short circuit. 

With one exception the actual time 
during which the current was maintained 
was about 1/8 second. In the exceptional 
case the short circuit was cleared in about 
30 cycles by the opening of seven circuit 
breakers without any major interruption 
on the system. Data obtained from this 
test gave more complete information on 
system transients, permitting analysis of 
the decrement of short-circuit current. 


Results of Tests 


A standard operating duty cycle con- 
sists of closing the circuit breaker on a 
short circuit and allowing it to open auto- 
matically, then after 15 seconds delay re- 
peating the closing and automatic opening 
operation. This is designated a CO-15- 
CO operation. In the tabulated list of 
results each test as listed indicates a 
single close-open operation. 

Figures 4 and 5 are typical records of 


1. The red-phase line-to-ground voltage. 
2. The three 115-kv line currents. * 

3. The trip-coil current. 

4. The record of the travel indicator. 


The data shown on Table I were ob- 
tained from the oscillograms. The cur- 
rent listed for each test is the maximum 
measured on any one of the 3 phases. 
Duplicate records taken on another os- 
cillograph provided a satisfactory check 
on the current values as listed. 

The current, arcing time, and total 
duration of fault current were obtained 
by the method outlined in the American 
Standard for “‘Alternating-Current Power 
Circuit Breakers 37.4 to 37.9,” inclusive. 

The results of the electrical tests require 
very little comment. Close inspection of 
the oscillograms indicate, in some cases, 
an erratic variation in resistance of the 
arc while it was being quenched. 

Vertical motion to a maximum of 0.4 
inch was recorded by the Zenith recorders 
at the top of the tank. The precision of 
the figures does not warrant drawing any 
elaborate conclusions, but some points 
are of more than passing interest. Table 
II shows the record obtained from these 
instruments. 

The mechanical shocks registered on 
the first three tests seem to be independ- 
ent of current, as greater motion (approxi- 
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Table |. Tests on 138-Kv Circuit Breakers on 3-Phase Short Circuit 
Oe 2 ee ee 
Maximum Current Duration Capacity 
at Parting of Arcing of Fault Voltage Interrupted, 
Contacts, Type of Time, Current, Recovery, Millions 
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mately twice as much) was recorded on 
test 2, with current at 4,720 amperes as 
occurred on test 3-2, when 7,720 amperes 
were interrupted. 

This suggests that the acceleration and 
deceleration of parts played an important 
part in the over-all motion of the tank. 
It may be noted that the vertical motion 
of the top of the tank of the circuit 
breaker equipped with the MF grids was 
substantially less than on that with the 
BH grids, though the current interrupted 
was very much greater. 

No quantitative results have been ob- 
tained from the records of stresses at the 
base of the tank because of various diffi- 
culties in anticipating their performance, 
It is conclusive, however, that, if stresses 
of objectionable magnitude had occurred, 
they would have been detected on the 
records. 

The hydrostatic pressures set up in the 
tank appeared in the form of waves of de- 
creasing amplitude. The maximum posi- 
tive pressure was greater on the circuit 
breaker equipped with BH grids but did 
not exceed approximately 25 pounds per 
square inch as recorded. Even this was 
not a sustained pressure but a pressure- 
wave reflected back and forth with de- 
creasing amplitude. By dividing the 
time interval between pulses, the actual 
time of the event in the circuit breaker 
contacts which causes the pulse may be 
estimated and identified. 

The pressure gauge records from tests 


‘2, 3, and 5 have been transferred to a 


single chart (Figure 6) for better com- 
parison. A timing wave for test 2 was not 
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available on the same film, but the action 
is sufficiently like test 3 for identification. 

The small impulse registered first in 
each case seems to occur at the closing of 
the contacts; the heavier pressure waves 
continued for three surge-cycles after the 
are was extinguished. 

This device would not record negative 
pressures, so it is not possible to continue 
the analysis of the pressure waves fur- 
ther, though it is an interesting and un- 
expected aspect of the problem. 

Samples of the insulating oil were taken 
after each test on the circuit breakers, 
and later tested for dielectric strength. 
No deterioration could be detected from 
the breakdown values, though the oil had 
become somewhat darker in color. 


Comparison of Test Results With 
Calculator Values of Current 


A comparison of values of current ob- 
tained on test with network calculator 
values has been made, to establish the 
accuracy of the latter in determining cir- 
cuit breaker interrupting capacity. 

The preliminary tests at 1/4 and 1/2 
rated current were found to be about 15 
per cent higher than given by the cal- 
culator, but this was due in part at least 
to increased and different distribution of 
generation from that used on the cal- 
culator. There was also a slightly differ- 
ent system arrangement. These varia- 
tions were unavoidable but indicate that 
the system must be set up as accurately 
as possible, if close estimates of fault cur- 
rents are required. 
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Figure 5. 


There was 5 per cent variation in fault 
current as measured on two field tests 
made with identical system arrangement, 
including the same generation. 

On all tests it was found that the d-c 
component, although still measurable, 
added only one or two per cent to the 
total current. The largest value of this 
component on any test as measured, was 
approximately 15 per cent of the total. 

On all but one test the duration of fault 
current was so short that no accurate 
estimate of decrement could be made. 
The agreement between calculated and 
test values of current, the former being 
initial values of rms symmetrical current, 
was an indication that for the time periods 
of interruption obtained on these tests it 
is safe to assume that no decrease in cur- 
rent occurred. Any error due to this 
assumption is in favor of the circuit 
breaker from the point of view of circuit 
breaker application, as it gives higher cur- 
rents than the actual currents interrupted. 

On one test the current through the cir- 
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Oscillograph record of current interruption with MF grid 


cuit breaker existed for 30 cycles, until 
the fault was cleared by backup relays 
and system voltage restored to normal. 
This test, although it was a failure as a 
test on the circuit breaker, gave very use- 
ful data on the behavior of this system 
under 3-phase short circuit. 

The currents recorded have been an- 
alyzed with the following results: The 
d-c component had an average short- 
circuit time constant of 0.06 second, com- 


pared with the 0.03 second obtained from 
calculator readings. 

A comparison of test current (average 
of three phases) as measured and total 
current obtained from standard decre- 
ment curves, the latter corrected for a 
25-cycle system by. assuming an average 
open circuit time constant for this system 
of 10 seconds indicated close agreement 
(Figure 7). The decrement curves give 
values of total current, assuming a totally 
displaced wave. As no one of the test 
currents was totally displaced, it was pos- 
sible to compare only the a-c components. 


Condition of Circuit Breakers 
Following Tests 


Crrcuir BREAKER HAVING BH Grips 


The circuit breaker in which the type 
BH grids were installed was rated at 
7,950 amperes and was tested at 2,700 
amperes, 4,700 amperes, and 7,700 am- 
peres approximately with inspection fol- 
lowing each test. Following the initial 
test there was only slight discoloration 
of oil. After the second test inspection 
showed discoloration of oil and slight 
pitting on the edge of the moving con- 
tacts. After the third test there was con- 
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Figure 6. Record of pressures developed in 
circuit breaker tank on selected tests 
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Figure 8. M@icarta shield from type BH grid 
assembly after test at 7,500 amperes, showing 
crack at bolt hole 


siderable discoloration of oil but no de- 
crease in its dielectric strength. The mov- 
ing contacts were burned slightly on the 
outside edges. The Micarta shield on one 
bushing was cracked at a bolt hole (Figure 
8). The alignment of lift rods, moving 
contacts, and grids had not changed. 
The Deion grids were removed and dis- 
assembled. No permanent damage was 
discovered, the only evidence of the in- 
terruption being a black substance blown 
through a number of the stacks (Figure 9). 


CIRCUIT BREAKER EQUIPPED WITH TYPE 
MF Grip 


This circuit breaker interrupted 13,100 
amperes with very little movement of the 
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Figure 10. Type MF contact assembly and 
contacts after test at 13,100 amperes 


tank. Thecondition ofthe contact mecha- 
nism is shown on Figures 10 and 11. In 
our opinion the contact mechanism could 
have interrupted an undetermined fur- 
ther number of short circuits at 2,500,000 
kva without overhaul becoming neces- 
sary. It therefore fulfills the require- 
ments of the American Standard C37.4 in 
this regard. 


Conclusions 


1. It is quite feasible to test circuit break- 
ers by staged tests on a large system, pro- 
vided suitable precautions are taken, and 
the necessary preliminary work is done to 
establish the generation and line arrange- 
ment required to produce the specified 
value of short circuit current. On a large 
system use of the d-c or a-c calculator to 
determine the system required is essential. 


Figure 9. Plates 
from type BH grid 
stack after test at 
7,500 amperes, 
showing material 
blown between 
plates by the arc 
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Moving contact assembly type 
MF after test at 13,100 amperes 


Figure 11. 


2. Three-phase short-circuit current values 
at 25 cycles obtained on the calculator 
agree with actual system values, at least to 
the same accuracy as obtained on successive 
tests (5 per cent), using subtransient values 
of generator reactance and no decrement, 
if the circuit breaker time is 3 cycles. 


8. The standard decrement curves modi- 
fied for 25-cycle conditions, agree with 
actual system behavior within the accu- 
racy of the test itself, 


4. The circuit breaker with rated inter- 
rupting capacity of 1,500,000 kva is capable 
of interrupting 7,950 amperes at 110 kv and 
25 cycles, within the meaning of the 
American Standard C37.4. 


5. The contact assembly or type MF grid 
is capable of interrupting 13,100 amperes 
at 110 ky and 25 cycles, within the meaning 
of the American Standard C37.4. 


6. Comparison of results from this test 
with those made previously in the high 
current test laboratory at 60 cycles indicates 
that the margin between rated and maxi- 
mum interrupting capacity appears to be 
reduced for 25-cycle faults. 


References 


1. Tue 220,000-Vort System or THE Hypro- 
ELECTRIC POWER COMMISSION OF ONTARIO II, 
A. H. Frampton, E. M. Wood. AIEE Trans- 
ACTIONS, volume 60, 1941, pages 1215-21. 


2. STANDARD DECREMENT CuRVES, W. C. Hahn, 


C. F. Wagner. AIEE TRANSACTIONS, volume 51, 
1932, pages 353-61. 


ELECTRICAL ENGINEERING 


NPs 


Electronically Balanced Recorder for 


Flight Testing and Spectroscopy 


A. J. WILLIAMS, JR. 


MEMBER AIEE 


Synopsis: A multiple-point potentiometer 
recorder for thermocouples is described hav- 
ing a slidewire driven to balance by a small 
induction motor powered from a 6L6 elec- 
tron tube. The preamplifier gain is suffi- 
cient that the conventional input trans- 
former (voltage step-up type) is not re- 
quired, and thus a high impedance input cir- 
cuit is made available. This permits the use 
of small capacitance values in the RC cir- 


-cuits for signal filtering and motor damping. 


The relation of this to the short balancing 
time (1.5 seconds) is discussed. 

Spectroscopy supplied the incentive for 
the development of two additional but sim- 
ilar recorders. The first of these is a curve- 
drawing multiple-range microampere re- 
corder with the smallest range 0.5 micro- 
ampere, and with .a balancing time of less 
than 1.0 second. The second is a multiple- 
range current-ratio recorder requiring only 
about 10 microamperes for the reference cur- 
rent. 


Pp A PREVIOUS PAPER! there was 
described the application of this re- 
corder in potentiometer form to the meas- 
urement of 140 thermocouple tempera- 
tures during flight tests of planes. The 
switching of the thermocouples was de- 
scribed and the need for the short balanc- 
ing time in the recorder was explained, but 
a description of the recorder itself was 
beyond the particular purpose of that 
paper. Interest in the recorder for other 
uses, such as wind tunnel testing, turbine 
checking at sea, and, in modified forms 
for spectroscopy is the reason for the 
present paper on the recorder itself. 


Potentiometer Recorder 


Figure 1 of the multiple-point potenti- 
ometer recorder shows the scales, the 
pointer, a section of the 21-point print 
wheel (under the pointer), and the per- 
forated strip chart. The print wheel is 
pressed onto the paper once every 1.63 


“seconds by mechanical linkage from the 


same synchronous motor that drives the 
chart at constant speed. There is a violin 
string and pulley connection between the 
print wheel carriage and the slidewire 
potentiometer. All this is conventional. 
Figure 2 shows the basic potentiometer 
circuit which is used. In operation, if the 
thermocouple gets hotter, its electromo- 
tive force increases above that of the po- 
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tentiometer. The detector notes the un- 
balanced voltage and, through the bal- 
ancing system A—A, moves the contact to 
balance and with it the print wheel and 
pointer. The current through the po- 
tentiometer is standardized by manually 
moving the battery rheostat, with the 
switch in the standardizing position, until 
the potentiometer contact comes within a 
limited region, as indicated by the pointer 
coming withinamarked region of the scale. 


REFERENCE JUNCTION COMPENSATION 


The circuit of Figure 3 is used for refer- 
ence junction compensation. It is uncon- 
ventional, as the reference junctions are 
remote from the recorder with plug con- 
nectors X of uncertain contact resistance 
in the leads 1, 2, 3, and 4. To minimize 
the effects of contact resistance and still 
have the reference junctions remote from 
the recorder, a complete bridge containing 
the compensating coils is located at the 
switch box with large end coil resistors 
R, and Rp so the bridge can be supplied 
from the full 1.2 volts. 1.2 volts is the 
“end point” voltage for the dry battery 
with this circuit. 


MECHANICAL CONSTRUCTION 


In Figure 4 the door and the chart 
table are hinged away showing the slide- 
wire, in large pan shaped enclosure, its 
vertical shaft and its direct gearing to 
the balancing motor. In the rear of the 
case, between the motor and slidewire 
shaft, can be seen one of the tubes in the 
amplifier, the chassis of which is hidden. 

The amplifier and motor make up the 
balancing system shown as the detector 
and dotted line A—A of Figures 2 and 3. 


AMPLIFIER 


The amplifier handles the unbalance as 
a 60 cycles per second a-c signal obtained 
by conversion from the d-c unbalance. 
The conversion is accomplished by a vi- 
brator driven synchronously at line fre- 
quency as shown in Figure 5A. A block- 
ing capacitor C prevents direct current 
from flowing from the thermocouple cir- 
cuit to the tube or conversely. Four 
stages of triode voltage amplifiers are used 
together with one beam power output 
stage (6L6) with transformer coupling 
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to one phase of the motor. The other 
phase of the motor is connected directly 
to the line. The quadrature phase re- 
lation required between the two motor 
windings is met by a fixed amount of 
phase shift in the vibrator drive-coil 
circuit. The mechanical drive from the 
motor to the slidewire completes the 
feedback loop. By using direct current 
on the heaters of the triodes, and by 
using rubber shock mounting on the low- 
level tube (first two stages), the total 
noise is held to less than seven microvolts 
referred to the first grid. 


FILTER CIRCUITS 


External circuits may produce alternat- 
ing voltages in the thermocouple circuit 
as a result of capacitive or inductive 
coupling. If these voltages reach the 
detector input circuit, some interfering 
voltage will appear at the first grid. The 
vibrator suppresses the fundamental com- 
ponent but, like all modulators, adds 
components at new frequencies. The 60 
cycles per second component is the only 
one which produces torque in the motor, 
but the other frequencies are almost as 
bad because they overload the amplifier. 
When overloaded at an odd frequency, 
the amplifier cannot handle the regular 60 
cycles per second signal as it should. 

All this points to the need for filtering 
out alternating voltages “‘picked up” by 
the thermocouple or its leads. Figure 5A 
shows the four-section resistance capaci- 
tance (RC) filter that is used. Induc- 
tances were not used for the serieselements 
because of their inherent characteristic of 
“picking up” voltage from stray fluctuat- 
ing magnetic flux. To shield such induc- 
tances magnetically introduces complica- 
tions, size, and expense. The RC filter 
never can be built to have the sharp fre- 
quency cutoff of the LC filter, but it was 
found that it could be built sufficiently 
sharp to meet the requirements. The re- 


. quirements are: 


1. Attenuation of 60 cycles per second (and 
higher frequencies) by a factor of 500 or 
more (loss of 54 decibels or more). 
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2. Transmission of low frequencies of about 
one cycle per second and lower to 0.998 or 
better (loss of 0.016 decibel or less). 


Requirement 2 could be stated as fol- 
lows: After switching from a cold couple 
(reading at low end) to a hot couple 
(reading at the high end) the voltage at Cy 
shall assume the voltage of the hot couple 
to within 0.2 per cent in 1.5 seconds or 
less. : 

Theoretically, the use of multiple sec- 
tions in the filter is adequate to meet these 
conflicting requirements. Experimentally 
it was found that this was not sufficient. 
If electrolytic capacitors were used, re- 
quirement 2 would not be met. Many 
samples of electrolytic capacitors of many 
types and ratings have been tried. A 
typical result is shown on Figure 6A, 
which is a recorder response curve made 
with the chart driven at high speed. A 
satisfactory result with paper capacitors 
of the same 60 cycles per second capaci- 
tance is shown on curve B of the same 
figure. The reason for the excessive de- 
laying action of the electrolytic capacitors 


Figure 2.. Basic potentiometer circuit 
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Figure 1. Maultiple- 
point potentiometer 
recorder 


Figure 4. Internal 
view of recorder 


was not investigated further. It may be 
the result of interfacial polarization in- 
herent in the complex electrolytic film. 

The impedance looking into this filter 
from the detector side at low frequencies 
(and direct current) is 20,000 ohms. The 
impedance of the detector is greater than 
this so it receives the greater part of any 
change in thermocouple voltage. There- 
fore the combination of high impedance 
detector and multisection RC filter using 
paper capacitors insures that the detector 
will receive changes in the thermocouple 
voltage without serious delay or attenua- 
tion. 


DAMPING 


Because of the inertia of the balancing 
motor, there is a tendency for it to over- 
shoot the balance point. This is avoided 
by reversing the torque shortly before 
the balance point is reached. The torque 
is reversed by reversing the input to the 
detector, and this is done by introducing a 
voltage proportional to the motor veloc- 
ity.2 As the slidewire and motor are 
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HOT JUNCTION 


REF. JUNCTIONS 


geared together, the slidewire velocity is 
proportional to the motor velocity. Fig- 
ure 5B shows a simple circuit for which the 
output voltage E; is proportional to the 
rate of change of the input voltage, dE, /dt, 
provided only that dE,/dt has been con- 
stant long enough for the transient to have 
expired. If the circuit of Figure 5B were 
inserted into Figure 5A at B-B, there 
would be delivered to the detector mesh a 
voltage proportional to velocity as re- 
quired. Of course, no voltage propor- 
tional to slidewire position would be de- 
livered; however, if the circuit of Figure 
5C is used, the voltage E, delivered to the 
detector mesh is exactly one-half the volt- 
age EF of the slidewire when the slidewire 
comes to rest, and the transient has ex- 
pired. When the slidewire is moving 
there is a component in E, proportional to 
the velocity. The time constant of the 
transient is the parallel resistance from 


Figure 3. Circuit used for reference junction 
compensation 
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Resistor values are given in ohms an 


. A . ° t mas R,Re ic = 
point times capacitance RAR: 5 
10,000 X3.4X10-*=0.034 second. This 
is so small as to have only a second- 
ary effect, and the main object is accom- 
plished, that is, to introduce a voltage 
proportional to velocity for the purpose of 
damping. The damping is sufficiently 
good to permit switching, completing a 
full scale balance and printing in 1.63 
seconds. 

It will be noticed that with this circuit 
some current is drawn from the slidewire 
even at balance. Quantitatively, how- 
ever, it would require 40 ohms resistance 
in the slidewire, and its contact, to intro- 
duce an error of 0.1 per cent, and no such 
resistances ever have been found. 

With the filter circuits and damping 
circuits described in the foregoing, and 
with the high impedance detector, two 
things are accomplished: 


1. Large unbalances are completed in a 
minimum time without overshoot. 


2. The voltage level at the detector is 


Figure 6. Recorder response to a suddenly 
: changed voltage 


-A—With electrolytic capacitors in filter circuit 


B—W/ith paper capacitors having the same 60 
cycles per second capacitance as the electro- 
lytic capacitors 
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kept as high as possible, and therefore has 
the greatest possible margin above stray 
thermal electromotive forces. 


Microampere Recorder 


For the recording of thermocouple tem- 
peratures, a potentiometer recorder is 
required because it is the open circuit 
(zero current) voltage that is the function 
of the temperature. For the recording of 
light or other radiation on a barrier layer* 
photoelectric cell, a current recorder is re- 
quired because it is the short circuit (zero 
voltage) current that is the function of the 
radiation. 

Figure 7A shows, in simplified form, 


* With an emission-type photoelectric cell it is the 
combination of the cell and its voltage supply which 
should look into a short circuit (zero voltage). 


CALIBRATED 
RESISTOR 


how the slidewire type of null recorder 
can be arranged to present zero voltage to 
the photoelectric cell at balance. When 
any appreciable voltage does appear across 
the photoelectric cell, and hence across the 
detector, it operates through A-A to 
move the slidewire and so changes the 
current through the calibrated resistor 
until that current equals the current from 
the photoelectric cell, thus returning to 
zero the current through the detector and 
the voltage across the detector and photo- 
electric cell. 

Figure 7B shows how filtering and 
damping are added. It will be noted that 
resistance is inserted between the photo- 
electric cell and detector for the purpose of 
filtering yet this resistance does not pre- 
vent the photoelectric cell and the detec- 
tor reaching zero voltage at balance, as no 
direct current flows through this resist- 
ance at balance. As the slidewire has a 
low impedance, all three capacitors con- 
tribute to the filtering of alternating cur- 
rent from the photoelectric cell circuit 
away from the detector. 

The damping is provided by capacitor 
C3 which gives a component of voltage 
across the detector proportional to slide- 
wire velocity. Figure 8 shows balancing 
curves with the chart speeded up in order 
to show detail. The balance time is ap- 
proximately 0.8 second extrapolated for a 
full scale change. Most of the time the 
motor is running at top speed which is 
near to synchronous speed. The time 
lost in getting up to speed is 0.06 second 
or four cycles, and the time lost in stop- 
ping is 0.08 second or five cycles. Good 
damping is indicated by the fact that the 
time lost in stopping is nearly as small as . 
the time lost in starting. 

In addition to the null current range 
of 0.5 microampere, there have been 
added for convenience other current 
ranges and several voltage ranges by 


Figure 7. Circuits for microampere (null current) recorder 
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means of shunts and multipliers, re- 
spectively. 

A microampere recorder of this general 
type has been found by Dieke to work 
well with photomultiplier tubes for the 
direct intensity measurement of spectrum 
lines. On the lower current ranges of 
the recorder the dark current of the 
photomultipliers shows up and should be 
balanced out or subtracted from the 
readings, if the use of these low ranges 
is to be justified. 


Ratio Recorder 


The microampere recorder is suited 
well to the study of the intensity of 
spectrum lines and their variations 
arising from all causes. For spectro- 


Figure 8. Response curve of the microampere recorder to a suddenly 


changed current 
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graphic analysis, it is desired to measure 
the variation resulting from change of 
composition of the specimen being 
sparked and to suppress variations from 
all other causes. A big step in this 
direction is to measure the ratio of the 
intensity of two spectrum lines. 

Figure 9A shows in simplified form 
how a slidewire type of recorder can be 
adapted to measuring ratio. If the fixed 
resistor equals the slidewire, then the 
ratio I,/I, is read directly as the frac- 
tional position of the slidewire. 

Several experimental recorders have 
been built using this basic circuit, to- 
gether with a detector and balancing 
system about the same as that already 
described. 
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Figure 9B shows a more detailed circuit 
including the photomultipliers. The slide- 
wire resistance is 5,000 ohms so that 
small currents from S (ten microamperes) 
yield adequate slidewire voltage and 
hence good sensitivity. The drop coil 
R is 25,000 ohms so that the fundamental 
full scale ratio J,/I, is 0.2. Other ratios 
can be read by switching the ‘‘Ayrton”’ 
shunt ratio multipliers. 

The high valued resistor Rg balances 
the recorder slightly on scale for J, = 0, 
which is of value when looking for small 
amounts of dark current. Conventional 
methods of doing this were not applicable 
because of the common terminal at bat- 
tery + for J, and J;. 

Filtering for the signal J, is done as 
already described. In order that the 
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Figure 9. Circuits 
for the ratio recorder 


A—Basic circuit 

B—Circuit with fil- 
tering and damping 
components added 


Figure 10. Response curves of the ratio re- 


corder 
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recorder shall plot a steady ratio for 
fluctuating currents (of constant ratio 
I,/I;) it is necessary to filter I, also. 
Furthermore, it is necessary that the two 
filters shall have carefully matched fre- 
quency responses. 

Figure 10A, shows the record given 
with currents J, and I, of constant 
ratio, but with a reduction of both to 
one-half value, and then a return to the 
initial value. Figure 10B, is a record 
with the same recorder, made after the 
chart had been rolled back and rerun. 
The recorder is used here as a straight 
microammeter on J, by supplying the 
slidewire from a battery. The reduction 
of J, and its return to its initial value is 
shown. The effectiveness of the ratio 
method in ironing out the effect of change 
in absolute magnitude of the two currents 
is apparent. 
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Radar Systems 


Considerations 
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N the comparatively brief history of its 
development, the radar art has passed 
quickly through the general practitioner 
stage into the stage of many specialists. 
Today there are a dozen or more highly 
developed fields of specialization, all 
essential to the development of a new 
radar system. Each of these fields has 
its own basic science foundations and its 
engineering technology, and as soon as 
security conditions permit, each will have 
its own literature. To tie these several 
fields together calls for systems engineer- 
ing and planning. The over-all charac- 
teristics and performance of a radar sys- 
tem are dependent both on the excellence 
of the component parts and the nicety 
with which they are fitted together to 
perform the desired function. It is the 
purpose of the present paper to discuss 
some of these systems engineering con- 
siderations, with examples of practical 
solutions that have been found, leaving 
to the specialists in the several fields the 
more detailed and exact exposition of 
their respective arts. 

There have been many technical work- 
ers in this broad field, and both in Eng- 
land and this country they have enjoyed 
full interchange of technical information 
so that each could use the building blocks 
of the other as well as those of his own 
design. This makes it exceedingly diffi- 
cult to recognize and give credit to the 
sources of specific contributions, and the 
present paper will not attempt to do so. 
Most of the illustrative solutions shown 
are the product of Bell Telephone Labora- 
tories, but it is freely admitted that 
many of the basic ideas entering into 
these designs may have originated else- 
where. In particular, the Bell Labora- 
tories worked very closely in this field 
first with Army and Navy laboratories 
and later with the Radiation Laboratory 
of the Massachusetts Institute of Tech- 
nology, and in all cases there was the 
freest interchange of technical material. 
It is therefore a pleasure for us to recog- 
nize and acclaim the splendid research 
and development work that was done at 
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these laboratories, even though specific 
recognition of their contributions seems 
impracticable at this time. 


Antenna 


The alpha and omega of a radar system 
are its antenna. This is true in a literal 
radiation sense. It is also true in the 
sense that the antenna was usually the 
first part of the system to be blocked out 
in plan and the last part to be completely 
frozen in design. This antenna problem 
is familiar to radio engineers, but in 
modern radar where the same anterina is 
used both to transmit and receive, its 
characteristics have an even more pro- 
found influence on the performance of 
the system. The simplest radar antenna 
resembles a searchlight in that it consists 
of a suitably shaped reflector illuminated 
by one or more sources of electromagnetic 
energy. 


If the reflector is a paraboloid of 
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revolution with the source at its focus, the 
radiation is of the single lobe or beam 
variety in which the angular width of the 
beam is inversely proportional to the 
diameter of the reflector and directly 
proportional to the wave length of the 
radiation. While such a beam antenna 
has been extensively used, many of the 
more recent radar systems have de- 
manded more specialized radiation pat- 
terns. For example, in airborne search 
and bombing radars, a fan-shaped beam 
has come to be considered optimum. At 
any one position, such an antenna illumi- 
nates a narrow wedge of the terrain be- 
low, extending, ideally, from the point of 
the terrain vertically beneath the plane 
out radially to the maximum effective 
range of the system. The design objec- 
tive here is to produce as narrow a beam 
as possible with a vertical pattern such 
that substantially equal signals are re- 
ceived at all ground ranges. This re- 
quires that the effective voltage be 
approximately proportional to the square 
of the cosecant of the vertical angle 
measured downward from the horizon. 
A more recent and as yet unpublished 
study of this problem has indicated that 
some modification of this cosecant squared 
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Figure 3. Vertical antenna pattern in free space (land-based search radar system) 


formula may be advisable. In any event, 
the fair approximations to the ideal that 
it has been possible to achieve in actual 
design give satisfactorily uniform ground 
illumination. For example, the vertical 
pattern of the final stage of antenna evo- 
lution of a radar set used for search and 
bombing purposes in B-29 planes is 
shown as Figure 1. Figure 2 shows that 
quite satisfactory uniformity of ground 
illumination was achieved by this vertical 
pattern. 

Other variations on antenna pattern 
include beams very much sharper in 
azimuth than in elevation for airplane 
search purposes and the reverse for height- 
finding purposes. One of the latest re- 
finements here is illustrated by a typical 
vertical antenna pattern of a recent land- 
based air search antenna, as shown in 
Figure 3. In this case, in order to get 
high angle coverage, something approach- 
ing the cosecant squared pattern is 
achieved, the vertical angle being meas- 
ured upward rather than downward 
from the horizon. 

In general, land- and ship-mounted 
radar sets used to search the horizon for 
either ships or planes must take account 
of the fact that the intervening land or 
water surfaces reflect that part of the 
radiation directed below the horizon. 
Combination of the direct and the re- 
flected waves produces a characteristic 


Figure 4. Vertical coverage chart (land-based 
radar system at a low site overlooking water) 
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interference pattern in the vertical plane, 
greatly extending the range of the radar 
system at certain elevation angles and 
correspondingly reducing it at inter- 
mediate angles. A typical vertical per- 
formance or coverage chart of a light 
early-warning system is shown as Figure 
4. In this case the beam in free space is 
fan-shaped with a horizontal width of 
about 3.5 degrees. The horizontal pat- 
tern is not greatly affected by the surface 
reflection, while the vertical pattern 
shows the very sharp lobes resulting from 
direct and reflected wave interference. 


Frequency 


Since the whole trend of radio develop- 
ment in the past two or three decades has 
been toward shorter wave length and 
higher frequency, it is not surprising that 
the same trend should have characterized 
radar development. In the case of radar, 
however, there were considerations over 
and above those applying to radio, which 
put a large premium on higher frequency 
and shorter wavelength. This is because 
radar is essentially a seeing and measuring 


Figure 5. Effect of 


wave length on 
attenuation caused 
by rain 
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art, and fineness of vision and precision’ 


of measurement are related directly to 
fineness or shortness of wave. This, of 
course, comes about from the fact that 
with an antenna of given physical dimen- 
sions, the spread of the beam is propor- 
tional to the wave length, other things 
being equal, so that as the beam sweeps 
through an angle, its ability to discrimi- 
nate between two nearby reflecting 
objects is an inverse function of the beam 
width. The above assumes that the two 
objects are at equal range. If, on the 
other hand, they are on a line with the 
radar antenna but at unequal range, the 
ability of the radar set to discriminate 
between them is an inverse function of 
the pulse length. It follows from the 
above broad reasoning that each radar set 
will be characterized by a figure of con- 
fusion in space, the cross-section of which 
is directly related to the beam height and 
width and the depth of which is directly 
related to pulse length. Within this 
figure, multiple reflectors will appear as 
one. Reflectors that cannot be encom- 
passed within such a figure of confusion, 
on the other hand, would be resolved. 
Actually, certain characteristics must be 
met in other parts of the radar system, 
notably in the intermediate-frequency 
(hereafter referred to as i-f) and video 
amplification and in the cathode ray tube 
properties, in order to realize the theo- 
retically possible discrimination provided 
by the radiation system. It is quite 
practicable, however, and in fact common 
practice, to design the rest of the system 
so that the discrimination of the radiation 
system is limiting. Since, with fixed 
antenna size, beam width is directly pro- 
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portional to wave length, it follows that 


to achieve high resolution or high dis- 


_ crimination, radar had a very special 
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reason for seeking higher frequencies and 
the same reason for preferring shorter 
pulse lengths even though the latter, in 
general, meant a sacrifice in range. 
Actually, early radar sets made the best 
use of prewar technology and employed 
wave lengths down to about one meter. 
In four fairly discrete steps, this wave 
length was reduced successively to bands 
in the neighborhood of 40, 10, 3, and 1 
centimeter. This change was accom- 
panied by the use of shorter and shorter 
pulses so that the over-all effect of the 
development was to decrease the volume 
of the figure of confusion by about five 
orders of magnitude, two each for height 
and width and one for depth. As in so 
many other trends of this. kind, these 
advantages were not gained without 
penalties. In fact, in the case of the 
shortest wave length mentioned, atmos- 
pheric absorption and raindrop interfer- 
ence get to be such serious limitations as 
to appear to restrict this and shorter 
wave lengths to only very special uses. 
Figure 5 shows the relation of attenuation 
to precipitation at different wave lengths, 
and Figure 6 shows the effect of energy 


absorption by gaseous components of the 
atmosphere. If this restriction proves 
real and permanent, it appears that the 
useful free space spectrum has now been 
explored and, in fact, is rapidly being 
conquered and settled. 


Transmitter 


The two principal elements of the 
transmitting system are the radio-fre- 
quency oscillating tube and the source of 
high-voltage pulses, variously called a 
keyer, modulator, or pulser. It is the 
function of the latter to deliver to the 
oscillator tube square-topped spurts or 
pulses of very high voltage of the order 
of a microsecond in length and spaced of 
the order of a millisecond apart, these 
specific values varying over considerable 
ranges according to the specific purposes 
of the radar equipment. 

Two basic methods have been used to 
form the microsecond pulses: 

1. Short-circuiting or open-circuiting a 
charged artificial transmission line, often 
called a pulse network. : 


2. Creating large-voltage surges by driving 
a magnetic circuit into the region of satura- 
tion. 


In connection with 1, the switches used to 


Figure 6. Effect of wave length on attenuation caused by gases in atmosphere 
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Figure 7. Magnetron input current delivered 
by hard tube modulator 


3/3 usec, 800 pulses per second 
Magnetron current= 4.5 ma average 


=14 amp peak 
Rise time =0.03 psec 
Pulse width =0.492 psec 
Pulse scale =0.07 psec per division 


Figure 8. Magnetron frequency spectrum 
(scale =10 megacycles per division) 


open- or short-circuit the charged pulse 
network have been 


1. High-voltage vacuum tubes. 
2. A spark-gap discharge either of the 
open air or enclosed type. 


3. The hydrogen filled thyratron. 


Since these several forms of modulators 
will be described in detail by others, 
suffice it to say here that all of them were 
applied extensively in operating systems, 
with recent design tending toward a pref- 
erence for the hydrogen thyratron. 
During the brief interval of the pulse, 
powers ranging up to the order of a mega- 
watt may be delivered by the pulser. 
Since the particular combination of cur- 
rent and voltage put out by the pulser 
may not be that required by the oscil- 
lator, it is common to interpose a pulse 
transformer, the function of which is to 
step the voltage up or down to the desired 
level. In some radar systems, a trans- 
mission line is required between the pulser 
and its associated transmitter, in which 
case pulse transformers may be required 
at each end of the line. A typical oscillo- 
gram of the magnetron input current as a 
function of time, delivered by a hard tube 
modulator used extensively in airborne 
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systems, is shown in Figure 7. The fre- 
quency spectrum produced by this pulse 
is shown on Figure 8. 

Various forms of more or less conven- 
tional triodes found application as trans- 
mitting oscillators in the earlier longer 
wave radar sets. In this class of tube, 
time of flight of electron from cathode to 
plate must be short compared with the 
signal period—an increasingly serious 
limitation as the art moved into the 
microwave range. Velocity modulation 
tubes avoid this limitation in a sense by 
making use of the electron stream in 
flight. A particular form of velocity 
modulation tube, the cavity magnetron, 
has virtually monopolized the transmit- 
ting oscillator role in the more modern 
systems. In fact, its adaptation to very 
high power, very short pulse operation, 
and its very high frequency stability 
make it ideally suited to this purpose. 
In earlier forms, the magnetron was a 
fixed frequency device, but more recently 
external means of tuning over a moderate 
range have been devised and applied in 
practical design. While the frequency 
of the cavity magnetron is largely con- 
trolled by its built-in cavity construction, 
it is, of course, necessary to couple the 
oscillations in the internal cavities with 
the output line, and the reaction on the 
magnetron of this coupling imposes some 
neat problems of system design. As the 
antenna scans, the impedance facing the 
magnetron varies on account of varying 
reflections from discontinuities such as 
rotary joints in the output line to the 
antenna. These effective impedance 
changes, reflected back into the mag- 
netron through its output coupling, tend 
to modulate or pull the frequency of the 
magnetron. Maximum power output 
calls for tight coupling between the 
magnetron and its antenna system, but 
such tight coupling in turn accentuates 
this pulling effect. In addition, there is 
a “long line’”’ effect which causes an im- 
pedance irregularity to be more serious 
the longer the transmission path between 
it and the magnetron. Practical system 
design makes it necessary to take all of 
these factors into account and to tailor 
the characteristics of the magnetron to 
the degree of smoothness and excellence 
it is practicable to achieve in the radio 
frequency transmission system. 


Duplexer 


One of the most important practical 
contributions to radar design was the 
development of duplexer methods making 
it possible to use the same antenna for 
both transmitting and receiving purposes. 
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Since the outgoing radar pulse occupies a 
very small fraction of the time, charac- 
teristically about one-tenth of one per 
cent, a switch which would associate the 
transmitter with the antenna during this 
brief interval and then disconnect the 
transmitter and connect the receiver 
during the relatively long silent interval, 
was called for. Since the total cycle, 
however, was only of the order of a milli- 
second, a very fast switch was required. 
In practical design, a gas-filled “TR” 
tube was almost universally used for this 
purpose. It is obvious that the require- 
ments that this tube protect the receiver 
during the very high power transmitting 
interval and that it recover rapidly 
enough to admit echoes from nearby 
targets and thus achieve the desired 
minimum range for the system made it a 
very important element. Figure 9 shows 
the transmission characteristics of a 
typical ‘‘TR” tube assembly as measured 
in the transmit and receive paths over one 
complete pulse cycle. 


Receiver 


From our present point of view, the 
most significant elements of the radar re- 
ceiver in order in the circuit are the beat- 
ing oscillator, the detector, the i-f ampli- 
fier, followed by a second detector and 
video amplifier, and finally the display 


MAGNETRON 


system. While each one of these ele- 
ments has its own peculiar art, there are 
certain broad systems considerations. 
For the early long wave length radar 
sets, beating oscillators were of the more 
or less conventional triode construction. 
In fact, one very special triode, the so- 
called lighthouse tube, has been used as a 
beating oscillator up into the microwave 
range. As in the case of transmitting 
oscillators, velocity modulation has been 
the key to the design of most of the re- 
ceiving or beating oscillators used in 
microwave systems, and for the most 
part, these have been of the single-cavity 
built-in type. The earlier forms had 
fixed or manually tuned cavities and be- 
yond this, were tunable within a fairly 
narrow range by adjustment of the 
voltage of the repeller electrode. Not 
only was this voltage adjustment used 
for narrow range manual tuning of the re- 
ceiver to its transmitter output, but 
automatic frequency-control circuits em- 
ploying an intermediate frequency-dis- 
criminator circuit were devised which 
regulated the repeller voltage at the 
proper value for reception of echoes of the 
transmitted pulse. These automatic fre- 
quency-control circuits were not without 
their difficulties, but various improve- 
ments were introduced so that those 
embodied in most recent systems were 
quite stable and satisfactory. A typical 
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Figure 10. Typical velocity-modulated beat- 
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velocity-modulated beating oscillator with 
built-in cavity is shown as Figure 10, and 
the relationship between frequency and 
repeller voltage is shown as Figure 11. 

More recently, thermal means of con- 
trolling oscillator cavity size have been 
devised, the heating effect being regulated 
by a control voltage. A typical relation- 
ship between this thermal control voltage 
and oscillator frequency is shown in 
Figure 12. Where thermal control of this 
type is available, automatic frequency 
control may be built around it rather than 
resorting to repeller voltage control as in 
the earlier systems. 


First Detector (Converter) 


In a radar system, the selection of fre- 
quency is based among other things on 
the noise figure available in the receiver. 
The input circuit of the receiver is the 
low-signal level point of the system, and 
the problem here has been to achieve the 
greatest possible freedom from noise. 
The longer wave radar receivers employ a 
combination of vacuum tube pre-ampli- 
fier and detector to achieve the best noise 
figure. In general, however, crystal de- 
tectors of the fixed cat’s-whisker-on- 
silicon type have been almost universally 
used at wave lengths of about 30 centi- 
meters and less. Figure 13 shows a com- 
parison between the noise values of the 
lighthouse tube as an amplifier or detec- 
tor, and the crystal-type detector. A 
great amount of development work has 
been done on these crystals, with the re- 
sult that a uniform product has been 
achieved within a few decibels of the 
theoretical resistance noise limit. While 
the crystal is not strictly frequency- 
sensitive, optimum design calls for differ- 
ent crystal units for the different fre- 
quency bands, Means must be provided 


high-voltage overload which would de- 
stroy its sensitivity. 


Intermediate Frequency 


Choice of intermediate frequency rests 
on a number of factors, including signal- 
to-noise ratio and band width. About 90 
decibels of i-f gain is required with a band 
width of from one to ten or more mega- 
cycles. Since resistance noise (power) is 
proportional to band width, the early 
tendency was to make i-f amplifiers as 
narrow as possible consistent with the 
pulse length to be accommodated. In 
more recent systems, there has been a 
trend toward wider band receivers as a 
means of sharpening up the picture. 
While, for example, a one-megacycle i-f 
system followed up by a one-half-mega- 
cycle video system would be expected to 
give approximately the optimum signal- 
to-noise ratio for a radar set employing a 
pulse of about one microsecond, it has 
been found in certain types of display that 
considerable advantage can be had by 
widening the band by a factor of as much 
as five. In such cases the increased noise 
is more than offset by the greater sharp- 
ness of the signal and by the finer grain 
structure of the noise. 


Actually, most of the i-f amplifiers 
have been designed around a frequency of 
either 30 or 60 megacycles, but it would go 
beyond the scope of the present paper to 
discuss the relative uses and advantages 
of these two intermediate frequencies. 
Great progress has been made in achiev- 
ing very low noise amplification and in 
producing the desired gain and gain fre- 
quency characteristic with a minimum of 
tubes and other components. The de- 
velopment of the 6AK5 high figure of 
merit miniature pentode was a great boon 


in the system to protect the crystalfrom to i-f amplifier designers. Figure 14 
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attached shows an i-f strip employing six 
6AK5 tubes and giving a gain of 65 deci- 
bels at a band width of 13.5 megacycles, 
centered at 60 megacycles. The design 
of the second detector and video ampli- 
fication circuits is closely related to the 
television art and perhaps deserves no 
further comment in this paper. 


Display Circuits 


The cathode ray tube has been sub- 
stantially without a competitor for radar 
display purposes. A variety of display 
techniques has been developed, and a 
variety of cathode ray tubes of several 
sizes and of several different phosphors 
has been developed to meet the needs of 
radar systems. Rather than trying to 
tabulate these several varieties and their 
uses, the systems problem will perhaps 
be best illustrated by taking one of the 
most important combinations and ex- 
amining its characteristics in relation to 
over-all performance. For this purpose, 
we choose a high-persistence so-called 
cascade phosphor and operate the tube as 
a plan-positon indicator in which each 
sweep is radial from the center to the 
outer edge and the direction of the sweep 
rotates like the spoke of a wagon wheel, 
at any instant the direction corresponding 
to the direction in space of the scanning 
antenna. The beam is intensity-modu- 
lated by the video signal, and the radial 
sweep is timed to correspond to the out- 
ward sweep in space of the radar pulse. 
In such a display, therefore, signals are 
shown on the face of the tube in their 
plan position relationship in space, the 
center of the tube normally corresponding 
to the position in space of the radar set. 
Here, again, the problem is not unlike 
that of a television receiver scope except 
that in the plan-position indicator type of 
display, a different scanning system is 
employed. In most recent systems, a 
permanent magnet focusing mechanism 
has been employed, the principal ad- 
vantage being stability of adjustment and 
economy in the use of rectified power as 
compared with the earlier electromagnetic 
focusing scheme. To produce a wagon- 
spoke rotating beam needed to follow an 
all-around-looking antenna, best results 
have been achieved by placing an electro- 
magnetic sweep coil around the neck of 
the tube and rotating the coil in syn- 
chronism with the scanning antenna. 
Gain, intensity, and focus controls paral- 
lel closely those found in television prac- 
tice. It should be noted here, however, 
that special features such as facilities for 
expanding desired portions of the picture 
or stabilizing the picture against motions 
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Figure 14. Typical 
i-f amplifier assembly 


of the mother plane or ship have been de- 
vised and afford very important im- 
provements in certain display systems. 
Methods also have been devised for dis- 
criminating between fixed and moving 
targets. These methods are of great 
importance in search systems where 
echoes from distant planes tend to be 
masked by permanent echoes from 
mountains or other features of the ter- 
rain. 


Fire Control Radar 


The above discussion deals primarily 
with radar as a search device. Many of 
its most important military applications, 
however, go beyond this search or seeing 
function to the more precise measuring 
function of fire control. In general, a 
radar fire control system must perform the 
following functions: 


1. Precise three-co-ordinate location and 
tracking of the present position of the target. 


2. Prediction of the location of the target 
at some future time, for example, the time 
at which a projectile would ‘cross its path. 


8. Generation of control orders, such as 
signals, to train and elevate the gun, set the 
fuse, and, in general, control the fire. 


4. Servo systems for carrying out these 
orders. 


When the fire control system is located on 
a plane or a ship, these problems are 
greatly complicated by the motions of the 
mother vehicle, calling in turn for stabi- 
lized reference systems and much other 
gear, 

Automatic tracking is achieved by one 
or another form of lobe switching in which 
the antenna beam is rapidly switched 
back and forth between two angular 
positions and the target is centered be- 
tween these positions by making the two 
received echoes equal. In fact, a servo 
system having as its input the echoes re- 
ceived from the two lobes can then be 
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made to drive the antenna to a position 
where the two echoes are equal, and thus 
continuously adjust the antenna to such 
a position as the source of the echo moves. 
A variation on lobe switching in which the 
antenna conically scans, makes it possible 
to center the antenna in both azimuth 
and elevation and similarly uses two 
servo systems to track automatically in 
both dimensions. Automatic tracking 
in range involves a different technique. 
For this purpose, it is necessary to build 
into the radar a range unit producing a 
variable range pip or marker which may 
be compared with the range of the incom- 
ing signal. Here again it has been possi- 
ble to make this range tracking automatic 
by employing a servo system which 
drives the range unit up or down under 
control of a voltage representing the 
deviation of the indicated range from the 
actual range. The same servo drive can 
be used to drive a shaft or potentiometer 
to give an output angle or voltage pro- 
portional to range. - By resorting to pre- 
cision methods, radar sets have been de- 
vised which not only track automatically 
in all three dimensions but which deliver 
present position information continu- 
ously to a computing system to accuracies 
of a few mils in angle and a few yards in 
range, this without the target ever being 
visible and, in fact, without human 
assistance once the radar equipment is 
locked on the desired target. The art, 
based fundamentally on feedback ampli- 
fier theory, of producing servo systems 


that are tight enough to give the desired 


speed and accuracy of response and at the 
same time stable over the operating range 
has been adequately treated elsewhere. 


~ 


Computers 


As it is the purpose of this paper to deal 
primarily with radar systems, any de- 
tailed discussion of computers would be 
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beyond its scope. 
out, however, that association with com- 
puters in a fire control system has a pro- 
found effect on the requirements to be 
imposed on the radar system proper. A 
more detailed consideration of one par- 
ticular combination of radar and com- 


It is pertinent to point 


puter would illustrate this point. In a 
radar bombing system, fire control be- 
comes bombing plane and bomb control. 
The computer, as before, has as inputs 
present-position information about the 
target. It must predict the future posi- 
tion of the target, the time interval being 
that required for the bomb to fall from 
the plane to the ground. The fire control 
orders in this case are directions to the 
pilot or to the automatic flight control 
equipment as to the proper course for the 
bombing plane and directions to the 
bomb release mechanism as to the instant 
in the plane’s flight at which the bomb 
should be released. Such a computing 
mechanism must also be given as inputs 
the altitude of the plane and the ballistic 
characteristics of the particular bomb to 
be dropped. These are either previously 
known or separately determined and set 
into the computing mechanism in ad- 
vance. Here again a great amount of 
development work has been done to 
improve the practicability and accuracy 
of the system and to make the best use of 
the not too adequate radar data avail- 
able. The complexity of the problem 
and of the equipment required to solve it 
is perhaps best indicated by the photo- 
graph, Figure 15, of a bomb sight com- 
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Figure 15. Com- 

puter used with air- 

borne bombing 
radar 


puter developed and introduced in radar 
bombing shortly before the termination 
of hostilities. Without attempting to 
explain the mechanism, suffice it to say 
that this computer performs the following 
operations: In association with a radar 
system displaying before the bombing 
operator a plan-position indicator type of 
“map” of the target terrain, the operator 
tracks by centering electronic range and 
azimuth markers on the ‘‘target.”” This 
tracking process not only feeds present 
position into the computer but at the 
same time enables the computer to deter- 
mine the essential forward and transverse 
rates of the plane. Into the computer 
will previously have been set the ballistic 
constants of the bombs to be dropped. 
The height of the plane above the terrain 
will have been determined by a prior 
range tracking on the nearest ground re- 
turn which would come from that verti- 
cally beneath the plane. Using these in- 
put data, the computer will predict the 
future position of the plane at an interval 
equal to the time-of-fall of the bomb; it 
will set up steering orders, either to the 
pilot or through the automatic flight con- 
trol equipment, to move the plane into 
the correct position and heading; and it 
will give a bomb release order or control 
signal to operate the release mechanism 
at the correct instant. In the particular 
equipment shown, the computations 
assume level, steady flight, a limitation 
which it would require considerable addi- 
tional gear to remove. This computer 
does, however, afford one very important 
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additional facility, namely that of offset 
bombing. Because of the coarseness of 
radar data, information about the terrain 
is at best not too good. Certain land- 
marks do stand out sharply, and the geo- 
graphical relation of these to strategic 
targets may be known or determined by 
reconnaissance. The ability to track a 
radar landmark and bomb a target of 
known range and azimuth offset from the 
tracking point greatly increases the 
flexibility of the equipment. The com- 
puter shown provides this feature, so that, 
having set in known offset co-ordinates, 
the operator proceeds as though to bomb 
the aiming point, the computer making 
the corrections and actually directing the 
attack against the target. 


Radar bombing systems cover a wide 
range of weight and complexity and 
require nice judgment to reach a fair bal- 
ance between such factors as operating 
facility and precision on the one hand and 
equipment bulk, reliability, and other 
“price” factors on the other. Enough 
progress has already been made to assure 
that highly flexible and precise radar 
bombing systems will become available 
at a “‘price’”’ that is in reasonable balance 
with other factors. 


Any discussion of radar systems would 
be incomplete if it failed to touch on the 
allimportant question of testing and test 
equipment. Actually, the practical suc- 
cess of radar in the field was largely de- 
pendent on the provision of adequate 
specialized test gear. This was an art in 
itself, the treatment of which is reserved 
for a companion paper. 


This paper will have served its purpose 
if it gives a technical background for the 
more detailed exposition of the many- 
sided art that is modern radar. Security 
will probably continue to limit workers in 
this field in the telling of their story, but 
it will be possible to tell enough to indi- 
cate clearly the truly wonderful advances 
in electronic and related arts that have 
brought radar to its present stage of 
development. 


TRANSACTIONS 215 


A New Wire Recorder Plead Desian 


T. H. LONG 


MEMBER AIEE 


Synopsis: Certain defects inherent in the 
usual design of wire recorder heads are 
pointed out. Some defects are of a prac- 
tical nature and one is based on theoretical 
considerations. An improved design is 
proposed on which a limited amount of ex- 
perience has been obtained. A natural 
modification of this design permits level- 
winding across the record-playback head, 
thus distributing the wear and resulting in 
a head that is virtually self cleaning. 


ORK with wire recording during 

the past few years seems to have 
been confined to two general types of 
heads for recording, playback, and erase 
purposes.> These are illustrated to a 
somewhat enlarged scale in Figures 1 
and 2. Figure 1 shows two variations of 
the so-called open type of head in which 
the recording wire runs over a grooved 
pole piece, and Figure 2 shows a closed 
type of head in which the relation be- 
tween the recording wire and the pole 
piece is substantially the same as in 
Figure 1, but in which the exciting coil 
surrounds both the pole piece and the 
wire. 

Certain combination heads have been 
developed which combine the functions 
of record and erase in one structure. 
These always use separate gaps for the 
erase and the record operations. Play- 
back is over the record gap. The struc- 
tural modifications seem obvious and are 
not shown. The principal difference be- 
tween a record or playback head and an 
erase head is that the latter ordinarily 
uses a gap of about 0.010 inch, and the 
playback gap for a wire speed of two feet 
per second is preferably about 0.0015 
inch. 

Figure 3 shows the relative record-and- 
playback characteristics for the open and 
closed type heads. A qualitative analy- 
sis of the situation that causes this differ- 
ence between open and closed type heads 
has been given by Holmes and Clark.! 
According to this analysis, the so-called 
stray field is responsible for the irregulari- 
ties, since the phase relation between the 
stray field and the main field depends on 
the frequency and the wire speed. It 
should be pointed out that a closed head 
greatly reduces the effect of stray fields, 
since the leakage flux has to go through 
the coil to contribute any adverse effect 
(on playback). 

Figure 4 is a photograph of an equip- 
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ment that has been set up to study ex- 
perimentally the characteristics of various 
types of heads. This is arranged so that 
it can be operated on a continuous loop of 
wire about 20 or 30 feet long, or so that it 
can be operated from spool to spool. Pro- 
vision is included for various speeds from 
1.25 to 5 feet per second. The playback 
head is located a few feet along the wire 
from the record head so that in listening 
tests it is possible to get a quick com- 
parison between a few bars of music as 
recorded and as played back. This al- 
most instantaneous playback is very use- 
ful in collecting data, especially when 
working from spool to spool. 
The first heads used on this equipment 
were of the closed type but in which the 
operating gap wasadjustable. Anoptical 
system was used that made it possible to 
project on the wall of the room a 150- 
diameter enlargement of the operating 
gap and the wire traveling through it. 
One of the first things discovered with 


Open type record-playback head 


Figure 1. 


A—High impedance head with lamineted 


magnetic structure 


B—Low impedance single lamination head, 
used with step-up transformer on playback 
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Figure 2. Closed type single lamination 
record—playback head 


Lamination thickness is exaggerated 
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this equipment was that the gummy resi- 
due that accumulates on the heads is a 
magnetic mud that has a shunting effect 
on the working gap. This seems to be of 
little consequence at low frequencies, but 
the effect at 5,000 cycles may be as great 
as 15 decibels or more, for a two-foot-per- 
second wire speed. 

It was found that by frequent cleaning 
with carbon tetrachloride, quite consist- 
ent results were possible, even at high fre- 
quencies. It seemed apparent that in 
more conventional head designs there 
would be little trouble from this accumu- 
lation of magnetic mud, since the operat- 
ing gap is filled with solder. The actual 
event however was contrary to this wish- 
ful thinking. 

By lifting the wire a little as it moved 
through the gap and observing the en- 
larged image on the wall, it was de- 
termined that at low frequencies it made 
no difference where the wire was in the 
gap until the wire started to leave the 
region between the sides of the groove. 
At high frequencies (5,000 cycles), how- 
ever, the smallest motion perceptible in 
the enlarged image on the wall, corre- 
sponding to about 0.0002 inch at the gap, 
made a difference in playback of about 
three decibels. These tests were made at 
the playback head, since there was no time 
lag there between cause and effect. 
Subsequent experiments show that for 
high frequencies the effect at the record 
head may be even more pronounced. 


It is an unfortunate fact that this mag- 
netic mud frequently will build up under- 
neath the recording wire, even with sub- 
stantial tension in the wire and working 
over a small radius such as one-fourth 
inch. This causes the actual performance 
of such a system to be rather uncertain 
above about 2,500 cycles, at least for wire 
speeds on the order of two feet per second. 


By the simple expedient of using suffi- 
cient carbon tetrachloride and using it 
often enough, it is possible to keep the 
grooved type of heads fairly clean. But 
this has caused another sort of trouble, 
since with no lubricant whatever the wire 
may abrade the head sufficiently to cause a 
6- or 7-decibel increase in the noise level. 
This noise level evidently is due to micro- 
phonic action of the head. In such cases 
a drop of oil on the head will bring the 
erase noise level down about three deci- 
bels in the first minute, and another three 
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or four decibels in a few more minutes. 


Another minor disaster that may hap- 
pen with the grooved type of head is that 
after running for quite a while on wire 
that is 0.004 inch in diameter some wire 
may come along that is 0.0042 inch in 
diameter. The least that will happen is 
that the wire will bind in the head. This 
may cause repeated breakage of the wire, 
and certainly will introduce a pronounced 
kinkyness on account of cold working one 
side of the wire 


This also may cause a substantial 
change in the magnetic quality of the wire 
and the partial loss of any recording then 
onit. Unless the wire is run with an un- 
usual amount of tension the curliness 
alone caused by such an accident will pre- 
clude further use of that particular section 
of wire. Itis true that such things do not 
happen often but they are vastly annoy- 
ing when they do happen. 

This raises a question as to the practica- 
bility for home or school use of any head 
that depends for its performance on run- 
ning the wire at the bottom of a groove, 
unless some means can be devised to in- 
sure intimate contact between the wire 
and the pole pieces. A suitable method 
should preclude the possibility of the 
binding action just described. The tend- 
ency of mud to accumulate under the 
wire is a factor that must be overcome 
by eliminating the mud or redesigning the 
head so it will be easy to clean. 


Magnetic Considerations 


It can be shown (see appendix) that for 
small values of lamination thickness or 
cylinder diameter, the flux penetration is 
less in the lamination. By an extension 
of the idea that the flux penetration is a 
function of the curvature of the surface 
penetrated, it follows that the penetration 
will be even less into a concave surface 
than into a plane surface, and this de- 
crease of penetration will be marked 
particularly when the concave surface has 
a small radius, such as 0.0025 inch. 


These considerations make it appear 
that the conventional head design in 
which the recording wire runs at the bot- 
tom of a narrow groove is not a good de- 
sign magnetically, unless the laminations 
are so thin that skin effect is not appreci- 
able. 

Since satisfactory operation requires a 
biasing magnetomotive force in the record 
gap having a frequency as high as 20 to 
40 kilocycles, the required laminations 
would be around 0.005 thick if of conven- 
tional high permeability alloy, and a de- 
sign that would be satisfactory from me- 
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Figure 3. Playback 


characteristic taken 
with closed type 
record head ra 
ss) 
O—Opentypeplay- & 
back head < 
@®—Closed type < 
=< 


playback head 


50 100 


Cee Dee 1000 CL eo Aiea) 10000) Bare 


FREQUENCY IN CYCLES PER SECOND 


Figure 4. _ Experi- 

mental equipment 
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back studies 


Figure 5. Record- 
playback character- 
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chanical considerations becomes difficult. 
An alternative solution would be to use 
a low permeability alloy or even powdered 
iron. However, such a step would reduce 
the playback efficiency somewhat, and it 
is not clear that there would be any net 
gain, even if the bottom of the groove 
could be kept clean. 

It is reasonably clear that the magnetic 
requirements for a good record head are 
somewhat opposed to those for a good 
playback head, since in the latter case 
skin effect in the magnetic structure is of 
no importance and a material of maximum 
permeability would be most desirable. 
In the record head any reduction in 
permeability without reducing the satura- 
tion flux density reduces the skin effect 
and therefore reduces saturation effects. 

There is clear evidence of saturation in 
the record head at levels below that at 
which saturation occurs in the wire. 
This is shown by Figure 5A, which is a 
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plot of the playback response versus 
record bias at several record frequencies, 
and on a conventional closed type head. 
The fact that the bias for maximum re- 
sponse decreases as the frequency in- 
creases is a clear indication of saturation 
in the record head. Without saturation 
in the record head all record frequencies 
would show maximum playback at the 
same value of bias. 

Minimum third harmonic distortion is 
obtained at that bias that gives maximum 
low-frequency response, and in other fre- 
quency response curves given here, the 
bias has always been set at the lowest 
value consistent with maximum response 
at 500 cycles. 


New Head Design 
As a result of these considerations it 


seemed worth while to try a head design 
on the order of that shown in Figure 6. 
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We were forced to that conclusion while 
experimenting with a record head of the 
same general type but with a groove for 
the wire to run in and a closed type wind- 
ing. The playback head in this experi- 
ment was the conventional type of Figure 
2. The results seemed quite erratic, and 
in running down the cause it was found 
that at high frequencies the playback re- 
sponse was eight decibels higher when the 
wire was out of the groove and running 
across the top of the lamination than 
_ when the wire was bottomed properly in 
the groove. The single lamination used 
was about 0.060 inch thick, the groove 
about 0.030 deep including a shallow V at 
the top,and in operating on a continuous 
loop the wire frequently would not return 
to the groove after the knot went past. 


It was found by using a head of the 
type shown in Figure 6 for record pur- 
poses, that with either an open or a 
closed type of winding it substantially 
duplicated the performance of the con- 
ventional closed type head of Figure 2 
when used with stainless steel wire of 
moderate coercive force (around 175 
oersteds) and usual retentivity. With 
this type of head (of Figure 6) there is 
virtually no difference between the per- 
formance with a closed type winding and 
with an open type winding. The reason 
for this is evidently the fact that the wire 
leaves the record head in a direction in 
which the magnetomotive force gradient is 
negligible so that it experiences negligible 
demagnetization except that which neces- 
sarily occurs immediately after passing 
therecord gap. When used asa playback 
head it seems that the so-called stray 
field is quite negligible since the recording 
wire is running substantially tangent to a 
cylinder. See Figure 7A for playback re- 
sponse on closed type head for closed type 
and new open type record heads compared 
on the same loop of wire. 

In recording with the same head on a 
wire that had a coercive force of about 250 
oersteds, it was found that in the high fre- 
quency range the playback response was 
up to 10 decibels higher than with the 
head of Figure 2. In fact, it was so good 
that if the frequency range of interest is 
limited to 7,000 cycles* at the upper end, 
there is no point in doing much high fre- 
quency equalizing. Figure 7B shows the 
same sort of comparison as Figure 7A, but 
for wire having a coercive force of 250 
oersteds. 

It perhaps should be pointed out that 
this improvement in high frequency re- 
sponse depends on the production of a 
high coercive force wire. Without this 
there is no appreciable gain at high fre- 
quency except in reliability, and there 
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Figure 6. New design of open type head 
that is easily cleaned and magnetically efficient 


may be.a net loss of one or two decibels at 
frequencies on the order of 100 cycles. 

The same construction is applicable to 
erase heads, but in this case it becomes 
important to use a bakelite receptacle 
rather than the brass ring shown. The 
high frequency erase current is sufficient 
to generate substantial heat in the brass 
ring. 


Practical Considerations 


Experience with this new type of head 
so far has been most instructive. When 
the record gap is filled with soft copper 
there is a pronounced tendency for metal 
to drag across the gap from the pole 
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pieces, and eventually to shunt the gap. 
There seems also to be a tendency to 
undercut the copper. These two factors 
explain the short life occasionally ex- 
perienced with the grooved type of head 
in which the working gap is filled with 
solder as a usual practice. 

It would seem desirable to fill the gap 
with something that would wear away 
more slowly than the pole pieces, and 
hardened beryllium copper has been used 
for this purpose, with satisfactory results 
to date. 

The most significant advance involved 
in this new type of head is that it is a 


very simple head to clean and keep clean. © 


Our experience indicates that there is no 
way to obtain reliable performance at de- 
sirable wire speeds without virtually 
eliminating dirt from the record and 
playback heads. Eliminating dirt from 
the erase head is also desirable but not so 
critical on account of the wider gap (about 
0.010 inch). 

With a head design in which the operat- 
ing part of the head is an element of a 
cylinder the possibility of level-winding 
across the head naturally suggests itself. 
This would result in playing the recording 
wire back and forth along the length of 
the working gap (the wire crosses the gap 
at right angles) and this would distribute 
the wear and at the same time help keep 
the working surface clean. Figure 8 
shows an experimental design of such a 
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Figure 8. Experimental model of level-wind 
head with open type winding 
This has been modified from the design of 
Figure 6 by lengthening the record gap along 
the axis of the cylinder 


head in which the wire plays back and 
forth one half inch as the level-wind 
travels in and out. 

Experimental results to date on this 
level-wind type of head have been com- 
pletely satisfactory. Response data indi- 
cate the same performance as for the head 
illustrated in Figure 6. 


Conclusions 


Certain defects of a practical nature 
have been found in heads of conventional 
design. These defects seem to be in- 
herent in the design of these heads and the 
nature of the problem. 

Improved designs have been tried ex- 
perimentally and their performance veri- 
fied as far as electromagnetic character- 
istics are concerned. ; 

There has not been time enough for 
the experience that is required to es- 
tablish their practical merit beyond any 
question, but the nature of the change 
makes their practical merit seem very 
likely. 

On the experimental equipment shown 
in Figure 4, a maximum range between 
saturation and erase noise level of 45 
decibels is obtained regularly. This cor- 
responds to a usable dynamic range of 
about 40 decibels. The quality is com- 
parable to vertically cut vinylite records. 

It has been shown quite clearly that the 
new design reduces magnetic saturation 
effects at the record head. It should 
therefore reduce cross modulation effects. 

In those cases in which the level-wind 
feature can be sacrificed, the possibility 
is presented of accomplishing tone con- 
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trol in a very simple manner. It would 
be necessary only to taper the playback 
gap from say 0.0015 to 0.003 inch and 
shift the recording wire to the wider part 
of the gap to eliminate the higher fre- 
quencies in the playback. 


Appendix 


Practical units and inch dimensions are 
used in the work that follows, except that p 
is given in microhms per centimeter cube 
corresponding to usage in tables. Let 


ry =radius in inches to cylindrical element of 
radial thickness dr or distance in 
inches from center plane to plane 
element of thickness dr 

r,=outside radius in inches of magnetic 
cylinder or half thickness in inches of 
magnetic lamination 

u=relative permeability 

f=frequency in cycles per second 

p=resistivity in microhms per centimeter 
cube 

B= flux density at dr in lines per square inch 

B, =flux density at 7; in lines per square inch 

¢=integrated flux from unit length of pe- 
riphery to center line or plane 

m =0.505(uf/p)'/2 

K=effective flux penetration in inches/- 
1.4(e/uf)'” 

x=mr 

y=mrv/2 


2=2mr 


It can be shown that the differential 
equation of alternating magnetic flux dis- 
tribution into a cylinder is* 


+= ——2jm?B =0 (1) 


if the direction of the magnetic flux is 

parallel to the axis of the cylinder. The 

same equation obtains for the penetration 

into a lamination of flux parallel to the 

lamination, except that in this case the 

coefficient 1/r of the first order term is zero. 
For the solid cylinder the solution is 


B=B,(ber y+ j bei y)/(ber y.+j beiy:) (2) 
For the lamination the solution is 


(cosh x cos x+ 7 sinh x sin x) 


B=B (3) 


1 elas: A 
cosh x; cos x1+7 sinh x; sin x; 


The corresponding equations for the 
integrated flux from unit length of pe- 
riphery to the center line of the cylinder or 
to the center plane of the lamination are 


Ks By [sinh z-++sin 2: —j(sinh z;—sin %)] 
2m cosh z1+cos 2 
(4) 
[ber 4; bei’ yi — bei y; ber’ 4: — 
_ Bi j(ber y: ber’ 9: +bei »; bei’ 91)] 
me /2m ber? y:+bei? y, 
(5) 
The equation in Bessel’s functions applies 
of course to the cylinder. 
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The corresponding average flux densities 
are 


B, [sinh 2,+sin 2, —j(sinh 2 —sin ~)] 
21 cosh 2:-+cos 2; 


(6) 


[ber 4: bei’ y; — bei 1 ber’ 41 — 
_ 2B, j(ber y ber’ yi+bei 9: bei’ 9) | 


ave — 


v1 ber? y:+bei? 91 
(7) 


Equations 6 and 7 may be divided by B.- 
Then the absolute value of the right hand 
sides will be the effective flux penetration 
as a fraction of half the lamination thick- 
ness, or as a fraction of the cylinder area 
which can be reduced to a radial depth. 

Then the right hand side of the equation 
derived from equation 6 can be multiplied 
by 7; to give the effective flux penetration in 
inches, and this may be divided by 1.4 
(p/uf)'/2 to get a factor K which gives the 
penetration in dimensionless terms. This 
value used for effective flux penetration in 
inches into a thick lamination, 1.4(e/uf)’/2 
is equivalent to the formula for penetration 
in centimeters, 3.57(e/uf)'/, given by 
Steinmetz.2 The net effect of the operations 
described is to divide the absolute value of 
the term in hyperbolic and circular func- 
tions by 4/2. 

By somewhat analogous steps the effective 
flux penetration into a solid cylinder may 
be compared to the Steinmetz formula and 
these comparisons are shown plotted to- 
gether in Figure 9. For values of 2:<2 the 
skin effect is of little consequence, since 
penetration is limited by the size of the 
piece. For z,;>2 the penetration into the 
cylinder is substantially greater than into 
the lamination. 

This difference is due solely to the curva- 
ture of the convex cylindrical surface and 
by an extension of the same idea the pene- 
tration into a concave surface would be 
substantially less than into the plane surface 
of a lamination. 

This reasoning is entirely valid, but it is 
more satisfactory to approximate the con- 
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Figure 9. Actual flux penetration into a 

cylinder or lamination, or radially outward 

from a round hole in an infinite mass, divided 

by the Steinmetz formula value and plotted 

against z;}(=2mr,). Comparison is based on 

cylinder diameter = hole diameter = lamina-. 
tion thickness 
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Size Reduction and Rating Extension of 
Magnetic Air Circuit Breakers 
up to 500,000 Kva, 15 Kv 


R. C. DICKINSON 
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IR CIRCUIT BREAKERS rapidly 

are becoming the standard of the in- 
dustry for voltages up to 15,000 volts and 
for kilovolt-ampere ratings of 50,000 to 
500,000 kva. Their general desirability 
as compared to oil-type switchgear is now 
recognized by most users. 

As has been previously pointed out be- 
fore the Institute, the present trend of air 
circuit breaker development was started 
by the introduction in 1929 of a 500,000- 
kva 15,000-volt circuit breaker based on 
the multiple cold-cathode principle of 
Slepian.1*? It may be noted that this rat- 
ing is today, 16 years later, the highest 
standard rating for self-contained air 
circuit breakers. The original develop- 
ment was followed by successively produc- 
ing ratings down to 100,000 kva at 2.5 
and 5 kv. 

Although large numbers of these mul- 
tiple cold-cathode-type breakers are still 
giving excellent service, this principle was 
found to have certain limitations. There- 
fore, the magnetic deion principle* was 
developed, and it permitted ratings up to 
250,000 kva at 5 kv. 

These ratings of magnetic air breakers 
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were smaller and simpler than the pre- 
vious types of air breakers and created a 
demand for 7.5- and 15-kv breakers of 
more compact construction. 


The next step in the development of 
the magnetic air breaker, however, was 
not a rush to enlarge the interrupters to 
cover the 7.5- and 15-kv ratings, since 
these were already covered by other forms 
of self-contained air breakers. It was in- 
stead an earnest attempt through research 
and development to improve further the 
interrupting principles so that a breaker 
of more compact construction and im- 
proved characteristics could be offered. 
These aims have now been fulfilled, and 
the magnetic air breakers are now avail- 
able in all ratings up to 15 kv 500,000 kva. 
The 15-kv 500,000-kva unit, while con- 
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taining the fundamental features of the 
original magnetic air breaker as presented 
to the Institute by Ludwig, Grissinger, 
and Nau in 1939, 4 has been developed 
and refined until the interrupting capacity 
available in a given space has been more 
than tripled. 


The New Interrupter 


It is reasonable to say that if a certain 
are chute will interrupt a given voltage, 
then by doubling the length it will inter- 
rupt twice as much voltage. This is gen- 
erally true on account of momentary cur- 
rent leakage following current zero, giving 
the effect of a potential divider to equalize 
voltage over the length of the are chute. 
However, consideration shows that in- 
creased voltage rating obtained in this 
way is not economical in floor space. To 
keep the space requirement within desir- 
able limits, the desirable course of action 
was to increase the interrupting capacity 
within a given space. 

It was believed that by making a sys- 
tematic study of all the known factors 
influencing arc interruption in air, each 
factor could be emphasized and co-ordi- 
nated into an optimum over-all design for 
a given rating. 

From previous experience with the mag- 
netic construction, it was decided that the 
general idea of multiple arc-resisting 
plates having V-shaped or tapered slots 
into which the arc is moved showed the 
greatest promise of success. The plate 
type of construction, in general, permits 
practical manufacture with high grade 
refractory ceramic material. As is well 
known, materials of this general class are 


® 
dition at the bottom of the groove by 
studying the radially outward penetration 
of magnetic flux from a hole in an infinite 
mass. It is assumed that a helical mag- 
netizing coil extends through the hole. 
The solution of equation 1 is then 


B=B,(ker y+j kei y)/(ker y:+j kei) (8) 
Since$ 

al Ps yker ydy=ykei’y and 

Whe ykei ydy=—vyker’ y 


g=B,(—kei’ y, +) ker’ y:)/»/2mX 
(ker y:+jkeiy:) (9) 


If we take the absolute values 


B, kei’? y;+ker’? y; B, 
4 a/2m 3 ker? y,+kei? yy, Roa Art0) 
If p=depth of penetration in inches, the 
integrated flux 277,¢ can be expressed in 
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terms of p and 7, or in terms of Q and m, 
so that 


(n+p)? —n2] rBy = 2271 BiO/+/2m 
p=n(-1=V1420/n) 


Let p;=flux penetration in inches according 
to Steinmetz formula=1/./2m; then 


(11) 


(12) 


K =p/ps=yi(—1* V14+20/y) (13) 

The values of K from this equation have 
been added to Figure 9 to complete the 
comparison. Values of the ker and kei 
functions and their first derivatives have 
been taken from Savidge’s’? table, which 
seems to be about the only one in existence. 
The tabular interval of 0.1 makes possible 
reasonably precise detail for values of 
greater than 0.1, corresponding to z, greater 
than 0.14. 

It should be understood, of course, that 
for large values of mr,, the actual flux pene- 
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tration in any case approaches that stated 
by the Steinmetz formula. 
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non-gas forming and are chemically stable 
even when exposed to arc temperatures. 
They do not take on appreciable moisture 
from the atmosphere and are high in di- 
electric strength. By proper choice of 
composition, high resistance to thermal 
shock also can be obtained. 

The theory of magnetic deionization 
has been described before the Institute.‘ 
Briefly, it consists of moving the arc to- 
ward the closed tops of slots in insulating 
arc-resisting plates. At this position the 
presence of a strong magnetic field im- 
parts to the electrons an upward velocity. 
They in turn bombard gas particles and 
produce an actual blast of gas perpendicu- 
lar to the arc, which action requires the 
are continually to ionize fresh gas in con- 
siderable quantities. When current zero 
is reached, this action continues in a suffi- 
cient degree effectively to deionize the 
plurality of short lengths of are near the 
edges of the slots. 


This theory would indicate that in- 
creased interrupting capacity can be ob- 
tained by increased strength of the mag- 
netic field. While this is a factor, it was 
found that blindly increasing the field 
strength might be detrimental rather than 
helpful. Slot shape, plate spacing, and 
magnetic field strength are interdepend- 
ent and must be co-ordinated for opti- 
mum_results. The design of the interrupt- 
ing unit is most easily approached by 
blending the proper plate structure with a 
strong magnetic field. 

The theory of magnetic deionization 
points out that interruption depends upon 
the rate of deionization at the instant of 
current zero. If some way could be found 
to control the field so that it would have 
appreciable strength at current zero, the 
interrupting capacity apparently should 
be increased. In other words, if the field 
flux was made to lag behind the arc cur- 
rent, it would have some magnitude at arc 
current zero. On the other hand, an in- 
phase flux is zero when the arc current is 
zero and positive driving forces are, there- 
fore, momentarily absent. Tests proved 
that if the field flux lagged the arc current 
by the proper phase angle, the voltage 
limit of a well-designed interrupter was 
increased considerably. 

A phase shift between the magnet flux 
and are current may be accomplished by 
shunting the magnet coil with a resistor. 
It was not possible to predict mathe- 
matically the advantage to be gained by a 
particular phase shift. Therefore, it was 
necessary to make numerous tests to find 
the best value. However, the resistor 
seemed to be an undesirable appendage, 
and theory indicated that the same result 
could be accomplished with a shading coil. 
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Such a coil was calculated to supply the 
saine effect as the previously determined 
best value of resistance, and confirming 
tests demonstrated that this shading coil 
gave a correct phase shift. In the final 
design, the shading coil consists of a single 
turn around the magnet yoke adjacent 
to the magnet coil so that in operation it 
encloses the total flux. 

Slot shape and plate spacing also are 
important factors in the performance of 
the interrupter, inasmuch as they control 
the motion of the arc through fluid fric- 
tionand restriction. Mathematicalanaly- 
sis is helpful in determining the designs, 
but it is necessary to rely on empirical 
data on account of unpredictable factors 
such as gas temperatures, velocities, etc. 

The fundamental theory of the mag- 
netic Deion breaker states that interrup- 
tion is accomplished by the blast of gas 
perpendicular to an arc held stationary at 
the ends of slots. This blast deionizes the 
arc and establishes dielectric strength. 
In the development of the new inter- 
rupter, it was determined that advantage 
could be taken of the better field and its 
phase relationship by elongating the arc 
exposed to this blast. Therefore, the full 
value of these factors was utilized by off- 
setting the ends of the slots in the plates. 

Referring to Figure 1, one terminal of 
the magnet coil is connected to the upper 
stud. The other terminal is connected to 
the panel-end horn. The coil is intro- 
duced into the circuit by the impingement 
of the arc on the panel-end horn and the 
interruption of the short length of arc 
between the horn and the upper stud. 
The extra field strength which has been 
introduced to produce a more efficient 
interrupter gives rise to a new problem. 
All the flux across the interrupting space 
must thread the magnet coil. This means 
that when short-circuit current is intro- 


Figure 1. Schematic 
illustration of a 
500,000 kva 15-kv 


saat MOVING CONTACT ARM 
magnetic interrupter 


& ARCING CONTACT 
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duced into the coil, a reactance voltage of 
several hundred volts appears across the 
terminals of the coil. To introduce the 
short-circuit current into the coil quickly 
and positively against this reactance volt- 
age requires that an auxiliary or transfer 
interrupter be built into the are chute. 
This interrupter, although very compact, 
must perform a duty comparable to that 
of a high-capacity low-voltage breaker. 

Figure 1 is an illustration of an are 
chute for a 15-kv 500,000-kva circuit 
breaker basedon the above considerations. 
The magnetic structure for this unit con- 
sists of one coil and one magnet. With 
this type of construction, the magnet 
shoes form a support for the are chute 
which makes possible the quick and easy 
removal of the relatively light arc chute 
for inspection while the heavy magnet 
remains on the breaker. However, more 
important is the simplification of insula- 
tion problems and the energizing of the 
field simultaneously over the entire inter- 
rupting structure so as to obtain fast uni- 
form are motion. 

The contacts are of conventional design. 
In an opening operation, the current is 
transferred from the main current-carry-, 
ing contacts to secondary contacts and 
then to the arcing contacts, which are 
protected by inlays of silver-tungsten al- 
loy. When the arcing contacts part, the 
current loop in the contact structure 
causes the arc to expand into the arcing 
chamber. Suitably placed iron draws the 
are into the transfer stack, which inter- 
rupts the section of arc between the sta- 
tionary arcing contact and the panel-end 
arc horn. The current path is now from 
the top bushing stud through the magnet 
coil, into the adjacent are horn, through 
the arc in the main interrupting stack, 
and into the opposite arc horn which is 
connected to the opposite side of the cir- 
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INTERRUPTING 
STACK 
INSULATION 
PLATES 


OUTLINE OF 
ARC CHUTE 


MAGNET COIL 
MAGNET YOKE 


PANEL-END 
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ARCING & SECONDARY 
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Figure 2. Progress in magnetic interrupter 
design 
A—A 100,000-kva 5-kv are chute of early 
design 
B—The new 500,000-kva 15-kv are chute 
Both have ceramic interrupting plates of the 
same width 


cuit. The field is now energized, and 
interruption takes place at the next 
current zero. 

The proper amount of phase shift be- 
tween the current and the field is obtained 
by using a carefully designed shading coil 
placed around the magnet core adjacent 
to the coil. This shading coil also eases 
the duty on the transfer stack by slowing 
the rate of rise of restored voltage across 
it when the transfer arc is extinguished. 

Figures 2, 3, and 4 illustrate some of the 
results accomplished by this development. 


Figure 2 is an outline comparing the 5-kv * 


100,000-kva are chute of an earlier de- 
sign with the new 15-kv 500,000-kva arc 
chute. Both use ceramic plates of the 
same width. Figure 3A shows the out- 
line dimensions of the original magnetic 
air breaker for 5 kv and 150,000 kva, 
while 3B shows the current design for the 
same rating, which is also applicable at 
2,300 volts. It will be noted that the 
later design saves considerable depth of 
floor space. Figures 4A, B, and C show 
the relative size of the original 5-kv 
150,000-kva rating, the 7.5-kv 250,000-kva 
rating, and the latest developed design, 
the 15-kv 500,000-kva rating. 

Figure 5 shows a general view of a new 
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Figure 3. Progress in magnetic air breaker 


design 


A—An early 5-kv 150,000-kva unit 
B—The current design 
Note smaller depthwise dimensions of the 


later design. Both units are for 26-inch metal- 
clad cell width 


15-kv breaker. In line with the present 
general trend, this unit is designed particu- 
larly for metal-clad switchgear and as 
shown constitutes the complete removable 
element. In this view it will be noted that 
the horizontal drawout construction re- 
sults in an inherently transportable re- 
movable unit with self-contained second- 
ary and ground contacts. This permits 
quick movement to the test position and 
quick reconnection of control circuits for 
testing within the cell. It also permits 
quick interchange of breakers in a cell. 
The location of the main barrier, arc 
chute, and contacts also permits easy re- 
moval and inspection of those parts. 

The arc chute is placed above the con- 
tacts, which is the most natural position 
for it because this position permits the arc 
to be drawn horizontally and moved ver- 
tically upward. With this construction, 
thermal convection assists in moving low 
current arcs into the interrupters. An 
auxiliary air piston may be added to 
speed up interruption of low currents, but 
the breaker can interrupt them without 
its help. 

The component parts of the breaker are 


Figure 4. Progress to 
15-kvy magnetic air 
breaker 


A—The 5-kv150,000- 
kva breaker of early 
design 


B—A 7.5-kv250,000- 
kva breaker 
A C—The new 15-kv 
324 500,000-kva magnetic 
@ breaker 
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General view of the new 15-kv 
500,000-kva magnetic air breaker for metal- 
clad horizontal drawout switchgear 


Figure 5. 


arranged so that the are chute compart- 
ment can be vented directly to the out- 
side atmosphere, thus completely isolat- 
ing this compartment from the bus struc- 
ture. The 19-inch-long are chute for a 15- 
kv 500,000-kva breaker is admirably 
suited for this drawout construction and 
adds further to its inherent advantages in 
the economy of floor space required. 


Tests on the Breakers 


In line with present practice, it is al- 
most needless to say that many full power 
interrupting tests were made in develop- 
ing the new ratings. These tests again 
have demonstrated the ability of the ce- 
ramic arc chute to withstand repeated 
interruptions with low deterioration. 


The breaker was connected across the 
terminals of a 60,000-kva star-connected 
high power laboratory generator, and the 
short circuit was formed by a copper bar 
bolted across the load side of the breaker. 
The generator neutral was grounded 
through a 7-ohm resistance, while the 
short-circuiting bar was ungrounded, 
which is equivalent to a grounded fault 
on an ungrounded system. Currents were 
limited by air core reactors. 

Typical oscillograms are shown in 
Figures 6 to 9. Figure 6 shows a 3-phase. 
interruption at 505,000 kva and 13.2 kv. 
Figure 7 shows an interruption at 163,000: 
kva and 13.2 kv. Figure 8 is of interest 
in that it shows a single phase interrup- 
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Figure 6. Oscillogram of 3-phase ungrounded short-circuit interrupting teston Figure 7. Oscillogram of 3-phase ungrounded fault at 163,000 
15-kv 500,000-kva magnetic air breaker shown in Figure 5 


tion of 7,300 amperes at 13.2 kv across a 
single pole. 

Figure 9 illustrates, by single phase 
oscillograms, an interesting characteris- 
tic of the new types of magnetic inter- 
rupters. On all tests except those at very 
low currents, when the field is energized 
30 degrees or more ahead of a current 
zero, the breaker will interrupt on that 
zero. On the other hand, the current is 
not likely to transfer to the coil on the ris- 
ing part of the current wave, and the arc 
will remain in the comparatively wide arc 
box at low arc voltage until the current 
has gone through its peak value. Coil 
transfer is then completed, and the strong 
field drives the arc up to the ends of the 
slots at extremely high velocity. At the 
ends of the slots, deionization and inter- 
ruption is accomplished. As shown in 
Figure 9A, this type of interruption, with 
high arc energy released during only a 
small portion of the half cycle, is char- 
acteristic of an interrupter of this type. 
This produces a minimum of heating and 
deterioration in the arc chute. As shown 
in Figure 9B, another type of interruption 
is possible, and that is where the field is 
energized fewer than 30 degrees before 
current zero. Ona probability basis, this 
type of interruption should occur in one 
out of six interruptions. Insufficient time 
is available to drive the arc to the top of 
the slots before current zero, and the arc 
must remain there for another half cycle. 
However, the high degree of restriction 
and the loss of ions from the are stream 
on account of the field keep the arc resist- 
ance so high that the current reaches only 
a small magnitude. The arc energy re- 
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Figure 8. Oscillogram of single-phase inter- 
ruption at 13.2-kv on single pole of the 15-kv 
magnetic breaker 


leased is not much greater than in the 
previously described type of interruption. 
Throughout all the tests made in this 
development, it was impossible to find any 
differencein interrupting capacity between 
the two types of interruptions. 

The tests described and the oscillo- 
grams shown apply to the 500,000-kva 
15-kv breaker. The same principle of 
interruption has been applied to breakers 
of other ratings, namely, 150,000 kva and 
250,000 kva at 15 kv, and similar test re- 
sults have been obtained. The same 
principle of interruption has been found 
to work equally as well on the currents 
encountered at 7,500 volts, including 
500,000 kva at 6,600 volts and 25 cycles. 


Conclusion 


The principle of magnetic deionization 
has been extended to air circuit breakers 
of the 15-kv class with interrupting rat- 
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kva on the 500,000-kva breaker 


RESTORED vouTace 


Figure 9. Oscillograms illustrating two types 
of interruption on the new magnetic breaker 
for 15 kv (see text) 


ings up to 500,000 kva. The interrupter 
has been so refined and improved that the 
increase in kilovolt-amperes rating of up 
to 500 per cent has not resulted in undue 
increase in space requirements. The short 
arc chute, 19 inches long for a 500,000 kva 
15 kv unit, has made possible compact 
horizontal drawout construction with all 
its inherent advantages. 
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A New Line of High-Voltage 
Outdoor Tank-Type Oil Circuit Breakers 


W. F. SKEATS 


FELLOW AIEE 


HE TREND of the past few years 

and studies of future trends indicate 
an oncoming demand for higher interrupt- 
ing capacities and decreased interrupting 
and reclosing times. Today there may be 
relatively few applications which justify 
these more severe requirements, but there 
is every indication that as time passes 
they will become more and more univer- 
sal. 

A year ago there was described before 
the Institute! a development in tank-type 
breakers which made possible interrup- 
tion of short-circuits up to3,500 megavolt- 
amperes within three cycles in the volt- 
age range from 115 kv to 161 kv with 20- 
cycle reclosing. Field tests were also 
reported? substantiating this performance. 
The present paper describes further de- 
velopments in these breakers, resulting 
in reduced over-all dimensions and in- 
creased convenience in handling, while 
maintaining or improving the desirable 
performance characteristics. These char- 
acteristics have also been realized in an 
interrupter and breaker suitable for opera- 
tion at 230 kv. : 

Figure 1 shows the 138-kv breaker. 

From both structural and functional 
standpoints, a discussion of these break- 
ers divides itself naturally into four major 
parts: 


1. The interrupter. 

2. The bushing. 

3. The tank and top frame. 
4. The operating mechanism. 


In order to meet the exacting perform- 
ance requirements of high interrupting 
capacity, fast interruption, and rapid re- 
closure, and at the same time to reduce 
maintenance to a minimum and readily 


Paper 46-20, recommended by the AIEE committee 
on protective devices for presentation at the AIEE 
winter convention, New York, N. Y., January 21— 
25, 1946. Manuscript submitted November 26, 
1945; made available for printing December 21, 
1945. 
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make accessible those parts which require 
inspection and maintenance, each one of 
these parts must receive careful attention 
from the designer. This development 
has involved significant improvements 
in all of them. These changes will be 
discussed under the four corresponding 
headings. 


The Interrupter 


As the interrupter is the part primarily 
responsible for the performance of the 
distinctive function of the circuit breaker, 
it is natural that this should receive first 
consideration. 

A cross-sectional view of the inter- 
rupter of the earlier breaker is shown in 
Figure 2, and a similar view of the new 
interrupter is shown in Figure 3. Figure 
4 shows the new interrupter with separate 
views of the moving system and the re- 
sistor. Figure 5 shows two interrupters 
mounted on bushings with blade, lift 
rod, and guide in place as when assembled 
in the tank. 


The same general principle of inter- 
ruption is used in both designs. Inter- 
ruption is performed by a number of 2- 
break units, each of which consists of 
one break whose primary purpose is to 
generate pressure and a second break so 
located that the arc drawn there is placed 
in the path of a blast of oil forced out 
through properly located ports by the 
pressure generated by the first arc. For 
application at voltages from 115 kv to 
161 kv, two such units are used in each 
interrupter. Thus, starting at the lower 
end, current enters the interrupter on the 
lower stationary contact, passes through 
the elkonite contact tips to the bridging 
contact, and flows from the.other’end of 
the bridging contact to the lower end of 
the intermediate stationary contact. 
This cycle is repeated in passing from 
the upper end of the intermediate sta- 
tionary contact to the upper stationary 
contact. This path includes four breaks, 
of which those at the lower stationary 
contact and the upper end of the inter- 
mediate contact are located away from 
ports and serve principally the function 
of pressure generation. The other two 
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breaks are immediately adjacent to ports, 
and the arc there is interrupted by the 
blast of oil flowing out through the ports. 

An appreciable reduction in the arcing 
time of the new interrupter has been 
achieved by strengthening the opening 
springs on the interrupter to increase the 
speed of its moving parts. The tendency 
to increased pressure associated with this 
change in speed was more than counter- 
balanced by lengthening the arcing plates 
and by using the pressure control ports 
shown in Figure 3. 

The arcing plates function by shorten- 
ing the pressure generating arc. 

The pressure control ports are located 
near the pressure-generating arc, but 
far enough away to be reached by the 
gas bubble only when interrupting high 


The new 138-kyv oil-blast circuit 


Figure 1. 

breaker, 3,500-megavolt-ampere interrupting 

rating, 3-cycle interrupting time rating and 
20-cycle reclosing time rating 


currents. Their use was suggested by 
the observation that in operations in 
which a gas bubble might be expected to 
be present in the interrupter, as in the 
second interruption of a reclosing opera- 
tion, the pressures experienced were 
found to be much lower than when such a 
bubble was not present. Thus it ap- 
peared desirable to provide the cushioning 
effect of such a bubble for all conditions, 
and as the high pressures appeared only 
towards the end of the arcing period, the 
most convenient way to accomplish this 
was to allow the lighter pressure in the 
early part of the arcing period to force 
oil out through these ports and thus 
create additional expansion space for the 
bubbles already present at the contacts. 

The effectiveness of this combination 
in achieving both short arc lengths and 
low pressures is evident from Figures 6 
and 7, in which arc duration and inter- 
rupter pressure, respectively, are plotted 
against current interrupted for both the 
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new and the superseded interrupter. It 
will be noted readily that the circled 
points, representing the new interrupter, 
show a substantial improvement in both 
respects, with satisfactory performance 


at currents well beyond that correspond-_ 


ing to the 3,500-megavolt-ampere stand- 


_ard rating. 


The simplification of the present design 
is obvious from a comparison of Figures 2 
and 3. The principal changes are as 
follows: 


1. The ends of the interrupters are se- 
cured to the cylindrical herkolite walls by 
means of metal studs. This has been found 
to be quite as strong as the earlier construc- 
tion and results in a very appreciable reduc- 
tion in the diameter of conducting material. 
There is also a substantial reduction in 
weight, which is accentyated by the use of a 
light alloy for the end pieces. 


2. The moving contact assembly has been 
simplified greatly by placing all of the con- 
tact springing immediately below the bridg- 
ing contacts themselves, thus eliminating the 
necessity for any additional cushioning 
springs at the bottom of the interrupter. 
This has made possible the use of a simple 
textolite cylinder, which makes an excellent 
guide bearing, at the point where the moving 
part passes through the bottom plate of the 
interrupter. A strong opening spring and a 
buffer spring are placed around this cylinder, 
the one insuring that the moving parts of 
the interrupter move with the breaker cross- 
head to the limit of the interrupter stroke 
and the other controlling overtravel of the 
contacts on the closing stroke. 


Figure 2. Cutaway view of 115-kv-161-kv 
interrupter of the superseded design 


Figure 4. The 115-kv-161-kv interrupter 
with additional views of the moving part 
assembly and the resistor 


3. Both the new and the superseded 
interrupter use a parallel resistor for positive 
control of overvoltages in connection with 
the interruption of line-charging currents.? 
The new resistor is shown at the right-hand 
side of Figure 4. It consists .of a helix of 
nichrome wire which is wound on a grooved 
board that has its short dimension molded 
into the shape of a circle arc. Protective 
covers are secured to the board. The result- 
ing assembly conforms to the outside of the 
interrupting cylinder and thus requires less 
space than the older resistor. 


4, Additional items that will be helpful in 
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Pole unit assembly of interrupters 
for the 138-kv breaker 


Figure 5. 


facilitating inspection and maintenance are 
the smaller electrostatic shield at the bottom 
of the interrupter and the elimination of the 
upper insulating shield, both made possible 
by removal of the clamping metal outside the 
interrupting cylinder. 


The interrupter of Figures 3 and 4 is 
used at voltages from 115 kv to 161 kv. 
For application at 230 kv, the interrupter 
shown in Figure 8 is used. This is quite 
similar in principle to the lower-voltage 
interrupter but has three pairs of internal 


Figure 3. Cutaway view of 115-kv-161-kv 
interrupter of the new design 
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ARG DURATION—CYCLES AT 60 


AMPERES 


Figure 6. Arc duration as a function of 
current for 115-kv—161-kv interrupters 


X—Superseded interrupter, initial opening 
operation 
A—Superseded interrupter, second opening 


PRESSURE (PS1.) 


10—s (tl 


AMPERES 


operation on reclosing duty cycle 
The same symbols enclosed in circles repre- 
sent the new interrupter under the same con- 


Figure 7. Interrupter pressure as a function 
of current for 115-kv—161-kv interrupters 


xX—Superseded interrupter, initial opening 
operation 


A4—Superseded interrupter, second opening 
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Figure 9. Arc duration as a function of 
current for the 230-ky interrupter 


X—Initial opening operation 
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operation on reclosing duty cycle 
The same symbols enclosed in circles repre- 
sent the new interrupter under the same condi- 


Tests made on a pole unit at voltages from 14.5 


Tests made on pole unit at voltages from 14.5 


AMPERES 


4—Second opening operation on reclosing 


Tests made at voltages of from 8.4 ky per inter- 
rupter to 132 ky per interrupter 
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Figure 8. The 230-kv interrupter 


breaks instead of two. Also, the resistor 
has somewhat more thermal capacity as 
required at the higher voltage. The in- 
terrupting performance of this interrupter 
is shown in Figure 9. It will be noted 
that the arcing time varies from less than 
1/2 cycle to 11/2 cycles at currents above 
25 per cent of rating. With a contact- 
parting time of 1!/2 cycles, this gives a 
breaker-interrupting time of from two to 
three cycles, or with the conventional 
tripping arrangement, a 5-cycle inter- 
rupting time is easily realized. 

The interrupting performance on line- 
charging currents is indicated in Table I 
for the 115-kv—161-kv interrupter and in 
Table II for the 230-kv interrupter. In 
each case the tests were made on a single 
interrupter or half a pole unit, using 
static capacitors. Since the resistors ef- 
fectively divide the voltage between the 
two interrupters of a pole unit, the normal 
voltage for such a test is half leg voltage 
or 46 kv for 161-kv application and 66 kv 
for 230-kv application. In both cases, 
tests were made at approximately these 
voltages and also at a voltage from 20 
per cent to 33 per cent higher to insure 
adequate margin to take care of surges in- 
troduced by any mutual effect between 
phases. Performance was entirely satis- 
factory in all tests, the voltage being 
limited to twice the crest value before in- 
terruption. An oscillogram of one of 
these tests is shown in Figure 10. 

A comment is in order with respect to 
short-circuit interrupting tests. Under 
uncontrolled conditions of interruption, 
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there are two elements subject to rather 
wide variation. These are: 


1. The point on the voltage wave at which 
the short circuit is initiated. 


2. The point on the current wave at which 
the breaker is tripped. 


With the reduction in arcing time that 
has taken place in recent years, the in- 
fluence of these variations becomes accen- 
tuated to the point where they may be 
responsible for the difference between 
four-tenths of a cycle and a complete cycle 
in arc duration, with a very pronounced 
difference in interrupter pressure, jar, 
contact burning, and any other manifesta- 
tion of severity of duty. To be sure of 
covering the worst conditions at any volt- 
age and reactance tap, therefore, either a 
large number of tests must be taken or 
some control must be exercised over the 
timing. For over ten years now, the 
authors and their associates have made 
extensive use of a special fast-closing 
breaker with synchronous control to make 
possible the selection of the point on the 
voltage wave at which the circuit is closed, 
and more recently the same type of con- 
trol has been applied to the tripping of 
the test breaker. Thus it is now possible 
to control both the displacement of the 
short-circuit current wave and the point 
on the wave at which the contacts sepa- 
rate. It has been the practice first to 
make exploratory tests over the complete 
range of variation of these controls and 
then to concentrate for a number of tests 
on that condition which appears to be 
worst. Thus any other random phe- 
nomena will have an opportunity to show 
up at their worst also, and in a reasonably 
small number of laboratory tests, condi- 
tions may be explored which would not 
appear in many times the corresponding 
number of field operations or uncontrolled 
laboratory tests. 


Bushings 


Oil filled bushings for high-voltage oil 
circuit breakers have an enviable record 
of performance. While the electrical and 
mechanical performance of these bushings 
has been generally satisfactory, numerous 
improvements have been made for the 
purpose of reducing maintenance. The 
sump washer-drain, bell-mouthed 
breather, amber gauge glass, and thermal 
seal are the most noteworthy. In recent 
years it has become obvious-that the next 
step is complete sealing of the bushing 
against the atmosphere so as to eliminate 
completely any source of contamination 
of the filler oil. Numerous designs of 
sealed bushings have been developed, with 
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Table |. Performance of 115-161-Kv Inter- Table Il. Performance of 230-Kv Interrupter 
rupter on Line-Charging Currents on Line-Charging Currents 
Tests on One Interrupter Tests on One Interrupter 
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Test Voltage, Miles Current, Duration, Test Voltage, Miles Current, Duration, 
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the moderate voltage type L bushing as 
one of the first. The experience with over 
80,000 of these bushings and varied special 
applications of sealed oil-filled bushings 
gave the proper background for develop- 
ing the completely sealed bushings for the 
115-161-kv ratings. 

The completely sealed bushing, Fig- 
ures 11 and 12, uses a general arrangement 
of insulation similar to that of the original 
oil-filled bushings, although a number of 
structural improvements were found de- 
sirable. The insulated conductor is sur- 
rounded by concentric insulating cylinders 
of treated paper of high dielectric strength 
spaced apart so as to give alternate layers 
of solid insulation and oil. These cylin- 
ders are between the live conductor andthe 
grounded support sleeve. Electrostatic 
shielding is incorporated internally in 
these cylinders by coating a part of the 
paper with conducting resin as it is 
wound. This imbedding of the conduct- 
ing shield within the cylinder is a distinct 
improvement over the older method of 
winding conducting foil on the outside of 
the cylinders. ' 

Center clamping is used to clamp the 
bushing parts firmly together. This 


Figure 10. Oscillo- 
gram of line-charging 
current interruption on 
115-kv-161-kyv inter- 
rupter, interrupting 
140 amperes at 55 kv 
across a single inter- 
rupter 


A—Trip coil current 

B-—Cathode ray oscillograph control 
C—Supply voltage at breaker 

D—Current through breaker, showing initial 
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makes use of the center conductor as a 
means of clamping the lower porcelain, 
ground sleeve, upper porcelain, and ex- 
pansion chamber into an integral unit. 
Adequate clamping pressure is maintained 
on the four gasketed joints even with 
slight differences caused by thermal ex- 
pansion, by means of short heavy com- 
pression springs between the terminal cap 
fastened to the conductor and the top of 
the expansion chamber. 

Synthetic rubber gaskets impervious to 
both oil and water are used at all joints. 
These are confined in appropriate recesses 
in the metal parts. 

Standard circuit breaker or transformer 
oil is used as a filling liquid. Expansion 
space for this medium is present in the 
metal expansion chamber at the top of the 
bushing. The oil level is registered by a 
magnetic-type oil gauge incorporated in 
the expansion chamber and easily visible 
from the ground, as shown in Figure 13. 

The use of center clamping results in a 
reduction in diameter dimensions because 
of the omission of the cemented-on clamp- 
ing rings. This is particularly advanta- 
geous at the lower end because it permits 
smaller current transformers and sim- 
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capacitance current, resistor current, and 
final interruption 

E—Allternator voltage 

F—Breaker travel: one-half inch per impulse 
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Figure 11. 115-kv sealed oil-filled circuit breaker bushing with capacitance tap having 
smaller dimensions resulting from center clamping and removal of cemented-on clamping rings 
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plifications in the breaker top frame con- 
struction. 

Exhaustive tests have been made, not 
only under static conditions but also 
under operating conditions such as the 
loadings that bushings are subjected to 
during the interruption of heavy short 
circuits. Every attempt has been made to 
find failure points under both of these 
conditions. The interrupting tests un- 
questionably subjected the bushing to the 
most severe mechanical loadings. On all 
tests the bushings gave a remarkably 
satisfactory performance. Many readers 
will be interested in a performance com- 
parison between the new and the super- 
seded designs. The new design has turned 
out to be both electrically and mechani- 
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TERMINAL CAP 


EXPANSION CHAMBER 


FILL PLUG 


TOP PORCELAIN 


Figure 13 (above). 
Top of sealed oil- 
filled circuit breaker 
bushing showing ex- 
pansion chamber and 
magnetic type oil 


level indicator 
SUPPORT FLANGE 


BOTTOM PORCELAIN Figure1 2(left). 115-kv 


sealed oil-filled circuit 

breaker bushing in 

cutaway semisection 

showing arrangement 

of porcelains and gas- 
kets 


SIDE DRAIN PLUG 


CONTACT SURFACE 
OF BOTTOM WASHER 


cally stronger than the older oil-filled type. 

An additional feature of the new bush- 
ing is the interchangeability with the old 
design. A long background of inter- 
changeable breaker bushings dictated that 
from a user’s standpoint, the new bushing 
fall into the same pattern. Therefore, 
the mounting bolts and flange gasket lo- 
cations are identical with those of the 
older bushings. The elimination of the 
lower clamping ring has permitted short- 
ening of the bushings by about three 
inches. For replacements, however, a 
suitable spacer can be provided to com- 
pensate for this shortening, and the new 
bushing is available as a replacement unit 
for any oil-filled bushing on older oil cir- 
cuit breakers. 


Skeats, Rietz—O1l Circuit Breakers 


Table Ill. Comparison of New and Old 
Designs Illustrating the Substantial Reduction 
in Oil Requirements and Loading on 


Foundations — 
er 
Type 
Breaker Rating New Old 
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Tank and Top Frame 


The pole units of the new breakers have 
a number of design features resulting from 
changes in the essential component parts 
(Figure 14). The smaller-sized interrupt- 
ers made a reduction in tank dimensions 
possible. The new sealed bushings with 
smaller lower end dimensions permitted 
smaller bushing current transformers and 
a simplified arrangement of the trans- 
former housing. The increasing demand 
for more 3-cycle breakers made it advis- 
able to design the pole unit linkage with 
this objective in mind. Many of the 
accessories were simplified and relocated 
to facilitate maintenance. 

The smaller size and smooth contours 
of the new interrupters have permitted 
substantial reductions in the sizes of the 
138-, 161-, and 230-kv breakers and at the 
same time have improved their overvolt- 
age performance. Table III shows a 
comparison of the new practice and the 
old. 

The changes in the bushing current 
transformer housings resulting from the 
smaller bushings are quite striking as 
compared with superseded designs. As 
shown in Figures 1 and 14, the smaller 
housing fits within the dome outline so 
that space is available for two current 
transformers per bushing without a special 
design. The conduit connections are 
large enough for the leads of two current 
transformers so that a second set can be 
easily installed in the field. The new ar- 
rangement also makes it possible to re- 
move the current transformers over the 
lower end of the bushings. Thus changes 
can be made without the laborious pro- 


ELECTRICAL ENGINEERING 


ee ae 


INTERRUPTER 


MANHOLE 


MOVING BLADE 
CONTACT 
STEP RINGS 


The 
new current transformers have all of the 
characteristics prescribed by various 


cedure of removing the bushings. 


breaker standards. The current trans- 
formers are treated to provide a positive 
protection against water absorption. The 
tops of the transformer housings which 
support the bushings have a special gasket 
arrangement to permit tilting of the 
bushing to obtain proper contact align- 
ment. 

The increasing demand for 3-cycle 
breakers has indicated that the mechani- 
cal design should be basically suited to 
such performance. After several arrange- 
ments had been reviewed, it was decided 
to adhere in general to the straight line 
linkage which has been used successfully 
in breakers of this type for the past 20 
years. But as shown in Figure 15, its 
size was greatly reduced by taking ad- 
vantage of the relatively short breaker 
operating strokes which have resulted 
from a proper analysis of the clearing dis- 
tances needed. A feature of this design is 
the use of low friction bearings which are 
particularly helpful where high-speed 
tripping is required. Gas- and oil-tight 
seals are provided on the main operating 
shafts by means of close-fitting bearings 
with splined shafts and cranks for ready 
assembly. An external indication is pro- 
vided in the side crank box housing for 
determining the proper closed position of 
the linkage. Self-contained oil-filled dash- 


Aprit 1946, VOLUME 65 


ES 


Ml 


—. if 
— Je 


COVER CRANK OUTSIDE 
CRANK 
HOUSING 


POSITION 


OPERATING 
INDICATOR ROD 


LUFT ROD GUIDE, 


Figure 14. Cross-sec- 
tion of pole unit show- 
ing relationship of 
component parts: in- 
terrupters, bushings, 
tank structure, and 
bushing current trans- 
formers 


pots absorb the energy of the moving 
parts at the end of the opening stroke, 
and their adjustment has been greatly 
facilitated by providing a threaded as- 
sembly with a suitable locking arrange- 
ment. 

Operating springs are kept to a mini- 
mum. Lightweight moving contacts and 
pneumatic operation make it unnecessary 
to provide balancing springs for closing to 
offset the dead weight of the moving mem- 
bers. Buffer springs to limit overtravel 
are not required, since this function is in- 
corporated in the interrupter contact 
springs. Opening springs on the rear pole 
unit keep the interphase connecting pipes 
in tension for both closing and opening 
and can be adjusted readily from outside 
of the breaker to obtain the proper open- 
ing speed characteristics. 

Tank supports are used to hold the pole 
unit tanks above the foundation, so that 
complete drainage can be obtained with- 
out any enclosure which would restrict in- 
spection and maintenance of the under- 
side of the tank, as shown in Figure 16. 
This arrangement permits a reduction of 
the size of foundation pads. Side man- 
hole openings as shown in Figure 17 give 
convenient accessibility, and parts for 
installation in the tanks are easily trans- 
ferred. The heavy steel manhole covers 
are supported by hinged joints. Step 
rings on the outside of the top frame and 
on the inside of the tank bottom give a 
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DASHPOT LINK TOP FRAME 
Figure 15. Pole unit breaker mechanism 
showing straight line linkage and crank 


housing above operating mechanism 


firm footing in spite of adverse weather 
conditions or the presence of an oil film. 
The oil level is shown by a float-type 
gauge whose sight glass is easily visible 
from the ground. Each pole unit has an 
emergency vent (Figure 18) built into the 
top frame for protection against perma- 
nent damage to the unit when through 
some unusual circumstances, excessive 
tank pressure is present. This has a flat 
copper diaphragm which is designed to 
rupture at a pressure much less than the 
tank strength. A semaphore indicator at 
the front end of the breaker shows the 
position of the moving contacts at all 
times. The front crank box cover can be 
removed for making adjustments at the 
upper end of the operating rod. The bot- 
tom of each pole unit tank is marked to 


TANK 
SUPPORT 


DRAIN DRAIN DOME 
VALVE PIPE BOTTOM 
Figure 16. View showing tank supports 
which give maximum accessibility for main- 


tenance under tank bottom 


HINGED 
COVER 


TANK WALL 


Figure 17. Maintenance manhole in side 
of tank provides easy access 
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indicate quadrant positions so that loca- 
tion on the foundation is facilitated. Like- 
wise, plumb bob reference points can be 
used for leveling. 


Operating Mechanism 


The modern high-voltage oil circuit 
breaker requires for its operation a large 
amount of power delivered for a relatively 
short time. The pneumatic type of opera- 
tion is well suited to this requirement. A 
self-contained unit on each breaker with 
its own individual air compressor equip- 
ment lends itself readily to application on 
various ratings of breakers whether they 
are new or in the process of modernization. 
The breaker pole unit tank is provided 
with mounting brackets for the support 
of the housing and its equipment as shown 
in Figure 19. Electrical connections are 
no different from those of other types of 
electrically operated mechanism. Power 
requirements are very light, and standard 
control cables will meet all requirements. 

Reclosing times are constantly becom- 
ing shorter, and the basic design of the 
pneumatic operation should be adapted to 
this requirement. The pneumatically 
trip-free mechanism is so adapted. It is 
not handicapped by the relatching time of 
mechanically trip-free designs or any 
complicated arrangement to avoid it. 
With the pneumatically trip-free mecha- 
nism, the reclosing time is a matter of 
the size of the power unit and the operat- 
ing pressure. It is relatively simple to 
provide for the minimum reclosing times 
without special designs. 

One of the elements involved in the 
interrupting time of a breaker is the time 
required to part contacts. A goodly por- 
tion of this is dependent on the unlatching 
of the mechanism after the trip impulse is 
received. A 5-cycle breaker requires only 
a conventional trip coil to obtain the un- 
latching time commensurate with this 
breaker rating. A 3-cycle breaker, on the 
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Figure 18. Assembly of emergency vent 

showing diaphragm which ruptures under ex- 

cessive pressure and cover to direct discharge 
to ground 
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other hand, requires a very short unlatch- 
ing time, and a special design of high- 
speed trip is necessary. In other respects, 
the two operating mechanisms have the 
same characteristics and are built with 
common parts. 

The power unit is similar to those pre- 
viously described in references 1 and 4 
and is shown in Figure 20. It consists 
of the mechanism frame with closing and 
tripping linkage actuated by an air piston. 
The admission of air to the cylinder is 
controlled by an electrically operated 
valve as explained in reference 4. Asso- 
ciated with the power unit is a small com- 


Figure 19. A pneu- 
matic operating mech- 
anism for a 3-cycle, 
20 - cycle - reclosing 
115-161-kv breaker 


The complete unit 
is mounted on the first 
pole unit tank 
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pressor unit which maintains pressure in 
the air receiver located underneath the 
housing. Electrical and pneumatic con- 
trols are assembled on a common panel 
which is accessible through a hinged side 
door. 

The 5-cycle breaker mechanism uses a 
conventional trip solenoid, as shown in 
Figure 21. The 3-cycle breaker mecha- 
nism uses a high-speed flux-shifting type 
trip similar to that described in Reference 
1 and shown in Figure 22, An auxiliary 
air control valve admitting air above the 
piston also is required to obtain the equiv- 
alent time on a trip-free operation. This 
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Figure 20. 
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Cross-section of a 3-cycle pneumatic operating mechanism showing the power 


unit with air control valve and closing and tripping linkages 
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TRIP COIL 


Figure 21. Trip arrangement for a 5-cycle 
breaker showing parts on frame for adapting 
high-speed 3-cycle trip 


is assembled directly above the main con- 
trol valve. 


Rating Standards 


A careful examination and analysis of 
the breakers described in this paper indi- 
cates that there is very little about them 
that reasonably can be changed in order 
to produce a breaker with lower interrupt- 
ing capacity and lower cost but otherwise 
meeting the high standard of performance 
of the breaker as described. This suggests 
the use of only one breaker design and one 
rating for each voltage. This would re- 
duce the number of ratings listed in the 
present American Standards Association 
standards for 115- to 230-kv breakers from 


Aprit 1946, VOLUME 65 
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TRIP ARMATURE —— ‘eae 
MANUAL TRIP ms 
TRIP SHAFT 
MOTOR 
COMPRESSOR 
13 to 4. The resulting simplifications 


eventually would be of benefit to both 
user and manufacturer. 


Conclusions 


This paper has described a line of out- 
door tank type oil circuit breakers with 
voltage ratings from 115 kv to 230 kv and 
capable of handling all standard interrupt- 
ing ratings at these voltages with liberal 
margins on a 20-cycle reclosing basis. The 
breakers can be adapted to either 3-cycle 
or 5-cycle operation. 

These breakers incorporate improved 
performance, smaller dimensions, and 
lower weight both of the breaker as a 
whole and of many of the parts which re- 
quire handling in inspection and mainte- 
nance. 
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Figure 22. 
breaker showing flux-shifting trip for high- 
speed operation 


Trip ararrangement for a 3-cycle 


The authors recommend consideration 
of the reduction of the number of stand- 
ard breaker ratings in the 115-kv—230-kv 
voltage range to one rating for each 
voltage. 
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Shoran Precision Radar 


STUART WILLIAM SEELEY 


NONMEMBER AIEE 


Synopsis: Shoran navigational radar is 
generally credited with being the most 
precise system of its type devised by man. 
The history of the conception and develop- 
ment of the principles employed, as well as 
a description of the physical make-up of 
‘the equipment, are of interest. Recent 
military declassification permits the exposi- 
tion of both as set forth in this paper. 


HORAN is the common name for 

Army radar sets AN/APN-3 and 
AN/CPN-2. The equipment is used for 
high-precision position-finding in aerial 
navigation, principally for blind bomb- 
ing and aerial mapping, although several 
other practical applications have been 
suggested. The term Shoran is a con- 
traction of the two words short and 
range. What might at first appear to be 
a slightly derogatory title—in view of 
satisfactory performance out to 250 miles 
—has a logical explanation in the se- 
quence of events prior to adoption of 
Shoran as the semiofficial designation. 
The history of the conception and de- 
velopment of the equipment pre-dates 
that of Loran, the widely used and now 
well-known long range navigational sys- 
tem. Development work on the latter 
was also carried on in RCA Laboratories 
under contract to the Office of Scientific 
Research and Development after its 
original inception by the Radiation 
Laboratory of the National Defense 
Research Committee. The Loran range 
of operation was approximately three 
times that of Shoran. Thus, while 
work progressed simultaneously on both 
in the same laboratory after April of 
1942, Loran was the first to be adopted, 
named, and put into general use by the 
armed services, and the term Shoran for 
the shorter-range, higher-precision de- 
vice followed almost automatically. Ac- 
tually the two are completely dissimilar 
in equipment and operation. The only 
common aspect lies in the fact that each 
is used for aerial navigation. 


History of the Shoran Development 


The history of the development of 
Shoran is the story of a search for ex- 
treme accuracy of propagation time 
measurement coupled with ruggedness 
and reliability of equipment and sim- 
plicity of operation. It can truthfully be 
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said that all of those aims were accom- 
plished without compromising any one of 
them for another. 

So much has transpired since the start 
of war developments that it is difficult to 
transport one’s thoughts back seven 
years to the fall of 1938. At that time, 
war in Europe seemed a possibility but 
was still a year away. The concept of 
pulsed transmitters of radiant energy for 
the purpose of propagation time and dis- 
tance determinations was not wide- 
spread. The term radar was nonexistent, 
and the only generally conceived applica- 
tions of radio to war needs were for com- 
munication purposes or possible remote 
control of guided missiles of one sort or 
another. 

At that time, work on television trans- 
mission and reception equipment was 
proceeding in many laboratories through- 
out the world. One of the knotty prob- 
lems which vexed every television re- 
ceiver engineer was that of multipath or 
“shost”’ images which so often marred 
his otherwise creditable results. The 
television pictures in the industry service 
division of RCA Laboratories were no 
exception. The signals received at 711 
Fifth Avenue in New York, N. Y., from 
the Empire State Building often showed 
as many as five separate and distinct 
ghost images when inside (or poorly ex- 
posed outside) antennas were used. 
Analysis of the picture content with 
particular reference to the horizontal dis- 
placement of a particular ghost image and 
the ratio of that displacement to the 
length of a complete scanning line gave a 
good indication of the increased path 
length of the reflected signal which caused 
the ghost. 

At that time the Radio Manufacturers 
Association television standards specified 
a 441-line television picture, of which 
approximately 400 lines were visible, the 
other ten per cent being used for the 
vertical synchronizing action. 

The aspect ratio of the pictures was 
four horizontal to three vertical. Thus, 
there were approximately 530 picture ele- 
ments along each line. The time re- 
quired for the scan of the visible portion 
of each line was 64 microseconds, and 
since a ghost image displaced by two pic- 
ture elements was plainly discernible, it 
was evident that a reflected signal which 
arrived as much as one fourth micro- 
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second later than the direct signal was de- 
tectable. Such a ghost would be dis- 
placed approximately 1/32 of an inch 
on a 12-inch tube picture, and reference 
to the velocity of propagation indicated 
that it had traveled about 250 feet 
farther than the direct wave. The posi- 
tion of multipath images displaced by as 
much as one fourth inch or more could 
often be measured to the nearest 1/64 
of an inch, and thus the extra distance 
traveled could be determined to within 
2125 feet: 

These findings gave rise to the belief 
that specially designed equipment built 
primarily for the purpose of path length 
determination could give an accuracy 
of +50 feet or better, and the consider- 
able thought given to that possibility in 
the fall of 1938 resulted in the early con- 
cept of Shoran as it is today. 

Actually it was not known, at first, to 
what uses a system for accurate trans- 
mission path length measurement could 
be put, but it seemed logical one use 
might be for blind navigation, particu- 
larly of aircraft. Blind bombing sug- 
gested itself automatically because of the 
apparent imminence of war in Europe. 

However, if delay times equivalent to 
tens or even hundreds of miles instead of 
tens or hundreds of feet were to be meas- 
ured, it was apparent that two require- 
ments would immediately present them- 
selves. First, a round-trip signal be- 
tween the two points of distance de- 
termination would have to be used. 
This would call for either an extremely 
efficient reflector at one end of the path 
or for retransmission of the original signal 
at the path terminal. Second, some type 
of vernier or decimal indication would be 
necessary in order that the radio ‘“‘yard- 
stick”’ could be read to, say, +100 feet 
even though the round-trip or total dis- 
tance was of the order of 2,000,000 feet 
or 400 miles. 

Many experiments were performed in 
the fall of 1938 and the spring of 1939 to 
confirm the belief that relatively long dis- 
tances could be measured with even 
higher absolute accuracy, and thus per- 
haps a thousand-fold greater proportional 
accuracy, than the original television 
multipath determinations. 

One interesting experiment consisted of 
retransmitting the television pictures 
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two points on Long Island separated in 
such manner that the relayed picture 
arrived at a receiver almost exactly one 
line later than the direct signal. The 
raster on the cathode ray tube face was 
synchronized continuously with the direct 
signal from National Broadcasting Com- 
pany while the video content was com- 
mutated between the direct and relayed 
pictures. When the relayed signal path 
length corresponded exactly to one line, 
the commutation process produced no 
horizontal jitter of the television image. 
The signal was, of course, delayed in the 
relay terminal equipment by the electric 
inertia of tuned circuits, video amplifiers, 
and connecting cables. These time inter- 
vals had to be taken into account, and 
those which could not be accurately cal- 
culated were measured by a determina- 
tion of the phase shift characteristics of 
the modulation components of an r-f 
signal passing through the equipment. 
It is interesting to note that the total 
time elapsed in the relay receiver and 
transmitter corresponded to a path length 
of nearly 2,000 feet. But since it could 
be accurately measured to within 0.01 
microsecond by the slope of the phase 
versus modulation frequency character- 
istic, errors from that source were not 
more than +10 feet. It was necessary 
to call on the U. S. Coast and Geodetic 
Survey for accurate ground distance in- 
formation. 

The results of that experiment and 
others were convincing proof that a radio 
“yardstick’’ could be constructed for 
first-order determination of distances out 
to the limits of propagation of the radio 
frequencies used. The latter had to be 
relatively high to accommodate the rapid 
modulation necessary for sharp time 
indications. Amplitude or frequency 
changes in the radiated wave would have 
to occur in the order of 1/10 micro- 
second if measurements with an accuracy 
of that order were to be possible. This 
called for a transmission frequency 
whose fundamental period was not more 
than 1/50 microsecond or a minimum 50 
megacycles. 

The transmission of what could be 
termed single picture elements, one at a 
time, with the transmitter completely 
quiescent between those pulses, was 
chosen as the most practical mode of 
operation. Such a system would allow 
relatively high power radiations with rela- 
tively low average power consumption. 
This ptinciple, decided upon in October 
of 1938 for the original Shoran de- 
velopment work, has been used almost 
universally in all radar equipments 
whose function requires operational 
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ranges greater than one or two miles. 

It is not meant to imply that this date 
marked the first concept of pulse type 
operation. However, the choice of pulse 
type operation at that early stage of the 
Shoran work marked the final equipment 
for success. Attempts to derive the same 
end results by other systems have proved 
the wisdom of that choice. 

During 1939 many types of possible 
vernier time measurement devices were 
conceived, built, tested, and discarded. 
Since it seemed certain that on occasion 
multiple pulses, due to reflected waves 
traveling devious paths, would arrive at 
the receivers at each terminal of the 
transmission path, and since, obviously, 
the first pulse to arrive would be the only 
one to give an indication of the direct 
path distance, it seemed clear that a 
cathode-ray-tube type of data presenta- 
tion would offer the simplest means of 
discrimination between the desired or 
first-arriving information and subsequent 
indications. It was conceivable that cir- 
cuit arrangements could be effected 
whereby the elapsed time could be indi- 
cated on meters or transposed to data 
transmission systems. However, the 
most straightforward procedure appeared 
to lie in the use of linear determinations 
of the position of an alteration in either 
the intensity or deflection of a cathode 
ray tube trace. 

Here again this early choice of the 
cathode ray tube as the indicating ele- 
ment has certainly been vindicated by 
subsequent developments. Much later 
in the history of Shoran, circuits were de- 
veloped for transferring the derived in- 
formation to a data transmission system. 
This made it available at positions re- 
mote from the equipment; but those cir- 
cuits, which will be described later, are of 
only secondary importance, and the 
cathode ray tube remains the prime 
indicator. 

Two further principles, each of which 
contributed markedly to the success of 
Shoran, were also adopted early in its 
history. First, the repetition rate of the 
transmitted pulses, which could be con- 
trolled by quartz crystal oscillators to an 
accuracy of one part in 1,000,000 if 
necessary, was selected as the funda- 
mental unit of measurement. Second, 
an old principle familiar to precision in- 
strument makers in many fields and 
known as the set-back type of operation 
was adopted. This principle is exempli- 
fied in precision aneroid barometers 
wherein movement of the bellows caused 
by varying air pressure is counteracted 
either by adjustable weights or by ad- 
justable spring tension sufficient to re- 
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turn the bellows distortion to a fixed zero. 
The weights or the spring adjustment 
necessary to perform that function then 
give an indication of the air pressure. 
While this type of operation seems cum- 
bersome compared to the simpler method 
of causing the bellows to move a pointer 
around a calibrated scale, actually the in- 
creased precision is well worth the com- 
plexity. 

As applied to Shoran, this system 
eliminates the need for the maintenance 
of exact linearity of the cathode-ray- 
tube sweep speeds in the presence of 
varying power line voltages, varying 
vacuum tube characteristics, and varying 
circuit parameters. So far asis known to 
the author, Shoran is the only radar sys- 
tem which adopted the continuous set- 
back principle. However, the advan- 
tages which accrue from its use are not as 
necessary in equipments which seek less 
inherent accuracy. 

By the summer of 1939, enough experi- 
mental and developmental work had been 
done to indicate the probable practica- 
bility of a blind bombing navigational 
device founded upon the principles 
enumerated above. Operation would call 
for an equipment in an airplane which 
could simultaneously measure its exact 
distance from two separated and ac- 
curately known ground locations in 
friendly territory while the plane flew 
over enemy targets. Investigation re- 
vealed that all of Europe, together with 
all of the North American continent, had 
been sufficiently well mapped so that the 
distance between any two points within 
250 miles of each other in those parts of 
the earth could be calculated with a 
probable error of 50 feet or less. 

Armed with this information, and forti- 
fied with the confidence of many months 
of satisfying experimental endeavor, the 
project was presented by Radio Corpora- 
tion of America to the United States 
Army Air Forces with the proposal that 
funds be allocated for the development of 
operating models of the necessary equip- 
ment to test its feasibility. That was in 
the summer of 1940. 

It is an interesting commentary on the 
thinking of those times that the author 
felt constrained to write into the speci- 
fications of the proposal the suggestion 
that the probable accuracy of distance 
measurements would be of the order of 
+500 feet. These predictions, definitely 
pessimistic in view of the favorable ex- 
perimental results in the laboratory, were 
made pessimistic principally because it 
appeared utterly fantastic at those times 
to presume to achieve even that goal. To 
have suggested more would have branded 
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the project as completely unrealistic. 

Even with those moderate claims, the 
apparent unreality of the proposed pro- 
gram hindered the progress and retarded 
the growth of Shoran up to the very day 
the first Shoran bombs dropped to destroy 
a 30-foot-wide enemy-held bridge in 
northern Italy. 

War in Europe had been declared at 
the time of these first proposals. The 
pace of preparedness in the United States 
quickened after the fateful September 1, 
1939. More money was allocated to the 
armed services for development of new 
devices, and even some of the projects 
which were felt to be a bit on the fantastic 
side were given the green light. 

Accordingly, a contract was awarded to 
RCA Laboratories in February of 1941, 
about nine months before Pearl Harbor. 
This called for completion by February 
1942 of two ground station equipments 
and one airborne equipment to give 
simultaneous and continuous distance 
determinations from each of the ground 
stations to a plane, out to optical line of 
sight, with an accuracy not poorer than 
—500 feet at 100 miles or 0.1 per cent of 
the distance beyond that point. 

The 21/, years of experimental work 
before the awarding of the contract had 
allowed the plans for the model to be so 
well formulated that just four months 
later the plane equipment and one ground 
station were completed and ready to 
operate. With one complete operating 
chain, many previously unanswered ques- 
tions could be resolved. One determina- 
tion which had not been made concerned 
the possible variations in the propagation 
velocity of a radio wave at tangency with 
the earth’s surface. It appeared that 
vegetation and partially conducting soil 
with a high dielectric constant could well 
have a marked effect on that all-impor- 
tant characteristic. Also the probable 
variation caused by changes in the 
humidity of the air was a possible source 
of difficulty which could only be crudely 
calculated. Accordingly, it was decided 
to place the plane equipment in the tower 
of the Empire State Building, put the 
ground station out beyond the optical 
horizon at Rocky Point, Long Island, and 
make day-to-day measurements of the 
distance between the two points. This 
was done after flight tests from Wings 
Field near Philadelphia, Pa., to the 
Rocky Point location had confirmed ade- 
quately the predicted range of operation. 

Measurements between the Empire 
State tower and Rocky Point were con- 
tinued for a period of three months dur- 
ing the summer of 1941. Hundreds of 
readings were taken and the equipment 
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operated by many different observers. 
During that time the temperature varied 
more than 40 degrees Fahrenheit and the 
humidity ranged from a low of 30 per cent 
to a high of 100 per cent. An average of 
all readings indicated a distance of 
56.126 miles with a total spread of 0.013 
mile. There was no apparent correla- 
tion between climatic conditions and the 
readings. Later the United States Coast 
and Geodetic Survey gave the measured 
distance as 56.127 miles, or five feet more 
than the average of the Shoran readings. 
Obviously the transmission path to the 
Rocky Point location, which was 400 feet 
below optical line of sight, through scrub 
pines and over sand, was not affecting the 
velocity of propagation to any marked 
extent over and above the variations 
caused by normal sea level air pressure. 
The latter had been calculated before- 
hand and introduced into the equipment 
as a correction to the frequency of the 
crystal-controlled pulse repetition rate. 
The agreement between the Shoran and 
geodetic distance measurements was 
actually too close for comfort. Had they 
differed by 200 feet or so, they could have 
been given to the Aircraft Radio Labora- 
tory as evidence of the potentialities of the 
system. Under the circumstances, it 
was decided that it would be best to say 
nothing about that particular series of 
measurements and let the contracting 
agency make its own accuracy determina- 
t1ON Soe 

At the time of Pearl Harbor, the Air- 
craft Radio Laboratory took delivery of 
two specially constructed all-metal trailers 
which they had ordered built to specifi- 
cation to house the Shoran ground sta- 
tions. Each of these had its own 5-kw 
gasoline-driven a-c generator in a glass- 
enclosed gas-tight compartment. These 
were in turn delivered to the RCA Com- 
munications Laboratory at Rocky Point 
and the Shoran gear installed. Further 
tests followed with the ground stations 
operating as complete self-contained 
mobile units. Then shortly before the 
contract expiration date, the entire 
equipment was sent to Wright Field for 
acceptance tests. 


It is well to bear in mind the particular 
conditions which existed at that time. 
The United States had been at war for 
just 2 1/2 months. The mad rush to 
prepare for the titanic struggle which was 
already upon us called for emphasis on 
the most necessary fundamentals first. 
Communication radio and liaison equip- 
ment for a rapidly expanding air force 
were requisites of prime importance. 
The Aircraft Radio Laboratory at Wright 
Field was so completely occupied with the 
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specification and procurement of these 
necessities that they had neither time nor 
facilities for acceptance tests of such ap- 
parently obtuse devices as Shoran. It 
was not until six months later, in August 
of 1942, that the original plane equip- 
ment was mounted in a B-17 Flying 
Fortress and taken to Eglin Field, Fla., 
for bomb-dropping tests. The mobile 
ground stations were set up at Mont- 
gomery, Ala., and at Tallahassee, Fla. 
In order to save time, the distances from 
each ground station to the 30-foot 
square-base pyramid target in the bay 
near Eglin Field were determined by 
flying over the target with a Norden 
bombsight set to vertical and reading the 
Shoran distances. This process was re- 
peated several times, but the pitch and 
roll of the plane, together with the in- 
ability of the automatic pilot to do a pre- 
cise job of following the bomb sight lead, 
resulted in considerable discrepancy be- 
tween successive readings. Admittedly 
the bomb-dropping trials were to be 
handicapped, not only by the possible 
Shoran errors but by those of the Norden 
bombsight and automatic pilot as well. 
The distances finally determined were 
108.297 miles to Tallahassee and 125.431 
miles to Montgomery. 


Of the first 12 100-pound sand-filled 
practice bombs dropped from 14,000 
feet, the average dispersal from the target 
was 220 feet. Two of the bombs hit the 
30-foot-square wooden target. The re- 
sults were on a par with those to be ex- 
pected from a mission dropping the same 
number of that type of bomb by visual 
means. The ballistics of sand filled 
practice bombs are erratic in comparison 
with those of heavier missiles. Addi- 
tional tests were made from 20,000 feet 
and the results were relatively the same. 
It appeared that Shoran had proved its 
capabilities as a blind bombing device 
even before its precision for distance 
measurements had been evaluated. 


The procedures developed for determi- 
nation of the release point of the bomb on 
those early test runs are interesting. It 
would be beside the point to go into all 
the ramifications of the calculations of 
bomb trajectories and release points in 
this paper. Suffice it to say that the 
vector winds through which the plane was 
passing were determined by comparing 
the indicated air speed of the plane with 
the rate of change of Shoran distances for 
a given plane heading. Manual release 
at the proper point was effected by the 
simple process of pressing a button con- 
nected electrically to the bomb rack 
intervalometer. Human reaction time 
was not considered a factor because of the 
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anticipatory knowledge constantly sup- 
plied by the Shoran indications. Later 
production models were equipped with 
devices which automatically measured 
the plane speed as well as the vector wind, 
made the required corrections in the 
ground path of the plane, and auto- 
matically released the bomb at the cor- 
rected point on that path. That por- 
tion of the equipment was developed 
primarily by F. J. Hooven in co-operation 
with engineers of the Harris Seybold 
' Potter Company under contract to the 
Armament Laboratory of the Air Tech- 
nical Service Command. It is a marvel 
of ingenuity and precision, but at this 
writing, information regarding the de- 
tails of that device is still restricted. 

_ After the Eglin Field tests, it seemed 
certain that an immediate request for 
product designs and production schedules 
would be forthcoming. Much to the 
personal disappointment of those who had 
nurtured the development from its con- 
ception, such was not to be the case. 
Interest in blind bombing devices was at 
fever heat, but the new microwave 
techniques were coming on the scene and 
their freedom from any tie to fixed loca- 
tions on the ground seemed to offer the 
only complete answer. Actually it was 
not until after the close of war in Europe 
that it was determined that 80 per cent 
of all strategic missions and almost 100 
per cent of all tactical missions flown in 
that theater were within the Shoran range 
of operation. 


A further deterrent to Shoran progress 
lay in the fact that by then the British 
had started development of a somewhat 
similar system and it was felt inadvisable 
to carry on two separate product design 
and procurement programs without co- 
ordination. Accordingly, a small group 
of military personnel headed by Lieuten- 
ant Colonel R. R. Brunner, together with 
two Radio Corporation of America engi- 
neers, left for England on December 1, 
1942, to exchange information and to re- 
solve the degree to which the two pro- 
grams could be integrated. However, 
the work carried on at Telecommunica- 
tions Radio Establishments under the 
Air Ministry was based on entirely differ- 
ent principles than those of the Shoran 
development and there appeared to be no 
common basis upon which the two pro- 
grams could be combined. 

On the return trip from England, the 
party split into separate groups. The 
group consisting of Colonel Brunner and 
some British military personnel coming to 
the United States to get a better picture 
of the Shoran project was lost in flying 
the South Atlantic Ocean. Viewed in 
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retrospect, it seems certain that this loss 
was a major factor in keeping Shoran 
progressing at a snail’s pace toward its 
ultimate conclusion. 

Finally in March of 1943 a product de- 
sign contract was given to RCA and work 
progressed again at full steam. The 
contract stated that the ultimate equip- 
ment should have an accuracy of distance 
measurement at least equal to that of the 
original model which, by then, carried the 
army designation SCR297-T2. It was 
realized by all concerned that the +500 
feet specification was so pessimistic as to 
be meaningless, so no figures were men- 
tioned. Several of the automatic fea- 
tures referred to previously were speci- 
fied as essential to fulfillment of that 
contract. 


That work was completed in January 
of 1944. It is a credit to all concerned to 
say that the faith of the Air Technical 
Service Command Aircraft Radio Labora- 
tory in the ultimate outcome of that pro- 
gram was such that they recommended, 
and Radio Corporation of America re- 
ceived, large procurement orders well in 
advance of its completion. Thus the 
Shoran radar program acquired the 
unique distinction of having been con- 
ceived, developed, product-designed, and 
manufactured entirely within one com- 
pany. This, of course, neglects the 
auxiliary equipment mentioned above. 


After the completion of the design work, 
and while waiting for production quanti- 
ties to become available, a six-month pro- 
gram of rigorous flight and field tests was 
inaugurated at Boca Ratan, Fla., under 
the auspices of the Aircraft Radio 
Laboratory. For the first time, a true 
indication of the accuracy of distance 
measurements from a plane to a fixed 
point on the ground was available. This 
was derived by the use of so-called Zenith 
cameras located at known control points 
approximately 100 miles from the Shoran 
ground stations. The plane was equipped 
with a gas-filled flash lamp on the under 
side of the fuselage. As the plane passed 
over the Zenith camera, the lamp was 
flashed and the Shoran distance readings 
recorded. Many nights of such flights 
with many passages back and forth 
across each new Zenith camera location 
gave sufficient data to indicate the prob- 
able error of distance measurement as 
being somewhat less than 50 feet out to 
the limit of its range. Hundreds of 
bombs were dropped and many different 
operators acted as Shoran bombardiers. 
As a matter of fact, no single individual 
ever dropped enough bombs to become 
really proficient in the use of the equip- 
ment, but the design was such that it was 
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relatively simple to operate. Thus, hu- 
man errors, particularly when the operator 
had had training on a Norden bombsight, 
were at a minimum. 


The extreme accuracy of distance de- 
termination attracted the attention of the 
Army geodetic and mapping groups. As 
a result of their interest, the equipment is 
being used today for establishing control 
points with first-order survey accuracy at 
very great distances. For this work a 
ground station is established at each point 
to be located and a plane flown back and 
forth across the line between any two 
such points. The average minimum sum 
of the distances between the plane and 
each ground station, as indicated by a 
photographic recorder for each line cross- 
ing, gives the true distance between the 
points. The comparative simplicity of 
surveying a line from, say, Chicago to 
Kansas City to Amarillo, Texas, in only 
two jumps can be imagined. For a sur- 
vey of that route, three ground stations 
would be used, one at each of the three 
cities, and 10 or 20 flights back and forth 
across the approximate center of each 
line would be all that would be required. 
Except for one consideration, it would be 
unnecessary for any individual to set foot 
upon the intervening terrain. Subse- 
quent to the early tests between the Em- 
pire State Building and Rocky Point, the 
true effect of climatic conditions on 
propagation velocity and on the refrac- 
tion of the radio waves between plane 
and ground had been determined. Asa 
result, sounding balloon or other types of 
atmospheric determinations along the 
path are considered necessary when the 
equipment is used for first-order survey 
work. Nevertheless, the simplicity and 
rapidity with which unmapped portions 
of the surface of the earth can be brought 
into survey control with equipment of 
this type is little short of amazing. 


At the completion of the Boca Ratan 
tests, the remarkable results achieved 
became known to the commanders in the 
fields of operation and requests for equip- 
ment began to pourin. In September of 
1944, it was decided to test the equipment 
in actual operation against the enemy. 
Several personnel from the Aircraft 
Radio Laboratory and the Armament 
Laboratory (also at Wright Field) were 
accompanied to Corsica by three Radio 
Corporation of America engineers to aid 
in setting up the equipment and to train 
ground and air crews in its use over 
northern Italy. There were many dis- 
appointing delays in the arrival of the 
equipment. Boxes supposed to contain 
transmitter tubes were found to contain 
toilet necessities and flashlight batteries. 
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More weeks followed during which crews 
were training and practice bombing. 
Finally on December 11, 1944, the first 
Shoran bombs were dropped. From that 
time on, events moved with rapidity. 
Operational results were phenomenal. 
Bridges that had withstood many close 
misses by visual missions were destroyed 
on the first Shoran run. Weather was 
no hindrance to tactical air support with 
Shoran. By the time the war ended in 
Europe, the amount of tactical bombing 
being done in any area was predicated 
almost entirely upon the availability of 
Shoran equipment. By the time the war 
with Japan was brought to a close, the 
plans of the Army and Navy for the use of 
Shoran in the Pacific were astounding 
even to those who knew its potentialities. 


The Shoran System 


Figure 1 shows the 2-distance ‘“‘fix’’ 
method used by Shoran to locate a posi- 
tion in flight. The airplane equipment 
transmits a series of short pulses of radio 
frequency energy to each of a pair of 
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Figure 1. The Prin- 
ciple of Shoran 


The Shoran set indi- 
cates plane’ sdistance 
from two ground 
stations, thus‘ fixing” 
it at intersection of 
the corresponding 
circular arcs swung 
around the two sta- 
tions 


These in turn im- 


ground stations. 
mediately retransmit the received signals 
to the plane where the round-trip trans- 
mission time is measured in terms of 


distance. In bombing operations the 
plane flies in either direction on an arc 
about one of the ground stations. The 
radius of the arc is equal to the station- 
to-target distance. Since either ground 
station may be used as the center of the 
flight path, four different approach head- 
ings are possible when bombing a given 
target. With normal station-to-target 
distances, the curvature of the bomb run 
path is relatively slight. A refined type 
of pilot direction indicator meter, deriv- 
ing its information automatically from 
the equipment, is in front of the pilot. 
During a bomb run, with the aid of this 
instrument, it is not difficult to keep the 
plane on its arc path with deviations less 
than the span of the plane wings. 

It should be noted that no information 
is passed along the path joining the 
ground stations. If the geographic loca- 
tions of those stations, as well as those of 
all possible targets, are accurately known, 


Figure 2. Panel of 

timing and indicating 

unit of Shoran plane 
equipment 
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as was the case in the European use of 
Shoran, the geodetic problems connected 
with Shoran operations are relatively 
simple of solution. When they are not 
known, Shoran reconnaissance photog- 
raphy of possible targets will reveal their 
co-ordinates. 

It is highly desirable that a pair of 
ground stations be able to serve a large 
number of planes bombing widely sepa- 
rated targets simultaneously. This is 
possible with Shoran installations, and the 
means by which it is accomplished with- 
out interference will be described later 
in this article. 

Planning of a Shoran mission, with all 
the geographic distances known, is not as 
simple as it might at first appear. The 
great circle path of a plane several 
thousand feet in the air differs from the 
great circle path on the earth’s surface, 
often by as much as one tenth mile. 
Contrary to a widely held belief, radio 
waves do not travel in a straight line over 
any appreciable distance, but tend to be 
refracted into a vertical arc. Radiant 
energy travels faster at bomber plane 
altitudes than it does through sea level air 
pressures. Fortunately, all of these 
effects are predictable accurately, and all 
are taken into account in determining 
Shoran co-ordinates for a given bombing 
mission. The calculations involved are 
completed before take-off. In bombing 
operations, possible corrections indicated 
by variations in climatic conditions are 
usually of insufficient magnitude to be 
significant. 

The ruggedness and relative simplicity 
of operation of the components of a 
Shoran system, together with the freedom 
from equipment failures which it pro- 
vided in combat use, are all remarkable 
in view of the extreme precision of the re- 
sults obtained. Details of the individual 
portions of the equipment are given here- 
with. 


Figure 3. The airplane transmitter 
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The Plane Equipment 


The principal units of a Shoran plane 
equipment are shown in Figures 2 and 3. 
Figure 2 shows the timing and indicating 
device which is the most vital part of the 
Shoran system. This unit permits regu- 
lation of the timing of the transmitted 
pulses in such manner that the signal 
returned by retransmission from the 
ground arrives back at the plane receiver 
and makes its appearance on the screen 
of the cathode ray tube coincidentally 
with the fixed, or so-called Ty) marker 
indication. The adjustment necessary 
to effect this coincidence is calibrated in 
miles and decimal portions of a mile. 
Thus the mileage indications are read 
from the dial settings rather than from 
the face of the cathode ray tube, in 
accordance with the set-back principle 
referred to previously. 

The pulse timing function is duplicated 
in the indicator unit to allow for simul- 
taneous distance measurements from two 
ground stations. Reference to Figure 2 
will show the two large 100-mile dials at 
the bottom of the panel. At the left of 


each dial is a Veeder-type counter, the 
three digits of which indicate miles, 
tenths of a mile, and hundredths of a 
mile. 
of a mile is possible. 


Estimation to the nearest 1/1,000 
Adjustment of each 


ie 


The goniometer which determines 
Shoran timing 


Figure 5. Goniometer with rotor withdrawn 


The Faraday screen of copper ribbon covers 
the crossed windings of the stator 
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Figure 6. Bottom 
view of timing and 
indicating unit 


Each goniometer is 
mechanically con- 
nected through re- 
duction gears to the 
others in the chain 


of the two sets of distance indicators is 
made by rotation of the small hand 
wheels to the left and slightly below the 
large dials. In the case of a plane in 
motion, continuous rotation, achieved by 
variable speed motor drive, can be im- 
parted to the shafts carrying the hand 
wheels, thus keeping the indicated data 
up to date. It can be readily understood 
that the rate of rotation necessary to 
maintain coincidence between the re- 
ceived signal and the Ty marker is of 
value in determining the plane’s ground 
speed and in the calculation of bomb re- 
lease points. Beyond 100 miles the read- 
ings are repeated. Thus the readings 
would be the same for distances of 57, 
157, and 257 miles. 

The most interesting portions of the 
timing and indicating circuits are those 
which control the timing of the trans- 
mitted pulses. The accuracy of that 
function depends upon the stability of a 
quartz crystal oscillator operating at 
93,109 cycles per second. It should be 
noted that this figure is exactly one-half 
of 186,218, which is the number of miles 
traveled each second by a radio wave 
passing through sea level air pressure. 
Thus the period of one cycle of the oscil- 
lator is equivalent to the time required for 
a radiated signal to travel a round-trip 
distance of one mile. 

The voltage output from the oscillator 
is distorted in vacuum tube circuits by 
clipping and differentiation processes to 
form a very short pulse, accurately 
located at a fixed phase of the cycle. 
This is passed to the cathode ray tube 
and becomes the TJ» marker on the screen. 
The output of the 93-kilocycle oscillator 
is also split into two accurately spaced 
quadrature components and delivered to 
the crossed windings of the stator of a 
goniometer. Pictures of this unit are 
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shown in Figures 4 and 5. The rotor of 
the goniometer can be turned throughout 
360 degrees, and the output potentials, 
derived by way of the slip rings, have a 
phase corresponding to the position of 


the rotor. This potential is likewise 
clipped and differentiated and produces a 
pip which then can be timed accurately to 
any point midway between two marker 
pips. One degree of rotation of the 
goniometer corresponds to a round-trip 
path length of 15 feet. If these adjust- 
able pips were all used to actuate the 
transmitter, there would be _ several 
hundred transmitted impulses stretched 
out over the round-trip path between the 
plane and a ground station, and con- 
fusion would result. Therefore, it is 
necessary to select one pulse out of each 
100 that are developed and discard the 
others. Accordingly, the 93-kilocycle 
wave is passed to a 10:1 phase degener- 
ated frequency divider and the new fre- 
quency split into quadrature components 
for a second goniometer. This unit is 
mechanically connected to the first 
goniometer through 10:1 reduction gears. 
The resultant output is used as a gate to 
select one out of each ten of the de- 
veloped pips. Again the process is re- 
peated with another 10:1 divider, and a 
third goniometer is driven by the second 
through another 10:1 reduction gear. 
The final output voltage at 931.09 cycles 
selects one of the ten previously selected 
pips and thus discards all but one of the 
original 100 which were developed. The 
second and third goniometers have no 
effect.on over-all accuracy if the output 
phase of each is correct within the selec- 
tion limits of +15 degrees. Greater dis- 
crepancies would produce errors of exact 
multiples of one mile or ten miles, de- 
pending upon which of the two units was 
at fault. The circuits which deliver the 
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quadrature currents to the goniometers 
are unique in one important character- 
istic. Large changes in the power factor 
of the stator windings produce no phase 
variations of the currents which flow 
through them. Thus temperature com- 
pensation is unnecessary, and ambient 
temperature variations from —70 degrees 
Fahrenheit to +140 degrees Fahrenheit 
make no readable change in indications. 
The complete chain of goniometers, 
mechanically coupled through reduction 
gears and supplied with the proper energy 
from the associated circuits, permits ac- 
curate placement of the transmitter pulse 
to within 1/100 of one degree of any posi- 
tion throughout the 100-mile repetition 
rate cycle. This is accomplished without 
excessively close tolerance specifications 
on any parts of the equipment. The 
twin rows of goniometers can be seen in 
the bottom view of the timing and indicat- 
ing unit chassis in Figure 6. 

The two timing devices are completely 
independent of each other, and the trans- 
mitter control is commutated between 
them approximately ten times per second. 


Figure 8. Units and cabling of ground station 
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stations 


During the commutation cycle, the fre- 
quency of the transmitter is altered so 
that all pulses sent out in accordance with 
timing derived from the left-hand control 
are on one wave length, while those from 
the right-hand control are on another. 
Thus each of the two ground station re- 
ceivers can pick up and retransmit the 
signals meant for it and discriminate 
against those intended forthe other. The 
commutation process also switches the 
gain control function of the plane re- 
ceiver alternately between two potenti- 
ometers, each of which can be adjusted 
separately. This allows for wide differ- 
ences between the strengths of signals re- 
ceived at the plane from the two ground 
transmitters, as is the case when operat- 
ing close to one but remote from the 
other. 


One other function of importance is per- 
formed during the commutation cycle. 
In order to operate many planes in the 
air at once and have them all use the 
same pair of ground stations, it is neces- 
sary that transmission from a ground 
station to one plane not interfere with the 
proper operation of Shoran equipment in 
another. Since the repetition rate of 
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GENERATOR 
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Figure 7. The Shoran 
receiver used in both 
plane and ground 


Shoran pulses is the precise yardstick in 
terms of which the distances are measured, 
all planes utilizing a pair of ground sta- 
tions simultaneously will be using that 
same yardstick. Thus it would be 
possible for the accurately synchronized 
indications from a ground station, meant 
for one plane, to be picked up by another 
and give the second plane crew an errone- 
ous indication of their position. This 
possibility is obviated by an action of the 
commutator during a third portion of the 
one-tenth-second period of its cycle dur- 
ing which no transmissions occur. Dur- 
ing this time, the repetition rate circuits 
of the timer are momentarily blocked off 
and then immediately allowed to resume 
operation precisely at the previous rate. 
The result is that no two plane equip- 
ments interrogating a common ground 
station can stay synchronized for more 
than a small fraction of a second, in spite 
of the fact that their interrogation rates 
are precisely the same. 

The trace on the cathode ray tube is 
circular. There were two reasons for 
this choice. A 3-inch tube will accom- 
modate a 7!/.-inch circular trace com- 
pared to a 21/,-inch linear sweep. Also a 
circular sweep is continuous without 
breaks in its continuity while the spot re- 
turns to its starting position. A throw 
of a switch changes the deflection rate of 
the circular pattern from a 1- toa 10- toa 
100-mile scale. For navigational pur- 
poses, out to the initial point of a bomb 
run, the 100-mile scale is adequate. The 
use of this scale allows the operator to 
effect coincidence of the received and 
marker pulses to well within the + 5-mile 
interval over which they are’ visible 
on the ten-mile scale. He can then re- 
peat the process and switch to the one- 
mile scale. Thereafter, if the data are 
kept up-to-date, he need not return to 
the 10- or 100-mile scales, since the com- 
plete information is constantly available 
on the mileage dials. All traces on the 
oscilloscope are blanked out when using 
the 1- or 10-mile scales except for the 
particular 1- or 10-mile interval con- 
taining the Ty time. Actually, the 7) 
marker is traced on the screen for the 1- 
and 10-mile scales during an unused por- 
tion of the 100-mile repetition rate. 
Thus, the received pulses, which are out- 
ward for the left-hand mileage controls 
and inward for the right-hand dials, 
appear to be superimposed upon the 
marker deflection rather than to mingle 
with it and thus cause confusion. Match- 
ing is correct when the left-hand (leading) 
edges of all pulses are coincident. 


The plane receiver controls are on the 
separate oblong panel extending upward 
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slightly to the right of center in Figure 2. 
The receiver can be withdrawn and re- 
placed in a matter of only a few seconds in 
case of defective operation. All connec- 
tions, with the exception of the antenna, 
are made through sliding contacts and 
are thus automatically broken and re- 
established when the unit is removed and 
replaced. One of the filters for the forced 
air cooling system can be seen in the 
upper left-hand corner. Figure 7 showsa 
receiver withdrawn from its compart- 
ment. 

Figure 3 shows the plane transmitter 
which generates the signals radiated 
under control of the timing and indicat- 
ing unit. It is usually mounted in some 
out-of-the-way position in the airplane, 

Since it has no adjustments that need 
attention while in flight. ‘‘Start,” 
“stop,” and “standby” operation are re- 
motely controlled by relays actuated in 


RECEIVER 


TRANSMITTER 


Figure 9. The function of the ground station 


Pulses received from the airborne transmitter 
are amplified and retransmitted to the plane 


conjunction with those of the timing and 
indicating unit. 

The peak power input to the trans- 
mitter tubes is approximately 50,000 
watts, and a plate circuit efficiency of 
about 30 per cent is realized. The low 
operating duty cycle results in an average 
plate power consumption during operat- 
ing periods of only 30 watts. Positive 
plate, or B voltages, are not used on the 
two push-pull self-oscillating transmitter 
tubes which derived their plate energy 
entirely from the 5,000-volt positive 
swing of the secondary of the pulse 
modulation transformer. The two trans- 
mitter frequencies, which are commu- 
tated during operation, are adjustable in 
the region of 220 to 260 megacycles. 
Usually they are separated by from five to 
ten megacycles, but they must correspond 
to the respective ground station receiver 
frequencies. Commutation of the radi- 
ated wave length is made possible by the 
action of a solenoid-operated vacuum- 
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contact short-circuiting bar on the reso- 
nant grid line of the oscillators. The ad- 
justment of the position of that bar and of 
all other grid and cathode line connections 
is controlled by screw driver adjustment 
through the front panel. The plates of 
the oscillators are at radio frequency 
ground potential. 

The antenna for radiating the trans- 
mitter power is of the stub type and is 
mounted vertically either above or below 
the fuselage. An attempt is made to 
produce as nearly an omnidirectional pat- 
tern of vertically polarized radiation as 
possible. The antenna proper is some- 
what unconventional. It consists of a 
center rod extending approximately 1/8 
wave length beyond a 1/8-wave grounded 
concentric sleeve. The entire assembly 
is about 12 inches in length. In opera- 
tion the antenna has relatively broad 
band characteristics and produces a low 
order of standing wave ratios on the 50- 
ohm transmission feed line throughout 
the transmitter frequency range. 

The plane receiving antenna is of the 
same type of construction but is some- 


what shorter in over-all length, since it re- 


ceives signals from ground stations which 
transmit on approximately 310 mega- 
cycles. 

Lengths of interconnecting cables be- 
tween units and between the transmitter 
and receiver and their respective antennas 
have an effect on the total time spent by 
pulse energy in traversing all of the plane 
equipment circuits. Therefore, each 
plane installation must be compensated 
by a process which involves the sending of 
test signals around the complete loop and 
making the necessary corrections in the 
position of the marker pulse. Actually, 
the adjustment is not made to zero but to 
a standard negative value of distance 
which compensates for all of the fixed de- 
lays in the ground station as well as for 
those in the plane. Thus, if the inter- 


Figure 10. Panel of 
ground station moni- 
tor-receiver 
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Figure 11. Panel of ground station transmitter 


vening path between the plane antennas 
and those of the ground station were of 
zero length, a pulse initiated in a timer 
chain reading zero would pass through 
the plane transmitter, all the ground 
equipment, and finally arrive back at the 
plane receiver in time to appear on the 
cathode ray tube exactly superimposed 
upon the 7) marker. The point which 
bisects an imaginary line drawn between 
the plane transmitting and receiving 
antennas is that from which all measured 
distances are indicated. 


The Ground Station Equipment 


A ground installation consists essen- 
tially of four principal units. These are 
the receiver-monitor, the transmitter, 
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the antenna arrays, and the gasoline- 
driven power supply. See Figure 8. 
The complete equipment is air-trans- 
portable and can be flown to a known 
location and put into operation within 90 
minutes after arrival. 

The primary function of the ground 
equipment is to receive, reshape, and re- 
transmit all pulses arriving af the loca- 
tion on the particular wave length to 
which the receiver is tuned. See Figure 
9. The elapsed time between the arrival 
of a signal at the receiving antenna and 
the radiation of the resultant pulse from 
the transmitting antenna must be ac- 
curately adjusted to a fixed standard 
time interval. That adjustment, as well 
as others necessary for proper operation 
of the installation, is performed with the 
aid of the monitor portion of the monitor- 
receiver unit. This is shown in Figure 10. 

The oscilloscope in this piece of the 
equipment facilitates adjustment of fre- 
quency dividers which regulate the tim- 
ing of standard repetition rate radiations 
independently of any received signals. 
These are under the control of an ex- 
tremely accurate 93, 109-cycle tempera- 
ture-controlled crystal and allow a plane 
equipment operator to make a slight ad- 
justment in the frequency of his crystal if 
temperature or other conditions have 
caused excessive drift. Continuous radi- 
ation of standard pulses from the ground 
also enables the plane operator to tell 
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Figure 12. Ground station antenna assembly 


whether or not he has sufficient altitude 
to be within range of that station even 
before he starts transmitting. 

The adjustment of the total delay inter- 
val to the standard value is made by 
varying the number of delay line sections 
in the circuit until the loop-delayed pulse 
matches another which is passed only 
through a standard delay network. 

The receiver, shown on the right-hand 
side in Figure 10, is identical to, and inter- 
changeable with, the receiver in a plane 
equipment. It has a continuously ad- 
justable tuning range between 210 and 
320 megacycles. 

The transmitter, shown in Figure 11, 
is very similar to that used in a plane. 
However, it has a much higher duty cycle, 
when serving a large number of planes, 
and the modulator circuits are, therefore, 
made heavier to handle that load. 
Whereas the average plate power in a 
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plane transmitter is 30 watts during 
operation, the ground transmitter may be 
developing as much as 400 watts. Each 
develops a peak input power of about 50 
kw. 

The transmitting and receiving anten- 
nas are shown in Figure 12. The re- 
flectors give power gain of approximately 
eight to one in the forward direction with 
a horizontal coverage angle of about 70 
degrees to the half-power points. The 
whole assembly is supported on a 50-foot 
sectionalized plywood mast. 

The gasoline-driven generator delivers 
about 1,500 watts at 115 volts, 400 cycles, 
and approximately 400 watts at 28 volts 
direct current. 


Operational Results 


The use of blind Shoran bombing over 
the battle fields of Europe showed that it 
was capable of equalling visual bombing 
in accuracy under normal conditions 
and surpassing it when the latter suffered 
from target identification difficulties. 
On occasion, rolling barrages of fragmen- 
tation bombs were laid only a few hundred 
feet ahead of our own advancing troops. 
The demoralizing influence of such a bar- 
rage, from planes completely hidden in a 
clouded sky, was tremendous. Such 
operations with equipment of less pre- 
cision than Shoran would have been 
foolhardy. 
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Application of the Betatron to 


Practical Radiography 
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Synopsis: The development of the beta- 
tron, which accelerates electrons by mag- 
netic induction making possible the pro- 
duction of higher energy X rays than is 
practical by the direct application of the 
accelerating potential, has extended the 
range of X rays indefinitely, the only limit 
being the size of the machine. Tests with 
the betatron have shown that the best 
energy for medical and radiographic use is 
20 mev (million electron volts). The de- 
velopment of this machine from a physics 
laboratory instrument to an _ industrial 
machine is described, as well as the radio- 
graphic properties of the X rays produced. 


HE FIRST successful type of beta- 

tron, invented by Doctor D. W. Kerst 
at the University of [llinois, is an induc- 
tion electron accelerator which means 
that electrons are accelerated by mag- 
netic induction instead of by direct 
application of high potential. The result 
is that the voltage insulation is not ‘the 
limiting factor in the acceleration of the 
electrons, and they can be given energies 
not previously obtainable by any other 
man-made means. 

In the betatron an alternating mag- 
netic field holds the electrons in a stable 
circular orbit within an evacuated annular 
chamber called a ‘‘donut,’ and the in- 
creasing field produces a force on the elec- 
trons which accelerates them to high 
velocities. A special field contour is 
necessary to hold the electron in its orbit 
as its mass changes relativistically with 
increasing velocity. 


Development of the Theory 


The idea of acceleration of electrons by 
magnetic induction was the subject of 
experiments conducted by many scien- 
tists. J. Slepian stated the general prin- 
ciple in his patent! issued in 1927, but he 
apparently did not develop his calcula- 
tions to the point of producing a satis- 
factorily workable machine. Wideroe? 
was the first to show that the necessary 
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field condition for a stable equilibrium 
orbit is do = 277ro?Ho where 


ry =radius of equilibrium orbit 
oo = flux within orbit 
H,=field at the orbit 


This was verified by Walton’ and later 
referred to by Steenbeck‘ as the 1: 2 rela- 
tion as the flux within the orbit is twice as 
much as would be obtained if the mag- 
netic field were uniform in space. Steen- 
beck stated that the field in the region of 
the orbit should be H«1/r”, where 0 < 
nm<1. Kerst and Serber® verified the 
calculations of Wideroe and Walton and 
also developed the equations for transient 
phenomena in the magnetic field. Kerst® 
was the first to place an injector in the 
magnetic field for supplying electrons at a 
substantial initial velocity to the orbit. 
Several of the earlier investigators had 
tried to inject electrons from outside the 
magnetic field tangentially to the orbit 
but had not been successful. Steenbeck 
placed a heated filament in the magnetic 
field, but provided no means of directing 
the electrons emitted or of giving them an 
initial velocity. The injector as de- 
veloped from the one used by Kerst is 
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Figure 1. 
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shown in Figure 1, and consists of a 
heated filament, grid, and surrounding 
plate so that the stream of electrons is 
ejected by a negative pulse applied to the 
filament (the plate is grounded to prevent 
its disturbing the orbit by its electrostatic 
field). The grid is a solid piece of metal 
used to minimize the electron bombard- 
ment of the plate and is connected to one 
side of the filament. 

On the basis of the calculations made 
by Kerst and Serber, Kerst®:7* was able 
to construct the first betatron to operate 
successfully in a practical manner. 

Kerst and Serber also calculated the 
paths of electrons which would oscillate 
about the equilibrium orbit while the 
focusing forces are damping the oscilla- 
tion. From their calculations they could 
predict the best value for m so that the 
most electrons would miss the injector on 
the later revolutions and be focused to the 
orbit. : 

The Kerst type of betatron is essen- 
tially a three-legged transformer with the 
accelerating field formed in an air gap by 
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SECTIONAL VIEW SHOWING DONUT IN PLACE 
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PERSPECTIVE VIEW OF YOKE 
Figure 2. Betatron magnet 
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Figure 3. Sectional view of donut showing 
positions of injector and targets as well as 
: electron paths 


radially symmetrical poles in the center 
leg as shown in Figure 2. Coils shown 
provide the necessary flux when a voltage 
is applied to them. In practice a sinu- 
soidal voltage is applied as this is the sim- 
plest ‘means of providing the time-in- 
creasing field, although only one quarter 
of each cycle is utilized in the accelera- 
tion of the electrons. The donut and in- 
jector are shown in position in Figure 3 
which also illustrates the various electron 
paths during focusing, injection, and ex- 
pansion. 

In operation, electrons are injected 
when the flux wave is at point A as shown 
in Figure 4. They are accelerated as the 
flux increases until point B is reached 
where they are caused to deviate from the 
equilibrium orbit by either of the two 
following means: (1) the center of the 
pole is allowed to saturate with the result 
that 2H) increases faster than ¢/7ro* so 
that 7, becomes smaller and the electrons 
spiral in until they strike a target, such as 
A in Figure 3; or (2) a pulse of current 
is sent through a turn of wire on each pole 
face in such a direction that the flux 
caused so upsets the equilibrium condition 
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Figure 4. Flux wave 
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that 7 becomes larger causing the elec- 
trons to spiral out and strike a target (B 
in Figure 3) mounted on the back of the 
injector. Kerst, in his original machine, 
used the first method as it is simpler and 
does not require a carefully timed elec- 
tronic tube circuit as does the beam ex- 
pansion method. 


The Production of X Rays 


When the high energy electrons strike 
the target, X rays are produced, the great- 
est intensity of which emerge from the 
donut in a narrow cone in the direction 
which the electrons are traveling at that 
time. As the conversion of the kinetic 
energy-of the electrons to X rays is higher 
for high energies than low (theoretically 
65 per cent of the electron energy is con- 
verted to X rays at 20 million electron 
volts as compared to afew per cent at 


EACH PACKAGE 
CONTAINS EIGHT 
4 LAMINATIONS 


POLE COLLAR 


Figure 5. Details of pole laminations 


1 million electron volts) very little of the 
energy is absorbed by the target, so that 
the target remains relatively cold and 
does not deteriorate with use. 


Development 


After successfully operating his first 
betatron which had a maximum energy of 
2.3 million electron volts, Kerst was 
granted a leave of absence from the Uni- 
versity of Illinois to supervise the con- 
struction of a 20-million-electron-volt 
betatron.? This betatron was loaned 
permanently to the University of Illinois 
for use under his direction. This and 
subsequent 20-million-electron-volt beta- 
trons used expansion coils to cause the 
orbit to spiral out as this method results 
in higher maximum energy and higher X- 
ray output. 

In order to determine whether or not 
the X radiation produced by the betatron 
was suitable for industrial use in thick 
section radiography, the Office of Scien- 
tific Research and Development ap- 
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Figure 6. Betatron yoke 


pointed Kerst as official investigator and 
allotted funds for the work. When the 
investigation showed that the 20-million- 
electron-volt betatron could be used to 
great advantage in thick section radi- 
ography, OSRD authorized and financed 
the further work necessary to develop the 
betatron for industrial use, including the 
building of one machine. Kerst and his 
staff from the University of Illinois then 
obtained the co-operation of the Allis- 
Chalmers Manufacturing Company in 
this development in order to make the 
betatron available to war projects. The 
general details, such as size of pole and 
dimensions of yoke, are practically the 
same as described by Kerst with the 
major improvement being made in the 
mechanical construction of the betatron, 
and in the development of the donut. 

One of the major improvements made 
in this development was in the improved 
construction of the pole. The simplest 
way to construct a radially symmetrical 
pole is by making pie-shaped sectors of 
various lengths as shown in Figure 5 with 
several sectors making a complete pole. 
In the first 20-million-electron-volt beta- 
tron, these laminations were held together 
by a thermal setting resin which proved in 
operation that it was not strong enough to 
hold against the magnetic forces present, 
and gradually the pole developed short 
circuits until the beam was disrupted and 
the X-ray yield materially decreased. 
By careful welding and insulating, a very 
rigid pole was constructed. One set of 
these poles has been installed on the Uni- 
versity of Illinois machine for over a year, 
and has been operated as many hours as 
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Figure 7. Injector circuit 


the original set, but shows no signs of go- 
ing bad. In fact, the yield is now higher 
than ever was obtained with the original 
machine. Also, the pole laminations 
were cut on a die which assured a very 
smooth and radially symmetrical pole. 

The coils on the commercial machine 
are held very rigidly in place and air ducts 
provided to aid in cooling. Because of 
the high leakage flux caused by the air 
gap for the accelerating field, the turns 
must be stranded with each strand insu- 
lated from all others by Formvar varnish 
and all layers wound in the same direction 
in order to keep induced voltages and 
eddy currents at a minimum. 

The yoke on the University of Illinois 
machine was made in four pieces as 
shown in Figure 6A with only the weight 
of the steel holding them in place. By 
assembling in two halves as shown in 
Figure 6B, a much better constructionwas 
possible, and by the use of guide rods, the 
alignment of the poles could be made at 
the time of assembly with the assurance 
that the poles could be separated for in- 
stallation of a donut and the alignment 
would always be the same. Then, by in- 
stalling lifting jacks operated by a gear 
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motor with chain and sprocket system 
the top half of the betatron could be 
lifted without the use of an auxiliary 
hoist. The construction of the yoke in 
two halves also will simplify the clamping 
necessary to make possible the mounting 
of the betatron for rotation of the beam 
should it be desired. 

One of the most interesting develop- 
ments made was in the manufacture of 
donuts. The first donuts made for the 
University of Illinois 20-million-electron- 
volt machine consisted of two short glass 
cylinders forming the outer and inner wall 
with two glass washers forming the top 
and bottom. These glass parts were 
waxed together with tubes waxed on to 
hold the injector and for the pump stem. 
The sections of glass forming the inner 
surface of the donut had to be sand 
blasted so that a suitable conducting 
coating could be applied. The coating 
was necessary so that the stray electrons 
not captured by the beam and striking the 
donut walls would be drained off and 
would not be allowed to build up static 
charges which would disturb the beam; 
and, at the same time, the coat must be of 
high enough resistance that the eddy 
currents induced would not disturb the 
beam or heat the donut too much. The 
main trouble with the waxed donut was 


Figure 9. Exposure 
control circuit 
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Figure 8. Expander circuit 


that the tube could not be evacuated and 
then sealed off, necessitating a pumping 
system. Also, owing to the heat gener- 
ated by the injector filament, it was neces- 
sary to blow air on the wax close to the 
injector stem to prevent softening of the 
wax with resulting leaks. 

To solve the donut problems, the 
Ceramic Engineering Department at the 
University of Illinois, under a contract 
with OSRD, was able to develop a porce- 
lain which was capable of having glass 
sealed to it and was vacuum tight. More- 
over, this porcelain donut could be made 
by coreless casting which resulted in a 
fairly inexpensive product. Some de- 
velopment was necessary in order to coat 
the inside of this tube and make the glass 
seals, but the difficulties were overcome 
and donuts were produced, evacuated, 
and sealed-off which have been giving 
very satisfactory service. This resulted 
in the elimination of a high-vacuum 
pumping system on the betatron which 
would have been the cause of much trou- 
ble in the successful operation of beta- 
trons in industrial radiography. 

A study was made of the injector and 
the design and structure were improved 


bsu-10 


as 
z ey 20 MEV 
BETA 

9 a TATRON 
i 400KV |ENERGY RANGE OF 

YPICAL X-RAY +— n 
ss 200 KV MACHINES E 
fe) =; t 7 saa z 
= 20 . 

a ihe > 

*& 
= 4 a 
aj | 5 es if he 6 = 
oO LN x. es 
i ENS, if = 
i 1.0 i Sty ! 
w ie 4 > 
Oo me 
=) ABSORPTION 0} 
fe) 0.5 — 1 —— ] z 
= E 
& . Z 
9 (0) (0) z 
aes) 4 8 12 16 20 244 
< X-RAY QUANTUM ENERGY — MEV x 


TRANSACTIONS 243 


so that an increased yield was realized. 
The injector, which is an electron gun, 
should not have too large a distance be- 
tween the filament and the part of the in- 
jector closest to the orbit so that as many 
electrons as possible will miss the injector 
on successive revolutions, and be captured 
by the orbit. In addition, the injector 
must be sufficiently rigid so the vibration 
caused by the alternating magnetic field 
will not shake it apart. 


The target developed made possible a, 


focal spot of the order of 0.010 inch high. 
This small focal spot is one of the out- 
standing features of the successful beta- 
tron. If the electrons hit the back of the 
injector with no special target, the focal 
spot will be of the order of 0.050 inch 
high. The width in both cases is so small 
as not to be measurable. Calculations 
have been made which show that the 
difference in successive revolutions of the 
electrons as they spiral out is of the order 


r/MIN AT ONE METER 


INTENSITY TRANSMITTED THROUGH (RON, 
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Transmission curve for steel at 20 
million electron volts 


Figure 11. 


Figure 12. Radiograph of vernier caliper be- 
tween two one-inch slabs of steel with jaws 
open 0.010 inch 


Enlargement on negative was 3.3 


244 ‘TRANSACTIONS 


of 10-4 centimeter so the width of the 
focal spot should be of the same order. 


The circuits of producing the injection 
and expansion pulses described in Kerst’s 
paper® were improved with the idea of 
providing a more satisfactory unit for 
industrial use. For example, all batteries 
were eliminated and tubes were replaced 
by others having more reliable operating 
characteristics to reduce to a minimum 
the variables for obtaining maximum 
yield. The present injector and expander 
circuits are shown in Figures 7 and 8, 
respectively. A very convenient addi- 
tional circuit is the exposure control cir- 
cuit (Figure 9) whereby the exposure in 
Roentgen units can be set on an impulse 
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Figure 13. Exposure chart for 20-million- 

electron-volt X rays with Eastman industrial 

film, type A, 0.040-inch front lead screen, 
density of 2 
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Figure 14. Exposure chart for 20-million- 

electron-volt X rays with Eastman industrial 

film, type F, 0.030-inch front lead and special 
intensifying screens, density of 2 
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EXPOSURE TIME — MINUTES 


0 & 8 (2 “16 20 
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Figure 15. Chart showing comparison of 
different films and screens 


counter and the betatron will be shut off 
when it has produced the required amount 
of X rays. 


Radiography 


The betatron makes possible the radi- 
ography of thick section steel, bronze, and 
other heavy metals. In Figure 10 the 
absorption coefficient curve for iron is 
shown together with the theoretical in- 
tensity distribution spectrum of X rays 
produced by the 20-million-electron-volt 
betatron. From these two curves, one 
can see that most of the X rays produced 
are in the region of low absorption of steel 
(the absorption curves for other heavy 
metals are similar). In other words, the 
X rays in the approximate range of from 3 
to 20 million electron volts are the most 
penetrating, and the absorption curve is 
nearly constant over this range which is 
the region of most of the X rays produced 
by the 20-million-electron-volt betatron. 
This explains the straight line transmis- 
sion curve shown in Figure 11 after one or 
two inches of steel. 

Another factor influencing the selection 
of 20 million electron volts as the best 
energy for thick-section radiography was 
that by going tohigherenergies the second- 
ary X rays produced as a result of the 
absorption of the primary rays would be 
more penetrating than the primary rays 
and tend to result in a diffused image. 
This fact can be explained by an analysis 
of X-ray absorption. Unfortunately, the 
absorption of X rays above one million 
electron volt generally results in the pro- 
duction of electron pairs with each elec- 
tron of the pair produced having on the 
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Figure 16. 
model T motor. 


Section of radiograph of Ford 


Note the damaged valve 
stem 


average nearly one half the energy of the 
primary ray. These high-energy elec- 
trons lose their energy with the accom- 
panying production of X rays which, be- 
cause of the lower energy, may be more 
penetrating than the primary rays. The 
secondary rays travel in the general 
direction of the primary, but there is some 
divergence which affects the definition on 
the film. The 20-million-electron-volt 
betatron tests show that a comparatively 
small part of the density on the film is 
caused by secondary rays. With higher 
energy betatrons, tertiary, and higher 
order X rays would be produced which 
would be more divergent and penetrating 
than the secondary rays and, therefore, 
would produce a more diffuse image on the 
film. 

The choice of a lower energy betatron 
was eliminated as the intensity for differ- 
ent energies at the same frequency goes as 
nearly the fourth power of the energy. 
At 10 million electron volts and 180 cycles 
the intensity would be 1/15 that at 20. 
This would necessitate a much higher fre- 
quency which would mean increased heat- 
ing and higher power requirements. The 
heating would necessitate liquid cooling 
and the advantage of a lower weight 
machine at lower energies partially would 
be lost. At a lower energy output a 
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smaller percentage of the X rays would be 
in the region of low absorption so that the 
exposure would be much longer for the 
same intensity. Tests at 10 million 
electron volts show that the fraction of 
density on the film contributed by the 
secondary rays is considerably larger 
than that at 20 million electron volts. 

Another advantage of 20-million-elec- 
tron-volt X rays is that an absolute sensi- 
tivity is obtained. This means that the 
size of minimum detectable flaw is the 
same regardless of the thickness of steel 
being radiographed. A 1/32-inch flaw 
was displayed with equal clarity through 
various thicknesses of steel from 2 to 12 
inches on Eastman type A film. 

In 20-million-electron-volt radiography, 
no blocking is necessary for variations in 
thickness of the specimen or around the 
outline. In fact, outlines may be less 
well defined when blocking is used. 

Because the large angle of back-scat- 
tered radiation is detrimental to the 
image, no lead is placed behind the film. 
A thickness of 0.040 inch is used in front of 
the film for the best results. Thicknesses 
of from 0.010 to 0.020 inch will result in 
about 50 per cent more density for a given 
exposure, but the detail will be less clear 
so that it is not recommended. 

The great penetration of 20-million- 
electron-volt X rays makes possible the 
study of great variations of thickness on 
the same radiograph. Radiographs have 
been taken on which differences of thick- 
ness of over six inches of steel were 
examined. The penetration of these 


Figure 17. Section of radiograph of steel 
forging revealing a flaw 
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X rays implies that it is difficult to detect 
small flaws in specimens of low density or 
small atomic number. 


The small focal spot inherent with the 
betatron and not with other X-ray 
machines is nearly the ideal point source. 
The natural focal spot is 0.050 inch high 
and less than 0.005inch wide. By usinga 
special target which was developed, the 
height is reduced to 0.010 inch. This 
focal spot makes possible the enlargement 
of the specimen on the radiograph by in- 
creasing the specimen-to-film distance. 
Figure 12 shows a radiograph of a vernier 
caliper between two 1-inch slabs of steel 
with the jaws open to 0.010inch. Witha 
magnification of 3.3 this opening could be 
seen. 


Figures 13 and 14 show exposure charts 
based on different films and screens. 
The exposure is given in Roentgen units 7 
and on the basis that the industrial units 
built have given about 75 r per minute, 
the exposure times can be calculated. 
Figure 15 gives a comparison between 
different films and screens. 

With the pronounced beaming of the 
Xrays (characteristic of highenergy radia- 
tion) for full utilization of the film, a good 
rule in the taking of radiographs is to have 
the target to film distance at least five 
times the major dimension of the film. 

To show the latitude and detail of 20- 
million-electron-volt radiographs, Figure 
16 is a radiograph of a section of a model T 
Fordengine. Figure 17 is a radiograph of 
a steel forging which showed defects that 
could not be determined otherwise except 
by very long exposures or machining and 
testing. 

The betatron has increased to at least 
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Application and Performance of 


Electronic Exciters for Large 


A-C Generators 
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Synopsis: Power rectifiers have proved 
themselves as efficient and reliable convert- 
ers of a-c to d-c power for many industrial 
applications. They also have been used to 
a limited extent as exciters for synchronous 
motors and condensers.. This paper dis- 
cusses the requirements of rectifiers when 
used to excite large a-c generators and pre- 
sents the results of tests made to determine 
performance under various operating condi- 
tions. The results cover preliminary tests 
that were made on a laboratory model in 
addition to extensive and more complete 
tests on an electronic exciter now installed 
in the Springdale generating station of the 
West Penn Power Company. The elec- 
tronic exciter was designed to serve eventt- 
ally as the main exciter for an 81,250-kva 
3,600-rpm turbine generator just installed, 
but it is now supplying excitation to a 
47,100-kva 1,800-rpm turbine generator. 
Switching arrangements are provided for 
exciting either unit from the electronic ex- 
citer or from an existing motor-driven ex- 
citer. 


INCE the introduction of the metal- 

tank type of power rectifier, particu- 
larly the single-anode type,! the applica- 
tion of rectifiers in the field of power con- 
version has expanded to include practi- 
cally every type of industry that requires 
d-c power.” Years of experience with 
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many thousands of kilowatts of installed 
capacity testify to their reliability and 
efficient performance. With this back- 
ground of usage, power rectifiers natu- 
rally have received consideration as ex- 
citers for rotating machines. A limited 
number have been used to excite syn- 
chronous motors, synchronous condens- 
ers, and one or two small generators. 
However, there has been a hesitancy in 
applying them as exciters for large a-c 
generators because of a natural reluctance 
to risk anything that might jeopardize 
the reliability or performance of a ma- 
chine as important as a large a-c gener- 
ator. 


Rotating exciters have been used with 
success for many years, whereas the abil- 
ity of a power rectifier to meet the exact- 
ing requirements of a power station gener- 
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ator has not been demonstrated by oper- 
ating experience. It is the purpose of 
this paper, therefore, to discuss the 
application of electronic exciters to large 
a-c generators, to present the results of 
comprehensive tests that were made to 
demonstrate the performance of an elec- 
tronic exciter under severe operating 
conditions, and to describe an actual in- 
stallation. 


Requirements 


Large generators for power systems are 
capable of operating and are expected to 
operate months at a time without shut- 
down. They must maintain constant 


supply voltage under varying load condi- ~ 


tions and must recover rapidly from 
disturbances caused by severe load 
fluctuations or system faults. The de- 
gree to which the generator meets these 
conditions depends in a large measure on 
the performance of its exciter, which must 
fulfill the following requirements: 


1. It must be dependable and capable of 
operating without shutdown over long 
periods of time. 


2. It should lend itself to ease of mainte- 
nance so that wearing parts can be main- 
tained, tested, or replaced without shutting 
down the unit. 


3. It must be capable of providing the re- 
quired excitation during system disturb- 
ances when the generator may be called 
upon to supply a high reactive current out- 
put. 


4. It must be capable of operating over a 
broad range of d-c voltage, from generator 
no-load to maximum output. Momentary 
values of field current considerably greater 
than full-load magnitude may be required. 


5. It must respond rapidly to high excita- 


20 inches, the thickness of steel and other 
heavy materials which can be radio- 
graphed satisfactorily, the maximum 
thickness depending on the minimum 
flaw, to be detected or the detail desired. 


Other Possible Uses 


Any new X-ray machine is considered 
for its possible application to medical 
therapy. As the main development has 
been in producing a machine for industrial 
radiography, little time has been devoted 
to studying possible therapeutical appli- 
cation. However, one paper!® has been 
published demonstrating the advantages 
of 20-million-electron-volt X rays and 
theory indicates that if the electron beam 
can be brought out of the donut, it would 


246 ‘TRANSACTIONS 


be more useful than the X rays. Both 
the 20-million-electron-volt X rays and 
electrons may be powerful weapons for 
the therapy of deep seated cancer. 

From present indication, higher energy 
betatrons apparently would have no ad- 
vantages in industrial radiography and 
their main use would probably be in con- 
nection with nuclear research. At the 
present time, Doctor Kerst is planning 
the construction of a betatron capable of 
producing at least 250-million-electron- 
volt X rays. Such a machine would en- 
able physicists to produce radiation of 
cosmic ray energies in the laboratory. 
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tion requirements, particularly where sys- 


tem stability is to be reckoned with. 


6. It must be simple in structure and 
operation so that it does not complicate the 
over-all operation of the generating unit. 


7. The cost, if higher, must be justified by 
advantages over other available methods of 
excitation. 


Application Problems 


An electronic exciter consists essen- 
tially of a power rectifier fed from an a-c 
source of power and provided with the 
necessary control, protective, and regulat- 
ing equipment, The co-ordination of 
these component parts presents certain 
problems which must be dealt with in 
meeting the excitation requirements of 
large a-c generators. 


A-C Power SUPPLY 


The rectifier may be self-excited, that 
is, its source of a-c power taken from the 


. terminals of the a-c generator to which it 


is supplying excitation, or it may be 
excited separately, with its a-c power 
supplied from a separate source. Self- 
excitation makes possible unit operation 
with no dependence on a separate source 
of power for excitation. At the same 
time, it requires no rotating machine. 
However, it differs froma direct-connected 
rotating exciter in performance in that its 
output is affected by voltage dips at the 
generator caused by disturbances on the 
a-c system. The d-c ceiling voltage of 
the electronic exciter would decrease in 
proportion to the a-c voltage at a time 
when overexcitation is actually required 
by the generator. This may be compen- 
sated for in two ways. One way is to 
provide the rectifier with an abnormally 
high d-c ceiling voltage with full a-c volt- 
age applied so that when the a-c voltage 
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drops, the necessary d-c ceiling voltage 
still is obtainable. During normal opera- 
tion, the d-c voltage would be reduced to 
normal by firing delay in the rectifier. 
It means a rectifier transformer some- 
what larger than normal and a higher 
angle of firing delay during normal opera- 
tion of the rectifier. 

The second way to compensate for 
drops in a-c voltage is to provide series 
compensators to maintain a-c voltage on 
the rectifier transformer during momen- 
tary system disturbances. The primary 
of each of the compensators would be 
connected in series with one phase of 
the generator armature. The secondaries 
would be connected in series with the 
leads to the rectifier transformer so as to 
boost the a-c voltage supplied to the 
rectifier transformer in proportion to the 
reactive current fed from the generator. 
Either method of compensation is prac- 
tical. 

Separate excitation of the electronic 
exciter requires a reliable source of a-c 
power such as a separate station auxiliary 
generator or an auxiliary generator 
mechanically connected to the shaft of 
the main generator, 

If used to supply power to the electronic 
exciter only, the shaft generator could be 
designed to feed the rectifier directly 
without an interposing rectifier trans- 
former. This scheme would be compar- 
able to a direct-connected exciter from 
the standpoint of being independent of 
system disturbances, 

If the electronic exciter is self-excited, a 
means of supplying partial excitation 
during the starting-up period must be 
provided to get the machine up to volt- 
age. Tests have shown that a d-c volt- 
age of approximately 15 per cent of rated 
field voltage at full load applied to the 


Figure 1. Three- 
phase fault applied 
on 100-kva gener- 
ator through 12 per 
cent external react- 
ance with generator 
self-excited 


A, B—Terminal volt- 
age, with and with- 
Out compensator 
C,D—Voltage to 
the rectifier trans- 
former, with and 
without compen- 
sator 
E, F—Field voltage, 
with and without 
compensator 
G, H—Armature cur- 
rent, with and with- 
out compensator 
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field of the main generator, will start fir- 
ing of the rectifier and cause it to build up 
voltage. This primer d-c voltage may be 
supplied from a small motor-generator set 
or from a battery connected to the gener- 
ator field in parallel with the rectifier dur- 
ing the starting period. The motor- 
generator set or battery may be switched 
off automatically when the rectifier starts 
firing, by means of a reverse-current d-c 
relay set to detect feedback into the 
motor-generator set or battery. 


CO-ORDINATION OF PROTECTIVE DEVICES 


The usual complement of rectifier pro- 
tective devices should be included with an 
electronic exciter to protect against arc- 
back, misfiring, loss of cooling water, and 
so forth. Anode circuit breakers should 
be provided to clear an arc back on one or 
two phases without interrupting the d-c 
output of the rectifier and also to permit 
isolating one or more of the anodes for 
maintenance without interfering with 
the operation of the others. Three 2-pole 
anode breakers, one for each pair of 
diametrically opposite phases of a 6- 
phase rectifier, normally would fulfill 
these requirements. The cathode breaker 
should not have overload protection. 

The rectifier transformer normally 
would be connected to its a-c power source 
through a circuit breaker or through 
fuses to protect against an internal short 
circuit. Whichever device is used must 
be selected so that it will not operate on 
heavy exciter overloads or clear ahead of 
the anode breakers on arc-back. 


REGULATION 


The output voltage of an ignitron can 
be varied over a broad range by control- 
ling the point on the a-c voltage wave at 
which firing occurs. This control can be 
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Figure 2. Application of 100 per cent re- 


active load on 100-kva generator, self-excited, 
with and without compensator 
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Figure 3. Three-phase fault applied one- 
third of electrical distance from 100-kva 
generator to motor, with generator supplying 
4O kw at unity power factor through 22.7 re- 
actance between generator and motor 


A, B—Terminal voltage, with and without 
compensator 

C, D—Armature current, with and without 
compensator 


made broad enough to cover the full oper- 
ating range of the generator without the 
necessity of a generator field rheostat. It 
can be accomplished automatically with 
a voltage regulator responsive to the 
terminal voltage of the a-c generator. 
Since the regulator controls only the firing 
circuit, it can be a low-energy device. No 
large rheostats or resistors are necessary? 

The ability of an electronic exciter to 
build up to its ceiling voltage practically 
instantaneously makes it well suited 
where high speed of response excitation is 
necessary. However, this high rate of 
response is conducive to regulator hunt- 
ing, which must be given particular atten- 
tion in the design of the regulator. 


EFFECT ON FAULT CURRENT AND SYSTEM 
RELAYING 


The effect of an electronic exciter on the 
short-circuit current of an a-c generator 
depends on the duration of the fault, the 
impedance to the point of fault, and on 
how the electronic exciter is excited. The 
fault current during the subtransient 
period, about the first three cycles, is the 
same regardless of the type of exciter that 
is used. If the electronic exciter is ex- 
cited separately, the transient fault cur- 
rent and the sustained current are the 
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same as with a rotating exciter for opera- 
tion without a voltage regulator, For 
operation with a voltage regulator, . the 
transient current is somewhat higher with 
the electronic exciter on account of its 
faster response. The sustained currents 
would be proportional to the ceiling volt- 
ages of the two exciters. 

A self-excited electronic exciter with a 
series compensator designed to maintain 
a-c voltage on the rectifier during the 
transient period would result in about the 
same transient current as a separately ex- 
cited electronic exciter with or without 
regulator operation. However, the sus- 
tained current would be proportional to 


Figure 4. West Penn Power Company's 
Springdale Power Station exciter system and 
auxiliary power sources 
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the generator terminal voltage and would 
drop to zero if the fault were close by so 
that the terminal voltage dropped too low 
to sustain firing of the rectifier. 

A self-excited electronic exciter without 
a series compensator and without regu- 
lator operation would cause the fault cur- 
rent to drop rapidly to zero if the fault 
impedance were low. With regulator 
operation and with the exciter provided 
with a high ceiling voltage to compensate 
for drop in a-c voltage, the transient cur- 
rent would be essentially the same as with 
a separately excited electronic exciter or a 
rotating exciter. The sustained current 
still would collapse to zero if the fault 
impedance were low. 

From the above, it can be reasoned that 
an electronic exciter would have little or 
no effect on modern high-speed relays 
that operate in the first few cycles follow- 
ingafault. The decay of fault current for 
low impedance faults of long duration 
with a self-excited electronic exciter 
should be taken into consideration in its 
effect on relay operation. It is, in gen- 
eral, desirable to boost or at least main- 
tain excitation during a system fault to 
prevent generator instability and to 
hasten recovery to normal voltage after 
the fault is cleared. However, prolonged 
high excitation is undesirable where the 
fault is of low impedance and in a loca- 
tion that cannot be cleared, such as an 
unprotected bus. A. self-excited elec- 
tronic exciter would cause the fault cur- 
rent to collapse following the transient 
period and thereby make the generator 
self-protecting. If desired, the generator 
voltage could be restored after the fault 
was cleared by automatically applying the 
primer voltage to the field to start firing 
of the rectifier. 
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Tests on Laboratory Model 


A laboratory model of an electronic ex- 
citer was built and tested in order to ob- 
tain fundamental data which would be a 
guide in the basic design of a large exciter 
and also to determine the effectiveness of 
a series compensator. This exciter con- 
sisted essentially of a rectifier trans- 
former, six thyratron tubes, a grid trans- 
former, and a direct-acting voltage regu- 
lator. It supplied excitation to a 100- 
kva 1,150-volt 1,200-rpm 3-phase syn- 
chronous generator. An auxiliary trans- 
former was provided to transform the 
generator voltage to 230 volts for the 
rectifier transformer, the grid trans- 
former, and the d-c grid bias circuit. The 
voltage regulator was used to regulate the 
generator terminal voltage by controlling 
the d-c grid bias voltage and consequently 
the firing of the thyratron tubes. This 
method of voltage control is the same as 
that used on the large electronic exciter 
discussed later. 


Series compensators were provided, 


each consisting of three current trans- - 


formers connected in series per phase 
with a reactor across the three secondary 
windings. The primaries of the com- 
pensators were connected in series with 
the generator armature leads; the second- 
aries were connected in series with the 
leads to the auxiliary transformer. The 
compensators were connected to boost the 
voltage to the auxiliary transformer with 
lagging reactive current flow from the 
generator. They were designed to give 
100 per cent voltage compensation with 
200 amperes in the primary. 


DESCRIPTION OF TESTS 


The tests consisted essentially of load 
changes, application of faults, steady 
state and transient stability, transfer of 
excitation, and build-up of generator 
terminal voltage. All references to ‘‘per 
cent applied load’’ mean that the load is 
zero power factor lagging and is expressed 
as a percentage of full-load kilovolt-am- 
pere rating of the generator. A total of 
28 tests was run with oscillograms taken 
for each test. The generator field current 
and voltage, armature current, terminal 
voltage, the voltage to the rectifier trans- 
former, and the d-c grid bias voltage 
were recorded. Reactive loads ranging 
from 25 to 200 per cent were applied and 
dropped. Three-phase and line-to-line 
faults were applied through approxi- 
mately 12 per cent reactance on a 100-kva 
base. Steady-state stability tests were 
run with the generator connected directly 
to a synchronous motor load. For tran- 
sient stability tests, the generator and 
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motor were connected together through 
22.7 per cent reactance on a 100-kva base, 
and 3-phase and line-to-line faults were 
applied for about one-half second at a 
point one-third of the electrical distance 
between the generator and the load. The 
generator was carrying 40 kw at unity 
power factor. All of the tests were made 
with and without the compensator. 


TEsT RESULTS 


Meter readings recorded under steady- 
state conditions show that the compen- 
sator boosted the voltage to the rectifier. 
With no compensator, the voltage to the 
rectifier transformer was constant for a 
change in generator load (80 per cent 
power factor) from zero to 100 per cent; 
with the compensator in, this voltage was 
about 87 per cent at no load because of 
the drop through the compensator. How- 
ever, with an increase in load, it increased 
because of the boost from the compen- 
sator. At approximately 75 per cent load 
on the generator, it was 100 per cent and 
at full load was 106 per cent. At no load 
the angle of firing delay without the com- 
pensator was higher than with the com- 
pensator because more voltage was avail- 
able to the rectifier transformer; at full 
load the angle of delay without the com- 
pensator was lower than with the com- 
pensator because less voltage was avail- 
able to the rectifier transformer. In other 


SERIES 
COMPENSATORS 


Figure 5. Schematic 
diagram of  elec- 
tronic exciter test 
setup in one of the 
a-c high-power lab- 
oratories 
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words, for a change from no load to full 
load at a given power factor, the com- 
pensator has a regulating effect on the 
generator voltage with the angle of delay 
tending to remain more nearly constant 
than without the compensator. 

With the generator self-excited, severe 
faults of long duration caused the terminal 
voltage and consequently the excitation 
to decay to zero. The faults were in- 
tentionally not cleared until after the 
terminal voltage had decayed to zero. As 
shown in Figure 1, the compensator main- 
tains the terminal voltage approximately 
five times as long as without it. The com- 
pensator boosted the voltage to the recti- 
fier transformer to approximately 113 per 
cent for a 3-phase fault. With an initial 
current of 150 amperes at two cycles, the 
voltage to the rectifier was boosted 77 per 
cent. This is equivalent to a 103-per-cent 
boost at 200 amperes. The decay of the 
armature current during the subtransient 
period is the same with or without the 
compensator. From three cycles on, 
the decay is much more rapid without the 
compensator. 

Figure 2 shows terminal voltage versus 
time for the application of 100 per cent 
reactive load with and without the com- 
pensator. With the compensator the 
maximum voltage drop is decreased 4.5 
per cent, and the generator terminal volt- 
age is returned to 100 per cent on the first 
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—Single line-to-ground faults on phase 1 for conditions 1 


q, f, 8, t—Application of 60 per cent reactive 
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_ overshoot, ten cycles sooner than without 
the compensator. The terminal voltage 
ultimately is returned to normal in about 
65 cycles with the compensator, com- 
pared with 80 cycles without the com- 
pensator. 

A comparison of the transient stability 
characteristics of the generator with and 
without a series compensator is shown in 
Figure 3. Without the compensator the 
generator pulled out of step and did not 
regain synchronism. However, with the 
compensator, synchronism was not lost 


and the terminal voltage returned to a | 


constant value in 111 cycles after the 
fault was cleared. 


Application to West Penn Power 
Company System 


The Springdale generating station in- 
cludes five 1,800-rpm turbine generators 
excited from motor and dual-driven ex- 
citers with switching for exciting any 
generator from any exciter through excita- 
tion busses. There is one 3,600-rpm 
50,000-kva high pressure unit with a 
direct-connected exciter. 

The new number 7 unit, rated 81,250 
kva 3,600 rpm, is practically a separate 
station electrically, with no paralleling of 
circuits other than at 132 kv. Only afew 
of the auxiliaries for this unit are supplied 
from the existing 2,300-volt auxiliary bus. 
A shutdown would therefore be very 
costly. 

In order to eliminate shutdown because 
of the possibility of exciter trouble which 
might require mechanical disconnection 
from the shaft of the main unit, a separate 
exciter source was decided upon, and an 
electronic type was selected. Initially, 
this exciter supplies excitation to one of 
the existing generators. The number 5 
dual-driven exciter, supplied from either 
one of the existing 2,300-volt station 


Table f. Characteristics of Generators 
Springdale 
Laboratory Station 
Test No. 7 
Generator Generator 
Generator rating........ 20,000 kva ..81,250 kva 
Normal rated voltage.... 6,600 volts..11,500 volts 
Synchronous reactance, 
POEUN tc escon ete cevea 0.853 Fo nee Ae) 
Transient reactance, 
Xa’ oat, per unit....... 0.10 sie OL D7, 
Negative-sequence _ re- 
actance, X2, per unit.. 0.10 .. 0.0738 
Zero-sequence reactance, \ 
EXO (PEL UIMNItstc,-aeiicislens 0.025 SO S067 
Open-circuit transient 
time constant T’do..... 3.2 sec ..7.56 sec 
Field resistance at 75° C.. 0.145 0hm .. 0.234 ohm 
No load field current.,... 830 amp 400 amp 
Full load 80% power 
factor field current....1,340amp.. 800 amp 
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auxiliary busses, supplies excitation to the 
number 7 unit. A pilot exciter was added 
to the shaft of this dual set. This was 
considered a reliable source of excitation 
because there has been no outage to these 
busses or to the dual set over a period of 
years. After sufficient operating ex- 
perience is obtained with the electronic 
exciter on one of the older units, it will 
serve as the main exciter for the number 7 
unit for which it originally was designed. 
Any one of the older generators can be 
excited from the electronic exciter or any 
of the station exciters as shown in Figure 
4. 


When the electronic exciter is used to . 


excite the number 7 unit, it operates 
essentially self-excited, subject to drop in 
the terminal voltage of the generator. A 
3-phase fault at the high-voltage ter- 
minals of thestep-up transformerswith the 
132-kv bus tie breaker closed would cause 
the generator terminal voltagé to drop in- 
stantly to approximately 50 per cent. 
Faults at other locations on the high-volt- 
age system would result in less voltage 
drop. 

The rectifier transformer was designed 
to give approximately 400 volts d-c ceil- 
ing with full a-c voltage applied, so as to 
assure excitation during fault periods. It 
also is provided with an extension to the 
high-voltage winding to give a ceiling d-c 
voltage of approximately 300 volts, which 
would correspond to a normal design to be 
operated either separately excited without 
a compensator or self-excited with a com- 
pensator. Both schemes of compensa- 
tion were used in making the laboratory 
tests to be described later. The series 
compensators used in the tests proved in- 
adequate for the compensation desired, so 
the exciter was installed to operate on 
the high-voltage taps without series com- 
pensators. Space is available for future 
installation of compensation and their 
connections if proved desirable. 


Laboratory Tests on West Penn 
Power Company Exciter 


Laboratory tests on the model proved 
the feasibility of an electronic exciter for 
excitation of a synchronous generator. 
They also showed that a series compen- 
sator could be designed which would be 
effective in maintaining voltage to the 
rectifier transformer during the transient 
period under fault conditions. In order 
to obtain complete performance data on 
the electronic exciter for the West Penn 
Power Company for operating conditions 
which might occur in service but which 
could not readily be staged on the actual 
installation, extensive tests were made on 
this exciter at the factory. 
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Table Il. Estimated Maximum Fault Clearing 
Time to Permit Recovery of Generator Voltage 


Time in Cycles 


Condi- Condi- Condi- 
Type of Fault tionl tion2  tion4 
Three-phase..s< .icecc0 sss Cy AAE Dies dete 28 
Line-to-line,.......:..... EBS Woades DGioee oe 59 
Double line-to-ground..... BTS SR: O48 Sirs 38 
Single line-to-ground...... Uhh eae, e TOR re ae 74* 
Line-to-line fault with 
one anode breaker 
Chey eyo tonacos aud seo ie oeieleiate AQ We 5a 57 


*Fault was cleared at this time. 


** Maximum fault clearing time is infinite. 


The tests were made in one of the a-c 
high-power laboratories. A schematic 
diagram of the electronic exciter and the 
associated test apparatus is shown in Fig- 
ure 5. The laboratory consists of a 3,300- 
horsepower motor driving two 20,000-kva 
generators which are synchronized me- 
chanically so that their respective volt- 
ages are in phase A motor-driven dual 
exciter set is provided to furnish excita- 
tion to each generator. Switching ar- 
rangements are such that the two gener- 
ators can be paralleled or one can be used 
alone. Facilities are available for apply- 
ing any type of fault through an external 
reactance from zero to five ohms. Reac- 
tive load can be applied on either gener- 
ator by paralleling it with the other under- 
excited. 

The electronic exciter consists essen- 
tially of an a-c cubicle, an air-cooled recti- 
fier transformer, a rectifier cubicle, a d-c 
cubicle, and a control cubicle, all shown 
schematically in Figure 5. 

The voltage regulator and firing control 
circuits of this exciter and the model are 
the same. The thyratron tubes fire the 
ignitron tubes, whereas on the model they 
were used actually to supply power to the 
field circuit. 

A 450-kva transformer bank trans- 
formed the generator terminal voltage to 
2,300 volts to supply the rectifier trans- 
former. Mechanically and electrically 
interlocked 2,300-volt contactors were 
provided so that power for the electronic 
exciter could be supplied from either the 
generator terminals or a separate source. 


The series compensators, shown in Fig- 
ure 5, were selected with the idea of boost- 
ing the a-c voltage applied to the rectifier 
transformer 50 per cent (625 volts per 
phase) with 25,000 amperes through a 
single-turn primary. This is the value of 
generator transient current that would 
result for a 3-phase fault on the high- 
voltage terminals of the transformers 
connected to the number 7 unit at Spring- 
dale. With the test generator connected. 
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Figure 7. Three- 
phase 10-cycle fault 
applied on 20,000- 
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for 6,600 volts, line-to-line, the transient 
current for a 3-phase fault with 10 per 
cent (20,000-kva base) external reactance 
between the generator and fault is ap- 
proximately 8,750 amperes. Therefore, 
one compensator was connected in the 
neutral leg of each phase of the generator 
with three loops through the primary to 
obtain the equivalent ampere turns of the 
actual installation. The generator neu- 
tral was grounded solidly to permit the 
application of ground faults. 

The electrical characteristics of the test 
generator and the number 7 generator 
are compared in Table I. The full-load 
field voltage of the test generator during 
tests was about 15 per cent greater than 
the full-load field voltage on the number 7 
generator at normal operating tempera- 
ture. The full-load field current of the 
test generator is 1.67 times that of the 
number 7 generator. This, together with 
the smaller auxiliary transformer (450 
kva compared with 7,500 kva), resulted 
in a higher d-c voltage regulation of the 
rectifier in the laboratory tests than in the 
actual installation. The shorter time 
constants of the test generator resulted in 
faster decay of voltages and currents dur- 
ing faults. 


DESCRIPTION OF TESTS 


The tests consisted essentially of the 
application of all types of faults, applica- 
tion and dropping of reactive load, 
changeover from self-excitation to sepa- 
rate excitation, simulated arc-backs and 
sympathetic arc-backs, and build-up of 
generator terminal voltage. 

The tests were made under the five 
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following conditions of excitation: 


1. The rectifier transformer was connected 
on the high-voltage tap (approximately 400 
volts d-c, no-load ceiling) and the compen- 
sators were not connected in the circuit. 
The generator was self-excited, that is, the 
supply to the rectifier transformer was taken 
from the generator terminals. 


2. The rectifier transformer was connected 
on the low-voltage tap (approximately 300 
volts d-c, no-load ceiling) and the compen- 
sators were not connected in the circuit. 
The generator was self-excited. 


3. The rectifier transformer was connected 
on the low-voltage tap and the compensators 
were not connected in the circuit. The 
generator was excited separately, that is, the 
supply to the rectifier transformer was taken 
from a separate a-c source. 


4, The rectifier transformer was connected 
on the low-voltage tap and the compen- 
sators were connected. The generator was 
self-excited. 
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5. The rotating exciter was used to excite 
the generator field. A high-speed contactor 
short-circuited the exciter field resistance to 
assimilate the high-speed field-forcing con- 
tactor in a rheostatic type voltage regulator. 
The output ceiling voltage of the rotating ex- 
citer is 270 volts and the response ratio is 
0.5. 


For each of these conditions, 60 per cent 
reactive load was applied and dropped, 
and a 3-phase, a line-to-line, a double line- 
to-ground, and a single line-to-ground 
fault was applied. To assimilate faults on 
the 132-kv bus on the actual installation, 
all faults were applied through ten per 
cent external reactance on a 20,000-kva 
base. Under this condition the initial 
generator terminal voltage drop was ap- 
proximately 50 per cent. With the ex- 
ception of condition 5, a line-to-line fault 
was applied with each of the anode break- 
ers open. This assimilates a line-to- 
ground fault on the 132-kv West Penn 
Power Company system during operation 
with one rectifier cubicle (two ignitron 
tubes) out of service for maintenance. 
The duration of the faults was approxi- 
mately 1.25 seconds. This was longer 
than would be expected in normal opera- 
tion but was desirable in order to deter- 
mine the performance of the electronic 
exciter for disturbances of long duration. 

For electronic exciter tests on which 
oscillograms were taken, 24 quantities 
were recorded simultaneously on three 9- 
element oscillographs as follows: 


3—generator line-to-line terminal voltages 
3—generator line currents 

1—-generator field voltage 

1—-generator field current 

1—thyratron tube d-c grid bias voltage 


Figure 8. Severe long-duration fault on 

20,000-kva generator with primer voltage 

applied to return terminal voltage to normal 
after fault was cleared 
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3—line-to-line voltage applied to the rectifier 
transformer 

6—anode to cathode voltages 

6—anode currents 


Only the first eight quantities were record- 
ed for tests involving the rotating exciter. 


TEST RESULTS 


Figure 6 shows curves plotted from 
oscillograms of generator terminal volt- 
age and field voltage versus time for a 3- 
phase fault, a line-to-line fault, a double 
line-to-ground fault, a single line-to- 
ground fault, and application of 60 per 
cent reactive load. The results of the 
tests made under conditions 1, 2, 3, and 5 
are shown. Condition 4 is not included 
because the results were about the same 

_ with the compensators as without them. 
This was primarily because of the high- 
voltage regulation in the a-c supply cir- 
cuit to the rectifier, which resulted from 
the high field current requirements of the 
test generator. In those cases where the 
field voltage becomes a negative value, 
the induced voltage in the field resulting 
from fault current in the armature is 
higher than the rectifier output voltage. 

Faults of short duration similar to 
those normally experienced with modern 
high-speed relays and breakers were also 
applied. Curves plotted from an oscillo- 
gram of a 3-phase 10-cycle fault are shown 
in Figure 7. The rectifier transformer 
was connected on the high-voltage tap 
and the generator was self-excited. 

The tests showed that with the gener- 
ator self-excited and the rectifier trans- 
former on the high-voltage tap, a 3-phase 
fault must be cleared in approximately 
30 cycles to permit the generator ter- 
minal voltage to return to normal. The 
maximum fault clearing times to permit 
recovery of generator voltage for other 
types of faults were estimated from the 
oscillogram and are shown in Table II. 

Figure 8 shows how the generator 
terminal voltage was returned to normal 
following a long duration 3-phase fault 
which caused the rectifier to stop firing 
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because of the decay of terminal voltage 
to zero. About 40 cycles after application 
of the fault, a 32-volt d-c source was auto- 
matically connected to the generator 
field. This is the lowest voltage which 
will cause the ignitron tubes to fire and 
consequently build up the generator volt- 
age. The fault was cleared in 82 cycles 
and the ignitron tubes started to fire at 
152 cycles. At 194 cycles the rectifier 
voltage was high enough to cause reverse 
current to flow into the 32-volt d-c supply, 
which was tripped off by means of a re- 
verse current relay. From 194 cycles to 
300 cycles, the curves show the action of 
the voltage regulator and the build-up of 
the terminal voltage, which becomes acon- 
stant value of 100 per cent at 300 cycles. 

During the tests, one are-back and one 
sympathetic arc-back occurred which 
caused the associated anode breaker to 
open. Both occurred with cold tubes and 
with the rectifier supplying no load ex- 
citation to the generator with operation of 
the tubes at a high firing delay. Such 
conditions are known to increase the prob- 
ability of arc-back and sympathetic arc- 
back.* No oscillograms were obtained be- 
cause they occurred at a time when no 
records were being made. Arc-backs were 
simulated by short-circuiting a rectifier 
tube. The tests were run with the recti- 
fier transformer separately excited with 
no load on the rectifier and with the tubes 
firing at zero degrees delay. Under these 
conditions the arc-back currents were 
maximum. Sympathetic arc-backs were 
simulated by short-circuiting two ignitron 
tubes connected to adjacent phases of the 
rectifier transformer. Power to the recti- 
fier was supplied from the generator 
terminals and the voltage regulator was in 
service. The anode breakers opened in 
21/2 cycles and the rectifier functioned 
with four tubes out of service. As shown 
in an oscillogram of one of the tests, Fig- 
ure 9, there was no disturbance to the 
generator terminal voltage. 

A total of 43 fault, 7 load change, M 
arc-back, 22 sympathetic arc-back, 1 


= nasdertecc, | 
Figure 9. Oscillo- 
gram of sympathetic 
arc-back on ignitron 
tubes 1 and 2, simu- 
lated by short-cir- 
cuiting each tube 

simultaneously 
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transfer of excitation, and 3 generator 
voltage build-up tests was recorded on 
oscillograms. In addition, a number of 
tests were made without taking oscillo- 
graphic records. It is believed that the 
results of these tests provide valuable in- 
formation that could not be obtained in 
actual service even over many years. 


Conclusions 


1. Extensive laboratory tests based on 
pessimistic conditions that are unlikely to 
be matched in service have demonstrated 
that an electronic exciter can be depended 
on as a reliable source of excitation for 
large a-c generators. 

2. The type of a-c power supply to the 
rectifier best suited to the application is 
dependent on the particular conditions. 

3. If self-excited, the electronic ex- 
citer should have either a high ceiling 
voltage or should be provided with series 
compensators to compensate for drop in 
a-c voltage during system disturbances. 
Either method is practical. 

4. An electronic exciter may be ‘in- 
stalled at any desired location in the gen- 
erating station, it is easy to maintain, it 
has an inherent high speed of response, 
and it is adapted easily to generator volt- 
age regulation. Its cost is higher than 
that of a rotating machine. 

5. Modern high-speed relaying would 
not be affected by using electronic exciters 
instead of the rotating type. Relays with 
long time settings, in excess of one second, 
might be affected if the electronic exciter 
operates self-excited because of faster 
decay of short-circuit current. 

6. An a-c generator self-excited with 
an electronic exciter can be operated as 
an independent unit in an isolated station. 
A primer excitation for starting can be ob- 
tained from a battery or small motor- 
generator set. 

7. The decay of short-circuit current 
for long-duration low-impedance faults 
with a self-excited electronic exciter 
would prevent excessive fault damage. 
If desired, generator voltage can be re- 
stored by automatically applying a primer 
voltage to the field to start firing of the 
rectifier. 
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Peak Voltages Induced by Accelerated 


Flux Reversal in Reactor Cores 


Operating Above Saturation Density 


THEODORE SPECHT 


ASSOCIATE AIEE 


Synopsis: The existence of peak voltages 
in the windings of many sorts of series 
transformers and reactors, when abnormal 
conditions force the flux density above 
saturation, has been understood in a quali- 
tative manner for many years. This paper 
will derive means for calculating these volt- 
ages for the various combinations of mag- 
netizing force and rate of variation. The 
close agreement between test and calcula- 
tion over a wide range of magnetizing 
forces indicates the accuracy and general 
applicability of the method. 


HE magnetic flux in a-c apparatus 

usually varies nearly sinusoidally over 
a range of flux densities well below the 
saturation value. However, in certain 
types of apparatus, notably series ap- 
paratus, abnormal conditions will produce 
magnetizing forces as high as hundreds of 
times normal, and the flux density will 
not only reach saturation, but the flux 
variation will no longer be sinusoidal. 
The variation of the flux through zero is 
usually accelerated and induces rela- 
tively enormous peak voltages. 

Examples of such apparatus are: 


1. Current transformers under overcur- 
rent, high burden (or a combination), or 
open circuit. 


2. Preventive autotransformers when a 
tap change coincides with a line fault. 


8. Series transformers for street lighting 
when a lamp burns out. 


The existence of these voltages is well 
known, but only very approximate meth- 
ods,! limited in application, have been 
derived for calculation of their values. 
With recent increases in capacities of 
_ systems, the possible voltages are higher 
and more dangerous than ever. One-am- 
pere secondary current transformers are 
being used more frequently, and their 
voltages are five times as high as stand- 
ard. Hence it has become more neces- 
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sary to have more generally applicable, 
more exact, means of calculation of volt- 
age. 


Peak Voltage Phenomenon 
and Methods of Analysis 


The conventional description of the 
phenomenon is illustrated in Figure 1A. 
Starting at point A on the current wave, 
the reactor is saturated, and as the cur- 
rent decreases, the flux changes very little 
and the voltage is nearly zero. As the 
current decreases to the saturation value 
near B, the flux starts to decrease, and 
the flux change is accelerated through cur- 
rent zero at C, inducing a high-voltage 
peak. 

The high-voltage peak, induced by the 
high inductance of the saturating reactor 
near current zero, resists the change in 
the primary current, the high inductance 
tending to maintain the current and thus 
to make the peak voltage itself less than 
it would be otherwise if the current wave 
maintained its sinusoidal shape. Analysis 
of the circuit to determine the effect of 
the peak voltage on the wave shape of 
the current and the determination of the 
resulting peak voltage is the first part of. 
the problem. 

The high rate of flux change induces 
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PEAK OF VOLTAGE 


FLUX SATURATION 
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C- FLUX CHANGE 
ACTUALLY DELAYED 
AT THIS POINT. 
SEE FIGURE 2(C) 


A-CURRENT SINUSOIDAL 
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Figure 1. Illustration of the problem with con- 


ventional description of mode of flux variation 


Compere with Figure 2 and Figure 11 
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eddy currents in the lamination which 
are very effective toward maintaining the 
flux, delaying its change. Analysis of 
these eddy currents is the second part of 
the problem. 

Two methods of analysis of the whole 
problem have been developed. Method A 
gives a satisfactory solution of the first 
part of the problem (variation of voltages 
and currents in the circuit) based on an 
assumption as to the solution of the second 
part. Method B gives the solution of the 
second part of the problem (eddy currents 
and their effect on the flux distribution 
and voltage) based on an assumption as 
to the solution of the first part. The use 
of two methods can be justified by the 
fact that although neither method gives 
exactly the correct result, they do give 
the approximate upper and lower limits 
of possible peak voltage. 

The advantage of method A, analysis 
by the assumption of uniform flux density 
in the lamination, is that it permits rep- 
resenting the actual reactor by an 
equivalent perfect reactor in parallel with 
a resistor, according to Figure 2. This 
enables the mathematical analysis of the 
circuit which will be given later. 

The classic analysis of eddy currents is 
based on the assumption of uniform flux 
density. The loss then is proportional to 
the square of the rate of flux change or, 
instantaneously, to the square of the volt- 
age induced in the reactor. Clearly, a 
resistor shunted across the reactor has a 
loss varying in the same way, and a re- 
sistor R in parallel with a perfect reactor 
L, as in Figure 2, will represent the actual 
reactor. 

By method B determination of flux 
distribution in the lamination, the varia- 
tion of flux is analyzed on the basis that 
a sine wave-of current is maintained 
through the reactor, and the effect of the 
eddy currents in forcing the flux to redis- 
tribute itself toward the surface of the 
lamination is determined. 

Method B, which takes account of the 
effect of the eddy currents in forcing the 
flux change to occur first at the surface of 
the lamination, can be expected to give 
lower voltages. The analyses to be given 
show that it gives a voltage about half as 
great, and the tests show that the actual 
values are between the two. 


Mathematical Analysis 


The equivalent reactor (or primary of 
the series transformer) in method A (see 
Figure 2B) is not a constant quantity; as 
the flux in the core increases toward sat- 
uration, the permeability and effective in- 
ductance decrease to a value only a small 
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Figure 2. 


REACTOR 
HERE. 


A—Equivalent circuit 
B—Two-line saturation curve assumed for reactor 


"DESATURATES' 


SATURATION CURRENT 


(C) METHOD A; CALCULATED FLUX AND VOLTAGE 


Basis for analysis of problem 


Em AT C—Result of analysis by method A. The parabolic form of flux 


tions. 


increase through zero is the result of eddy circuits in the lamina- 
The triangular wave shape of the voltage is the result. 


This mode of variation is typical in current transformers on open 


(A) CIRCUIT SATURATING REACTOR 
Bw) EQUIVALENT TO INDUCED 
y’ VOLTAGE 
NORMAL FREQUENCY 
ne SATURATION CURRENT 
(B) ASSUMED SATURATION CURVE 


fraction of the initial value, and in a com- 
plicated manner that cannot be repre- 
sented by any simple formula. Therefore 
some simplifying assumptions will have 
to be made. An obvious device which 
has been used in similar problems is to 
assume that the saturation curve is com- 
posed of two straight lines, as shown in 
Figure 2B. The voltage induced by By 
at normal frequency will be E,,; the 
method of determining Z,, from the AC 
saturation curve of the reactor is given 
in Appendix I. 

The hysteresis loop, by this assumption, 
is assumed to have zero area. As it will 
appear later that the permeability of the 
iron is not too important in determining 
the peak voltage, the variation of per- 
meability during the hysteresis loop 
reasonably may be neglected. 


MerHop A 


Method A, as has been shown, is based 
on analysis of the circuit of Figure 2A. 
For this circuit we may write the equa- 
tions 


x 
4/2E, sin (a+ tan7} 2) - 


8 
dig _ diz 


Wests, dt dt 


The reason for writing in tan! X,/R, is 
that the resulting equations are simplified. 
The current 7;, which would flow in the 
circuit if the series reactor were not pres- 
ent, isi,=(E,/Z,) sinwt. Time=0is thus 
when the current would be zero if the re- 
actor were not in the circuit. 

L “a =itrR=e (2) 


eee | (3) 
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A further limitation, inherent in the 
nature of the reactor, is that L=O if 
i, exceeds the saturation value. If we 
suppose the current to exceed this value 
initially (at point A, Figure 2C) and to 
be decreasing sinusoidally toward zero, 
it all will be flowing in the L branch, none 
in the R branch, of the equivalent reactor 
because L=0 while the current exceeds 
the saturation value. At some time —fg 
or time angle —6,, the current decreases 
to the value at which the reactor ‘‘de- 
saturates” and suddenly regains its in- 
ductance L. The flux must remain mo- 
mentarily at the same value, so that the 
current in the reactor (iz) must have an 
initial value at time angle —6, equal to 
the saturation value, with zero current in 
the resistor R and zero voltage across the 
reactor. The value of —6, is derived in 
Appendix IT. 

As the flux in the reactor reverses, the 
current in the reactor branch L finally 
reaches the saturation value again at 
some time f, (angle 0,), at which time the 
inductance L becomes zero, all the cur- 
rent transfers to the L branch, and the cir- 
cuit carries on until the next half-cycle. 

Equations 1, 2, and 3 are obviously very 


1.0 


circuit 


difficult to solve for 7, or tp.* Some as- 


sumptions or simplifications must be 
made. The solution can be worked out 
by either of two assumptions. 


Solution by Assumption Number 1. 
Neglect R,{ [(./2Ewt)/Z;,]—i,}. Thedem- 
onstration that the solution is valid for 
low-power-factor circuits follows. 

If we write equation 1 in the form 


dis diz 


BE ee aS /2E;sin X 


USE : 
wi+ fan al — R5ts 
s§ 


* This equation can be solved for ¢ because the dif- 


ferential equation 


duy + (24 +2) ah RRs 5 Res 
“dit Elva yeiay 


can be derived from it (es=source voltage). The 
solution is of the form iz = K16\1t+ K2€d2t+ steady 
state current. The initial and final conditions are 
the same. 1 and A: come out to be rather compli- 
cated functions of R, Rs, X, Xs, while K: and Ks 
are still more complicated functions of M1, Ae and 
the other variables. The final solution is difficult 
to work with, and as the more simple solutions 
give results sufficiently accurate for the purpose 
(especially in light of the fact that the basic as- 
sumption of a constant R introduces some error), 
only the simple solutions are given in complete 
form and the calculations will be based on these 
simple solutions. The values of \1, \2, Ki, and Ks 


are given in Appendix V. 


Figure 3. Curve of 

H, as a function of 

Hn (or Hy as a Func- 
tion of H,) 


So 8 
O- OF 
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and if we consider the current reversal to 
take place in such a short time that 
sin wi=wt, 


dis diz 
i 
oH ar 


E,X, 
—— 2 ———_— 
Pee 


Esto. 
n(vIg =i) (4) 


§ 


+ 


Now this equation can be solved if we 
can neglect the last term. But if the cur- 
rent variation is sinusoidal so that 
ips=r/2(E;/Z;) sin wt=+/2(E,/Z,)tw the 
last factor will be zero. If L, is very large 
compared with L, the variation will be 
substantially sinusoidal, the last term 
will be zero, and the equation can be 
solved. Of course, if R,=0, the last term 
will be zero and the calculation will be 
exact, even if the current wave is not 
sinusoidal. We can determine the rela- 
tive magnitude of error by solving the 
equation for 7,, and determining the rela- 
tive magnitude of the 7,R part of the last 
term which has been neglected. This will 
indicate the approximate amount of error. 
The ratio of this error to the other term 
/2(EsX s/Z) will come out equal to 


pecs 4d +( = Ne 
SRS ap ayia LR. ge 


Xs be tt) 
R 


Examples worked out for different circuit 
constants indicate that the maximum 
usual error will not exceed 20 per cent. 
Tests to be given indicate good agree- 
ment. 

Then we can write for Equation 4 


ee} SSS ENG poss diz, 


4 
Z, doy aa ae 


Eliminating 7, and iz by Equations 2 
and 3, 
de R(L+L5) pa 2E Re 


5 
dt LLs Zs ©) 


Solving this equation, using the initial 
condition that e=0 at wi= —6q, 


‘OR _ R(X+Xs) 
= Vv sXX 5 al sey @ +6d) (6) 


GLCS DS 


For small values of the exponent, 


/2E;R 
Zs 


e= 


(6+6a) (7) 


To find the angle of saturation, 0s, use 
the relation that e= N(d¢/dt)10 


Os ‘pm dd 
ed§ = w N—10-8dt =2uNdm1078 
—6a —dm dt 
But 


_oNoml0-* 


E = Fi 2B 
on VE: (see Figure 2B) 
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So that 


Os 
Mi ed0 =2/2Em volts (8) 


6a 


Integrating equation 6 from =) tOmUss 
equating to 2\/2Em, and rearranging 
terms, 


2B Zak ey _R(X+X 5) (0s+8a) ni 
ie IX % XX-5 


_ R(X+Xs) (0s+0d) 


€ DPF) —1=Hm (9) 


From equation 6 it is apparent that the 
peak voltage occurs at ;. Introducing 
an experience factor k, which will be dis- 


cussed further under test results, the peak 
voltage is 


N/ DEX Xs _ R(X+Xs) (8504) 
cyan OBEY —e€E XXs 

Z(X+Xs5) 

(10) 
Let 
_ R(X+Xs) (0st) 

H,=1—€ XXs (11) 
Then 
a2 VS2EXXs (12) 
OT MEX) 


It can be seen from equations 9 and 11 
that H,, and H, are functions of the same 
parameter. It is then possible to plot 
H, directly as a function of Hp. This 
curve is shown in Figure 3. Hp, can be 
calculated from the first part of equation 
9, H, read from Figure 3, and ep calcu- 
lated by equation 12. If the angle 6,444 


CORE LAMINATION 
COIL 


Figure 4. Cross section of a core lamination 
magnetized by a primary coil 
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Figure 5. Distribution of flux in a lamination 
as a function of the distance from the center of 
the lamination for three values of time 


See equation 46 
is desired, it can be found from equation 
11 as follows: 


oe, tee? 
oe RIA a) 


H radians (13) 


lo 
Be 1 Z 


Here the angle is divided by the experi- 
ence factor k; for whatever the peak volt- 
age is reduced by, the angle will be in- 
creased by, as is apparent from equation 
8. For accurate results this angle should 
be less than one-half radian. 


Solution by Assumption Number 2. Neg- 
lect L,[(\/2wE,/Z,) —(di,/dt)]. | The 
demonstration that the solution is valid 
for high-power-factor circuits follows. 

We may also write equation 1 in the 
form 


s 


cites = 
TRet L— =+/2E, sin (a+ tan71 %:) = 


dis 
a LS 
regi ) 
or, as before, letting sin wi =wt 
dis BS 
REL == 
1sRs+ a Ver Rswt+ 
ne dis 
DAN eee 
(Vv Zz @ it) (15) 


Again it appears that the equation can 
be solved if we neglect the last term. 
Again, ifis= »/2(Es/Zs)wt so that dis/dt= 
+/2(E;/Z,)w, the last factor iszero,so that 
this equation is also valid if the series 
impedance is so high as to maintain sinu- 
soidal current. And obviously it is valid 
for Ls=0, but not for R;=0, so that the 
solution will be valid for high-power-factor 
circuits. 

Then we may write equation 15 with- 
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Figure 6. Curve of 


K, as a function of K; 


See equation 48 


BA ae 
(ey Koy 2) 
Qa 8 
OFFS 10 
out the last term, and again eliminating 


1s and 1, by use of equations 2 and 3, we 
get 


d RR 2E;R5R 
ae s wv? sit sKQ (16) 
di (RstR)L  Z5(Rs +R) 
At wt= — 6, e=0; 
DEX __ RRs (9+64) 
aE cass ) (17) 
Zs 
For small values of the exponent, 
./2E,RR; 
C= a ae ae (OO 18 
Z(Re+R) (0+ 6a) (18) 


Comparing with equation 7, it is seen 
that the two methods result in the same 
voltage if Rs; is large compared to R. 
Integrating equation 17 from —O, to 6s 
as in equation 8, 


2EmZsRRs_ _ RRs(0s+0a) 
(Rst+R)X°E, (Rs+R)X 
__ RRs(9s+0d) 


€ (RstR)X —1=H, (19) 
and 
__ RRs(0s+6d) 
Hyg=1—€ (Rs+k)x (20) 


H, and H, are of the same form as in 
equations 9 and 11 but are functions of a 
different parameter. Introducing the 
experience factor k, equation 17 becomes 


DIB XC 
pV 2EX 


Z, a (21) 


ep 
It is evident that Figure 3 also may be 
used to evaluate H, and H,. Method 1 
above is exact for Rs; equal to zero and 
method 2 is exact for Xs equal to zero. 
The calculated voltages for intermediate 
power factors will be too low by either 
formula unless the series impedance is 
high enough to keep the source current 
sinusoidal. If the peak voltage is cal- 
culated by both methods, the larger of 
the two answers should be correct within 
a reasonable degree of accuracy. 

From Figure 3 it is evident that the 
straight line relationship 


Hy =/2H, (or Hy=+/2H,) (22) 
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is entirely adequate if H, or H, is less 
than one-tenth. That equation 22 is the 
exact relation for low values of the vari- 
ables can be demonstrated by expanding 
the expressions for 7, and H,,, from equa- 
tions 11 and 9 in infinite series, retaining 
only the lowest-powered term in each, and 
then eliminating the parameter between 
the two equations. Substituting the value 
of H,, from equation 9 into equation 22, 
and this value of H, into equation 12, 
gives 


(Ezek) 
2a age ae 
BY 


(23) 
It can be shown that this same equation 
holds for method 2 for a high-power-factor 
circuit if Rs is large compared with R. 
From equations 7 or 18, it is evident that 
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CORE LAMINATION 
COIL 


Figure 7. Cross section of a core lamination 
subjected to very large magnetomotive forces 


The flux travels as a wave from the surface to 

the center. There has been little flux change 

in the area 1; in the relatively narrow strip 2, 

the flux is changing; and in the area 3, the 
iron is completely saturated 
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the voltage wave shape is essentially tri- 
angular. * 


To get the root mean square voltage, 
we can write 


Os 1 1/, 
f ese Goa ‘| 
as 2 Zi 
(0s-+-0g) =24/2Em 


DY 19) ANU 
ata a ona) radians 
s 


(24) 


(25) 


The expression for the voltage e can be 
rewritten as follows, where e, is the peak 
value as given by equation 23: 


0+64 
e=e 
” O5+64 


(26) 


To find the root mean square value of this 
voltage, the value of e is substituted in 
the following formula and evaluated. 


1 Os 1/» 
Ce=(— ifs ei ) (27) 
Tv —64 
Os+0q\'/2 
=< t%e) volts (28) 
30 


The values from equations 23 and 25 can 
be substituted in equation 28. 


eh (LRN 
Crms=V al va ) Em’! volts (29) 


The watts loss in the core would be 


16 fee ae 
Ss net’ te :) Em? watts (30) 
S$ 


It is possible to express these equations 
directly in terms of the material constants. 
Using the values for E,, and R developed 
in equations 69 and 74, Appendix I, 
equations 23, 25, 29, and 30 may be 
written as follows: 


ep (Bmp)? NEs\'" 
SSE OO) = || 
NA G Wag A 
10-4 vperturn persqem (31) 
Bm\/? 
0.485¢(* *) 107 
6;+6g= i NE radians (32) 
WZ 
/RUST = M@Bm) (NE) 
NA c/2 1a 
10-8 v per turn per sqem (33) 
W (wBm)*/*¢f NEs\'/2 
WN 4 Ae) ee 
G DOM Notas s 
10-” w per gram (34) 


* It is interesting to note that X does not appear in 
equation 23. This isa consequence of neglecting the 
additional terms of the form 1/x![(R/X)(@s+@q) |” 
in the expansion by series to get equation 22. If 
X were very small, this could not be done. In 
effect, X has been assumed to be infinite with re- 
spect to R(6s+6a), and in many problems this will 
be true. Therefore the voltage does not depend on 
X. This means that the change of flux in the core 
is limited entirely by the eddy currents, the per- 
meability of the iron having a negligible effect. 
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Meruop B 


As was mentioned earlier in this paper, 
high rates of change of flux in the core 
cause eddy currents which materially dis- 
tort the flux distribution in the lamina- 
tion. It is possible to write exact equa- 
tions for the flux distribution in the 
lamination, assuming constant perme- 
ability. The condition is actually much 
different and vastly more complicated by 
the gradual yet enormous change in 
permeability. However, this solution 
will be used if the permeability value is 
chosen with this limitation in mind. In 
so doing, the mathematical analysis will 
be simplified if the flux density through- 
out the lamination is considered initially 
to be zero, instead of minus $m, and to 
rise from zero to twice its saturation 
value. 

It would be expected that the peak 
voltage would occur when the surface of 
the lamination was just saturating. 
Figure 4 shows a single lamination of steel 
of thickness ¢ and mean length of flux 
path 1. It is assumed that the lamina- 
tions are insulated from each other ade- 
quately and that the width of each lami- 
nation is large compared with its thickness. 
What occurs in this one lamination occurs 
in all of the others. This lamination is 
linked by a primary coil of N turns carry- 
ing an effective alternating current of Js 
amperes. It is assumed that the transient 
will occur in a sufficiently short time that 
the slope of the current wave may be as- 
sumed constant and equal to its value at 
current zero. The equation for the pri- 
mary coil magnetomotive force will be 


0.494/21.Nut 
eee) 


; ersted (35) 


To agree with the change of flux from 
zero to twice maximum, this magneto- 
motive force will be assumed to be ap- 
plied to the core at zero time. Let x be 
the distance out, measured from the cen- 
ter of the lamination; let H, be the 
magnetomotive force at the center of the 
lamination; and let 2’ be the eddy cur- 
rent density at any point in the lamina- 
tion. The magnetomotive force at x is 


x! 
h=H,+0.49 ai dx oersteds (36) 
0 
a og | 
ax? Ox 37) 


The induced voltage gradient in the lam- 
ination at any point x is 


*OB 
e’=10°8 —d 

us ot ae 
B=ph (39) 
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Substituting equation 41 in equation 37, 


O7h a 0.471078 oh 


ene =. 42 
Ox? p ot Sa 


Since at the surface of the steel there will 
be no eddy currents to prevent the flow 
of flux, the magnetomotive force at the 
surface will be equal directly to that of 
the coil as given by equation 35. The 
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2 
Es 
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Figure 8. Test circuit for measuring peak 


voltages 


The saturating reactor is 1, on which is wound 

asearch coil, 2. The air-core loading reactor 

is 3, and 4, 5, and 6 are oscillograph ele- 
ments 


solution of equation 42 for these condi- 
tions (see Appendix III) is 


0.494/21,N mh 
oe re (—1)'x 
s=l1 
3 
16 0.421078 ¢ 2s—1 7x 
@s=1) a? Map? es 2 Z 
2 


m Gs 1)2x3 p t 
(: =e 4 0.47 10-8 ca) (43) 


Let 
hl 


K,=————-——- 
0.410/21,Nut Sc) 
fe pe os 
0.471078 (2) (45) 
Pa 


Rewriting equation 43 using these values, 


$= oe 


16 
Ky=1 —1)* ——_—__ 
h +2 ( ) (s—1)*n?* 
pike cia ie 
ahaa") ieee (46) 
Ky 


Figure 5 is a plot of equation 46 for vari- 
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ous values of K,. The total voltage in- 
duced in the coil would be 


AN10-8 c/? ap 
Ae f sg» (47) 
C ot 


2 


Substituting the value of # from equation 
43 and simplifying by substituting X and 
K, for their equivalents, 


s= 0 


e 8 
fe pene =|— PRET eae 
° 4/21,X Xu (@s—1)** 


—1)2_2 
@a= 1) 2x Ki 


€ 4 (48) 


K 


Figure 6 is a curve of K, as a function of 
K,. It can be seen that for large values of 
iy Ke = a 


e=+/21,X (49) 


In Appendix IV it is shown and from 
Figure 6 it can be seen that for small 
values of the variables, 
K te K (50) 
é Jr t 
If the values for p and pw from equations 
75 and 72 of Appendix I are substituted 
in equation 45 and this value of K, sub- 
stituted in equation 50, 


8RX0\'/2 
é ~1(*) (51) 
3r 


Comparing this equation with equation 7, 
this equation is seen to vary as the square 
root of time whereas equation 7, using 
the equivalent circuit, varies directly with 
time. 

To find the angle at which the surface 

saturates. it is evident that the magneto- 
motive force at the surface is equal to 
that of the primary coil. From equation 
37 then, 
. LL (52) 
Substituting the value of uw and B,, from 
equations 72 and 70 of Appendix I in 
equation 52, 


2k 


Os (53) 
Substituting this value of 9, in equation 
Bie 


16I;REm\? 
om Gaal vis 


Comparing this equation with equation 
23 for the equivalent circuit analysis, the 
form is seen to be identical, except the 
coefficient, which is only 46 per cent as 
large. 

Equation 54 is valid as long as the 
value of K,at the time the surface satu- 
rates, or Kjs, is less than three-tenths. 
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the value of ¢; from equation 52 is sub- 
stituted into equation 45, 


__ 5.06pBm10*8 
wo(uc)?(NI,/1) 


ts (55) 
All the factors in equation 55 are constant 
except the permeability uw. This varies 
over quite a range over the region of 
operation. Kyjs is evaluated for the fol- 
lowing example, which represents an 
average low-voltage current transformer, 
using a relatively low value for the per- 
meability. 


w=377 p=60 microhms per 
u=1,000 cm cube 
Bm=12,000 gausses NJ;=1,200 ampere 
c=0.0383 cm turns 

1=51 cm Ky; =37.8 


Solving equation 44 for h, the flux den- 
sity becomes 


Ba=uh=p4Arv/2I,Not = 


Referring to Figure 5, if K, exceeds 
one, the value of K; will be between 0.55 
and 1.0 so that the flux at every point will 
be at least 55 per cent of the maximum 
value. Considering that pw usually is not 
known within a factor of two, B might be 
considered to be uniform for all practical 
purposes. Since method A is based on 
uniform distribution of flux, we can say 
that when K, exceeds unity, the flux dis- 
tribution is sufficiently uniform that 
method A applies. In the example 
given, K, will exceed unity after a very 
small fraction of the transient time has 
elapsed, and thus method A will be ap- 
plicable. 

The permeability is, of course, higher 
than 1,000 over part of the transient; 
however, it has been found that up to 
1,000 ampere turns (rms) per inch, 29- 
gauge laminations, 60 cycles, the effect of 
nonuniform distribution of flux is slight 
and that method A with the 0.85 cor- 
rection factor is satisfactory. Above this 
value the correction factor decreases to 
a minimum of six-tenths at very high 
ampere turns. 

Not included in this paper is the effect 
of capacity in the windings, which also 
begins to take effect when the peak of 
voltage is very short. 


Penetration of Flux Into the Lamina- 
tion. After the surface of the lamina- 
tion is saturated, the reversal must spread 
into the center of the lamination in some 
manner. Figure 5 is a curve drawn to 
show the flux distribution for various 
rates of change of flux. It is apparent 
that the more rapidly the flux changes, 
the less the penetration of the flux into 
the center of the lamination. Also, the 
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Figure 9. Iron-core reactor excitation curve 


The actual curve is 1 and the assumed theo- 

retical curve is 2. For a reactor with no air 

gaps, E,, is approximately the point of tan- 

gency of a line drawn tangent to the knee of 
the curve such that tan 6 =(tan «)/10 


width of the zone in which the flux is 
changing becomes smaller the more 
rapidly the change is made, and as a limit 
the wave front is almost vertical. As 
soon as the surface is saturated, the flux 
wave will start to penetrate the steel. 
During this period the material can be 
divided into three zones: the center where 
there is little flux, the wave-front zone 
where the flux is changing, and the outer 


AMPERES 


Figure 10. Peak voltage of a saturating re- 
actor ; 


1—Calculated curve for reactor only, using 
equation 12 

9—Calculated curve for reactor only, assuming 

forcing of flux to surface of lamination, using 
equation 56 

3—Test curve of reactor only which follows 

calculated curve 1 up to high values of current 

where it begins to bend over and approach 

curve 2 
4—Calculated curve of reactor shunted by 
a 0.9-ohm resistor using equations 12 and 68 


5—Test curve of reactor shunted by a 0.9-ohm 
resistor which follows the calculated curve 4 
quite well 
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zone where the iron is saturated. The 
wave-front zone must travel in from the 
surface to the center. However, it must 
travel in with such a speed that it will 
induce enough voltage in the saturated 
zone behind it to circulate enough cur- 
rent to nearly balance the ampere turns 
of the primary coil. Enough ampere 
turns must be left over, though, to provide 
the magnetomotive force necessary for 
the wave-front zone. In the usual case, 
this will be small, and the generalization 
can be made that the eddy currents in 
the saturated zone must balance the pri- 
mary ampere turns. If the flux travels 
in with a velocity of v centimeters per 
second, referring to Figure 7, the flux in 
the saturated zone in a strip one centi- 
meter wide would be 


The voltage gradient in the saturated 
zone would be 


e’ = (d¢;/dt)10-§ =2B,,v10-8 volts (57) 


The current density in the saturated zone 

is 

1’ =e'/p amperes per sq cm (58) 

The total current in the saturated zone is 
2B ,v10~®vtl 

= Vea 


t’vtl (59) 


This is equal to the primary ampere turns 


= 7/21 wtN 


2B mv210-8 
mo Ont (60) 


(ue wi ae 4 
v= = centimeters per secon 
WV 2Bml 

(61) 


The total voltage induced in the primary 
coil will be 


A 
IN (62) 


c/2 

If the value of v frorn equation 61 is sub- 
stituted in equation 57, and this value of 
e’ from equation 57 substituted in equa- 
tion 62, and if the values of p and By, 
from equations 75 and 70 of Appendix I 
are substituted in this equation for e, 
the peak voltage becomes 


a (Heat )" : 
6p Sas volts 


5 (63) 


This is seen to be a value 12 per cent lower 
than that given by equation 54. 

The voltage given by equation 63 is a 
flat-topped voltage. It is to be expected 
then that if a direct-current voltage were 
applied to a reactor, the current drawn 
would increase linearly with time, 


4=+/ 20 ot 


(64) 
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Substituting the value of /; from equa- 
tion 63, 


_ 1.06ep?wt 


i E,R amperes (65) 


Shunting of Reactor With a Reststor. 
The open-circuit voltage of a current 
transformer can be controlled by connect- 
ing a resistor to the secondary terminals. 
The value of the resistor can be very high 
relative to any normal burden so that its 
normal shunting effect is negligible, and 
yet considerable reduction in voltage may 
be obtained. Short-circuited bands of 
resistance metal sometimes used for phase- 
angle correction have exactly the same ef- 
fect. The effect can be calculated by 
considering this resistor to be in parallel 
with R (see Figure 2). The effective re- 
sistance of the burden resistance and the 
core resistance in parallel is 


RR ie. R (66) 


From equation 66 it is seen that the new 
effective resistance is the core resistance 
divided by 1+(R/R>). 

From equation 23 it is seen that the 
peak voltage with a shunt resistor is 
equal to the peak voltage without, di- 
vided by the square root of 1+ (R/R;). 

From equation 29 it is seen that the root 
mean square voltage with a shunt resistor 
is equal to the value without a shunt re- 
sistor divided by the fourth root of 
1+(R/R). 

These formulas are applicable only to 
method A where the core resistance can 
be separated out. Ifa resistor of any size 
shunts the reactor, it usually will make the 
formulas of method A even more appli- 
cable, as the eddy currents and flux are 
definitely separated. 


Test Data 


Tests were made on a small ring-type 
iron-core reactor on alternating current to 
determine the peak voltages developed at 
various values of current. Tests also 
were made with the reactor shunted by a 
resistance to determine the effect of the 
resistor in reducing the peak voltages. 

The circuit used is that shown in 
Figure 8. The series inductance for 
loading the circuit was an air-core reactor 
to make certain that it would have linear 
characteristics. A search coil was wound 
on the iron-core reactor and connected to 
an oscillograph element. The resistance 
of the oscillograph circuit was kept high 
so that its shunting effect on the peak 
voltages would be negligible. The line 
current and voltage also were connected 
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Figure 11. Oscillo- 

grams of peak volt- 

age of a saturated 
reactor 


Part A is for a reac- 
tor only; /,=5.8 
amperes root mean 
square, 60 cycles; 
and the peak voltage 
is 9.1 volts 
Part B is for the reac- 
tor shunted by a 0.9- 
ohm resistor; /,= 
11.75 amperes root 
mean square, 60 
cycles; and the peak 
voltage is 5.9 volts. 
Part A shows flat- 
tening of the peaks 
of voltage from ini- 
tial saturation of the 
surface and gradual 
penetration of the 
flux reversal. The 


minor peaks of voltage are caused by overtravel in the oscillograph. Part B corresponds to 
Figure 2C 


to oscillograph elements. Tests were 
made on the reactor, measuring the cur- 
rents and the peak voltages developed. 
These tests were rerun with a resistance 
shunted across the test reactor. 


Data for the circuit are as follows: 


Power supply: 60 cycles alternating cur- 
rent, 0.2-ohm reactance 


Air-core series reactor: 5.5 ohms 
Test reactor: 


Turns, N=16 
Losses at 0.483 volts 


VA =0.159 volt-ampere 

W (total) =0.129 watt 

W (eddy) =0.049 watt 

VAR =0.0925 volt-ampere reactive 


Excitation curve per Figure 9 
Shunt resistor: 0.9 ohm 


The results are given in curve form 
in Figure 10. Typical oscillograms are 
shown in Figure 11. It was found that 
the best correlation was secured between 
calculated and test data if a factor of 0.85 
was used for k. 


Calculations 


Test reactor constants: 


2 


E 
R ak (0.483)?/0.049 =4.77 ohms 
é 


E2 
' VAR 


x = (0.483)?2/0.0925 =2.53 ohms 
From Figure 9, E,,=0.875 volt 


Calculations by 
method A: 


sinusoidal voltage, 


1. J,=5.8 amperes, no shunt resistor 
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m 


QEmZ sR{ X+Xs\? 
Sameer ee ( XX, ) 
~PXOSTSXAT (AST) 047 
5.8 2.538 X57 


From Figure 3, H,=0.68, and using 
equation 12 for ép, 


SOD OG 
pk yu Nl? 
Z(X+X>5) 
2X5.8X2.53 X 5.7 
sgsorng : “ 0.68=8.3 
2.53+5. volts 
2. I;=11.75 amperes with 0.9-ohm shunt 
resistor 
pra _ a 77 x0 9/(4.77+0.9) 
pat eee . . . . 
=0.755 ohm 


Hm =0.0366, Hy =0.25 


4/2 X11 5X2 5S XS 


ey =0.85 
2.538+5.7 


0.25 =6.2 volts 
Calculations by simplified equation 23: 


1. No shunt resistor: 


ep =kWV 81 gEmR =0.85-V 815 X0.875 X4.77 
=49°V/T, volts 
2. With 0.9-ohm shunt resistor: 


49WT, 4.9V I, 


ep = 1 oe 
R\/ 4.77\"/2 
14+— 1+—— 

( +2) ( a a 


=1.95°~/I, volts 


Calculations by flux distribution, 
method B; 
16I;EmR\'/? — 
ey (St) =2.66~/T, 
us 
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Table I. 


Peak Secondary Open-Circuit Voltage Developed by Typical Current Trans- 


formers With 100 Per Cent Primary Current, Maintained Sinusoidal, 60 Cycles 


ee 


Voltage Current Accuracy Peak 

Type Class Ratio Rating Voltage 
BW ES Wr cet Mata pate taic wee a4 BOO Gre oe staucuste as S00 / Bi Gass: antec oe ORS BrOn Ly Ose e ysicreres: ctctenererexs 175 
COR ietesaiare eects s SOOOK, cect: eaters 5/5-G00/ Diseninetenetae Ae BLO meO Ds cavers erie ltieccvers 475 
GTi mrcysancisse oe o sisuare D OOO Rhy eae si 5/5-G00/ dene re ute oe OBE HOR Ostia aagodacole 1,800 
LSD ee eis hela sais sveiseeieie's SOOO ere shin arent lscehs PEANO AY Ro dtiond aos ORS EOL ONO, a nist oouelereiealetas 11,000 
MRI ri g esks ees Tesioleysiis eis Sree AG OOO Meters loi cirekorchs OLA Mine acenae 5 Dea 1y 4 OOM tthe. pitstalerataas crsxste 6,700 
(CORRES eo. ad udiee do SA 5U0 von lerede evades b/d = 800/5: cree eiecenne as OS =B- Ob LOR Ds 2 areislh elete) oysieter= 7,300 
OPRC6 Gi tocias art aay aes GOTONO Mare ote aca tena sla '5/5-800/ D5 sine ORS=B Orel Oo tennis hele stele 8,300 


* Multiratio bushing type for use on 46-kv bushing. 


These calculated curves also are placed 
on Figure 10. 


Conclusions 


The curves of Figure 10 which were cal- 
culated from method A (assumed uniform 
flux density in the lamination) show good 
agreement with the tests except at the 
higher values of current. At the higher 
values, the effect of crowding the flux to 
the surface becomes more noticeable. 
Presumably, at still higher currents the 
minimum value which would be calcu- 
lated by method B, 46 per cent of that 
given by method A (when K=1), would 
be approached. The oscillograms all in- 
dicate a flattening of the top of the 
wave at higher currents, confirming the 
fact of a nearly uniform rate of flux 
change as the reversal travels in from the 
surface. 

When the reactor is shunted by a resis- 
tor, accurate calculations are possible. 
The voltage peaks are nearly true tri- 
angles. 

The method for fairly exact calculation 
of peak voltage will permit design of ap- 
paratus for minimum values of voltage, 
as far as possible, and design of proper 
protection against these voltages. One 
of the useful results of the method is that 
the energy available in the voltage peaks 
can be determined. 

Table I lists the maximum open-circuit 
voltage that can be developed at rated 
current in certain typical current trans- 
formers. The voltage varies approxi- 
mately as the square root of the current. 


Symbols 


A =net core area, sq cm 

B=instantaneous flux density, gauss 

Bm=maximum flux density, gauss (Figure 2) 

c=core lamination thickness, cm 

e=instantaneous voltage of reactor, volts 

ey = peak induced voltage of reactor, volts 

rms =root mean square value of reactor peak 
voltage, volts 

e’=eddy voltage gradient in lamination, 
volts/centimeter 
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E,=system root mean square voltage, volts 

Em=root mean square voltage reactor will 
induce, volts, at B,, normal frequency 

G=core weight, grams 

h=instantaneous magnetomotive force in 
lamination, oersteds 

Hm, Hn=see equation 9 and equation 19, 
respectively 

H,=instantaneous magnetomotive force at 
center of lamination, oersteds 

H,, H,=see equation 11 and equation 20, 
respectively 

i; =instantaneous current through equiva- 
lent R of reactor, amperes 

iz =instantaneous current through equiva- 
lent L of reactor, amperes 

7;=instantaneous system current, amperes 

4’ =eddy current density in lamination, am- 
peres per square centimeters 

J;=system root mean square current, am- 
peres 

k =experience factor for peak voltage, about 
0.85 

K,=see equation 48 

Ky=see equation 44 

K,=see equation 45 

Kis =see equation 55 

1=mean length of flux path, centimeters 

L=equivalent inductanceforreactor, henries 

Ls=system inductance, henries 

N=reactor turns 

R=equivalent resistance for reactor, ohms 

R,y=resistance of shunt resistor, ohms 

R;=system resistance, ohms 

t=time, seconds 

v=velocity of flux wave, centimeters per 
second 

W =core loss, watts 

W,.=eddy component of core loss, watts 

x=distance as measured from center of 
lamination, centimeters 

X =equivalent reactance for reactor, ohms 

X,=system reactance, ohms 

Z;=system impedance, ohms 

6=core density, grams per cubic centimeter 

6=wt, radians 

6qg=angle before current zero at which core 
desaturates, radians 

6;=angle after current zero at which core 
saturates, radians 

uw. =core permeability 

p=core resistivity, ohms per centimeter cube 

¢=total flux in core, lines 

$m= maximum total flux in core, lines 

w=2n frequency, radians per second 
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Appendix I. Reactor Constants 


At low frequencies, the equivalent cir- 
cuit for the reactor is as shown in Figure 2, 
with an inductance and resistance in 
parallel. The primary definition of Em, 
the maximum alternating voltage at sys- 
tem frequency that the reactor will induce, 
will be taken as equation 8. Using this 
as the definition has the advantage that if 
any correction must be applied to the theo- 
retical values of the peak voltage, the dura- 
tion of the pulse will be known to change 
in the opposite direction approxi- 
mately the same percentage. This follows 
from equation 8, for the area under the 
voltage curve is a constant, regardless of 
the shape of the voltage curve. It usually 
will not be convenient to determine Em 
in this manner, but from the sample tests 
it was found that the construction shown 
in Figure 9 gave a value of Em that agreed 
with the oscillograms. Referring to Figure 
9, a curve is drawn with the alternating- 
current voltage as a function of the alter- 
nating-current exciting current on rec- 
tangular-co-ordinate paper for a core with 
no air gaps. A line then is drawn tangent 
to the knee of the curve with a slope one- 
tenth the slope of the initial straight part 
of the curve. The point of tangency then 
gave Em approximately. 

The equivalent reactance X and the eddy- 
loss resistance, R, of the reactor can be 
determined from values of J, E, W (total 
watts loss), and W, (watts eddy-loss) cor- 
responding to some convenient point on 
the initial straight part of the excitation 
curve. 


OO 


2 
R= Onis 
é€ 


The values of Em», X, and R can be cal- 
culated from material constants, or the 
material constants can be calculated from 
test results by the following formulas: 


X= 


7, ohms (67) 


(68) 


_o@NBnA Om 7 (69) 
Ne 4/2 volts 
Bmn=V2Em/wNA 10-8 gauss (70) 
X =0.4rN2uA 1078/] ohms (71) 
u=X1/(w0.47N2A 1078) (72) 
E* (wNBA 1078)? 
W. = = 
R 2R 
Bc? 10518 
=1(Q/4))| | reais (73) 
2465p 
R=12N?Ap/(Ic?) ohms (74) 


p = Ric?/(12.N2A) ohms per centimeter cube 
(75) 


Appendix Il. Calculation of 4, 
To calculate the angle at which the core 
starts to desaturate, 


Bm=0.40Nip/l (76) 
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For time near current zero, the equation for 
the line current is approximately 


is=V/ Qo st 
Boy 
0.4rNpv/2I; 


Substituting the values of Bm, and » from 
equations 70 and 72, 


(77) 


wot = Oa = (78) 


(79) 


Em : 
04=—=— radians 
& 


Appendix Ill. Solution of 
Equation 43 


Referring to “Mathematics of Modern 
Engineering,” by Doherty and Keller,’ 
page 282, the partial differential equation 
of a cable with distributed constants of 
series R and shunt C per unit of length is 


(80) 


Comparing with equation 42, these are seen 
to be identical if 


_ 0.40 1078 
p 


RC (81) 


Since the terminal conditions are the same, 
the solution for voltage on a cable may be 
used for the solution of magnetomotive 
force for iron if the above substitution for 
RC is made. 

The foregoing reference gives the solu- 
tion on pages 285-7 for a unit function 
voltage applied to a cable of finite length 
with the receiving end open-circuited. The 
solution desired is that with a voltage which 
increases uniformly with time. This can be 
found very simply from the preceding solu- 
tion by the following method. On page 
286, equation 339 is given for the opera- 
tional solution for voltage: 


Pye cosh nx (82) 
~~ cosh nl 


The solution desired for a voltage that in- 
creases linearly with time would be of the 
form 


E’t cosh nx 
Oa (83) 


cosh nl 


The operational form for ¢ is 1/p, though 


E’ cosh nx wry, 
—QE 
p cosh nl (84) 
The solution of equation 84 is 
“/ cosh nx 
e=E’ i ( 1a (85) 
9 \cosh nl 
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Hence if the solution on page 287 is inte- 
grated from zero to ?, it will be the solution 
for a voltage that increases linearly with 
time. This leads directly to equation 43. 


Appendix IV. Solution of 
Equation 50 


It is not at all evident from an inspec- 
tion of equation 48 that it does approach 


equation 50 for low values of ¢. Letting 
2?=K; in equation 48, 
sao 29 _ (2s—1) 248? 
dKe Hed wee é 4 (86) 
dz \ x ai 4 


If z approaches zero, this can be replaced 
by the integral 


dK a) he (2341) 222% 4g 
ane ff € 40 ds=— Vs 
$ 


dz a mz 2 
(87) 
oars (88) 
dz Var 
And for values of z near zero, 
22 Re 
K,=a+—= ee (89) 


== 2 
“/x a+ WE 


To show that c; is equal to zero, substitute 
in a point on the straight part of the curve 
of Figure 6. 


Appendix V. Complete 
Solution for i, 


If es=V/2E;s sin (wit+y), and if it is as- 
sumed that the line current has returned to 
its sinusoidal value after the peak during 
the previous half-cycle, the current through 
the equivalent inductance L is 


V/2E; 


t 


ip = KO" + K.e'+ 


sin (w+y — 6) 


(90) 
y= tan7! (X¢/Rs) (91) 
Hi 
eee aes 92 
= IE (92) 
eee 
2,-AX4 (2 RRs\ 
webs oe ae ges aie an 
€ Ves ayi/2 
ae | (93) 
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ROR OR, Xt Rees 1/9 
SO War (ed 4 
[(E+3+#) (5 ay ier 


oF. 16d 
V2E we Oe 
A2— A 


[= (—6qt+y—B) _®& sin Ga 
Zt ols 


sin tet? | (96) 
wl 


k= 


/2Ew doba 
SS x< 
Ar Ae 
E (—6g+w—8) _M sin Da 
Zi wl 
di sin Sel (07) 
wl 


Ka 


Ze=(R%e+X*)' 7? (98) 

64 is found from equation 79. To use 
equation 90, the time of saturation, fs, is 
found by setting Jz equal to ++/2 Js; sin 0¢ 
and solving for ts. The peak voltage is the 
value of L(diz/dt) at ts. There appears to 
be no simple manner in which to secure fs, 
and the nature of the problem does not 
warrant the labor as compared with the 
approximate methods developed in the 


paper. 
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A Tunable Rejection Filter 


R. C. TAYLOR 


ASSOCIATE AIEE 


Synopsis: The theory and design of a tun- 
able bridge-type narrow-band rejection filter 
are given for the general case, considering 
elements with dissipation. Range of ad- 
justment and effect of manufacturing varia- 
tions are discussed with the help of imped- 
ance circle diagrams. Approximate attenua- 
tion formulas for various levels of attenua- 
tion are derived, and a convenient graphical 
method of studying performance is sug- 
gested. A formula for the effective width of 
a special arrangement of two filters in tan- 
dem is derived. ; 


N COMMUNICATION and_ allied 
branches of electrical engineering, it is 
frequently necessary to use a filter with a 
narrow stop band to reject a single inter- 
fering frequency. It is the purpose of this 
paper to describe the theory of operation 
and methods for design and reduction to 
practice of such a device which has proved 
to be valuable at frequencies from 1,000 to 
20,000 cycles per second. The principles 
of the device are equally applicable at 
much lower! and at much higher fre- 
quencies. 

The familiar bridge circuit of Figure 1, 
frequently employed as a delay circuit, is 
the basic arrangement for the narrow 
band rejection filter. An elementary ex- 
planation of the device? sets forth that 
each of the bridge arms is resonant at the 
reject frequency and the inevitable dis- 
sipation is such that the four arms become 
equal resistances at the reject frequency, 
and the bridge is therefore balanced and 
the undesired frequency rejected. The 
impedance circle diagram of Figure 2 il- 
lustrates this concept. In the practical 
case, resistances are functions of fre- 
quency, and although the line and circle 
loci are distorted, the distortion is not 
enough to destroy the usefulness of the 
concept, since most of the distortion is in 
those parts of the loci far from resonance. 
The circle applies to the parallel resonant 
arms and the vertical line to the series 
resonant arms. The familiar half-energy 
points of the resonance curve are found at 
the intersections of the 45-degree lines 
with these loci, which Kennelly has called 
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the quadrantal points.* Both loci contain 
arrowheads to indicate the direction in 
which the tip of the impedance vector 
moves as the frequency increases. The 
narrowness of the stop region near the 
balance point b is a function of the veloc- 
ity with which these vector loci are 
traced as the frequency is varied. Since 
they are traced most rapidly near reso- 
nance, which occurs at b, and particularly 
since they are traced in opposite directions 
near the balance point, a very narrow 
stop band is realized, the width of which 
is found to vary inversely as the circuit Q. 
A device of this kind rejecting 1,100 cycles 
per second has been inserted in a telephone 
circuit with negligible loss of intelligibility. 

The construction of such a device with 
the line exactly tangent to the circle and 
the resonance of all arms of the bridge 
occurring at the same frequency is dif- 
ficult and unnecessary, since closely simi- 
lar performance can be realized with the 
balance condition illustrated in Figure 3. 
In Figure 3, the balance point does not 
occur at resonance, and the series and 
parallel circuits have different resonant 
points shown at 7, and 7. There are two 
possible balance conditions indicated by 
the intersection points b, and be, and 
either can be obtained by adjusting the 
resonant frequencies. The impedances of 
all four bridge arms at balance are equal 
both in magnitude and angle. This pro- 
cedure requires much less accurate con- 
trol of the resistance, which is often less 


Figure 1. Basic circuit of the rejection filter 
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predictable than the reactance, and as- 
sures a balance, since a balance is always 
possible if the line and the circle intersect. 
If the tangent condition is attempted, any 
increase in dissipation results in the sepa- 
ration of the two loci, and no balance is 
possible, although some attenuation can 
be obtained where the loci are nearest 
together. 


Range of Adjustment 


A considerable range of reject frequen- 
cies is obtainable with any given set of 
coils. Consider, for example, a coil that 
has no dissipation other than d-c resist- 
ance. The position of the straight line 
locus then is independent of frequency. 
The diameter of the circle locus is propor- 
tional to the square of the resonant fre- 
quency according to the equation, 


Resonant resistance =w*L?/Rpg¢ 


If a rejection filter of this type, operat- 
ing as shown in Figure 3, is tuned to suc- 
cessively lower frequencies, the circle 
locus will decrease in size until the tangent 
condition of Figure 2 is reached. With 
any further decrease in frequency, the 
loci will separate and no balance will be 
possible. If the frequency is increased 
above that corresponding to Figure 3, the 
diameter of the circle will increase as the 
square of the frequency, and the baiance 
points b,; and b, will become farther and 
farther separated from the resonance 73. 
Balance is still possible, since the loci 
intersect, but it is not usually desirable 
to use this condition, since it produces an 


Impedance diagram, limiting case 


Figure 2. 
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Figure 3. Impedance diagram, general case 


effect very similar to reducing the Q. If 
an arbitrary standard were set up requir- 
ing the parallel resonant resistance to be 
not more than twice the series resonant 
resistance (line passing through center of 
circle), then the frequency range of adjust- 
ment in this case would be limited to 1/2 
to 1. However, as bad a condition as this 
is seldom met in practice, and a range of 
adjustment approaching two to one is 
practicable in most cases. The range real- 
ized depends on the variation of dissipa- 
tion with frequency and on the need for 
maximum narrowness of stop band. 
Theoretically, infinite range of adjust- 
ment is obtained when the product of 
the series resonant and shunt resonant 
Q’s is constant. As an illustration, let 
the dissipation of the series resonant cir- 
cuit be a series resistance independent of 
frequency and the dissipation of the par- 
allel resonant circuit be a shunt resist- 
ance independent of frequency and, of 
course, slightly larger than the series re- 
sistance. This results in constant prod- 
uct of the Q’s and is also the condition 
for no distortion of the loci, and resonant 
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resistance independent of frequency. 
Such a combination could be tuned to re- 
ject any frequency with equally good re- 
sults. Practically, such a combination 
of properties is seldom available without 
loss of stability or circuit Q, and one is 
likely to find the resonant resistance of 
desirable components varying with the 
frequency, introducing some distortion 
of the loci and limiting the range of ad- 
justment to about two to one. 


Practical Circuit Arrangement 


In practice it is usually preferable to 
modify the circuit of Figure 1 to that of 
Figure 5, where inductances with the 
same letter designations are on the same 
core. Imperfect coupling between wind- 


Practical circuit of the rejection 
filter 


Figure 5. 


ings is not often serious, the principal ef- 
fect being the inclusion of a series induc- 
tance in the parallel resonant branches. 
Since at frequencies much greater than 
balance frequency, the useful frequencies 
flow to the receiver through the parallel 


Figure 4 (left). 

Tandem filter show- 

ing trimmer capaci- 
tors 


Figure 6 (right). 
Attenuation of sin- 
gle rejection filter 
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resonant arms of the bridge, the series 
inductance will limit the high frequency 
response. In practice this limitation is 
not severe, since the parallel resonant in- 
ductance is a small one if the Q is ten 
or greater; leakage inductance can 
easily be made a small fraction of the 
total; and consequently a wide pass band 
above the reject frequency will exist. 
It has been found convenient to select 
transformation ratios that make the three 
capacitors marked C of equal capacity. 

Since the stop band is very narrow, it is 
usually desirable to use trimmer capaci- 
tors which permit about one per cent 
adjustment of capacity (Figures 4 and 5). 
Larger air capacitors with precision 
mechanical drives are convenient for 
greater range. Figure 5 shows input and 
output coupling transformers to match 
impedance levels. 


Attenuation Formulas and Graphs 


The attenuation of all such reject 
filters is shown as a function of frequency 
in Figures 6 and 7. These curves can 
be represented for attenuations greater 
than ten decibels by the following equa- 
tion derived in the appendix: 


a=20 logio (K/W) (1) 


These curves are universal curves, 
since the constant K has the same di- 
mensions as the variable W, the width of 
the stop band on the frequency scale at 
attentuation a. In other words, the 
frequency scale may be thought of as 
plotted in K units as indicated in Figure 7. 
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In Figure 7 the dotted curve at A indi- 
cates either an imperfect balance or 
noise present in the test equipment, and 
the dotted extension at B indicates a 
graphical method of determining K. 
If the data are plotted with width in 
cycles per second as abscissa instead of K 
units as abscissa, the intersection of the 
straight line with the axis gives the actual 
value of K in cycles per second. 

A slightly more complicated empirical 
equation useful down to three decibels 
is 
a=20 logio [K/W+1/(1+K/W)] (2) 


K can be determined graphically from 
the curves, as indicated, or computed by 
formula 25. As shown in the appendix, a 
better approximation for attenuations 
between one-tenth decibel and three 
decibels is given by 


a=20 logi [1+(C/2)(K/W)?] (3) 


The attenuation curve is rather diffi- 
cult to measure at large attenuations, 
since either or both low frequency noise 
and harmonics of the reject frequency 
tend to reduce the apparent attenuation. 
Another difficulty is the requirement of 
very small frequency steps near the re- 
ject frequency. A cycles increment dial 
on a beat frequency oscillator is a con- 
venience for these tests. 

Figure 7 suggests the use of two crossed 
rejection filters as a discriminator in 
frequency modulation receivers, provided 
some ten decibels of minimum loss can be 
tolerated. 


Two Reject Filters in Tandem 


If a rejection band wider than that 
provided by one section of this type of 
filter is required to secure sufficient band 
width to reject a narrow band of fre- 
quencies rather than a single frequency, 
it may be desirable to widen the stop 
band by using two or more filters in 
tandem, each filter rejecting a slightly 
different frequency. In some cases this 
arrangement may be found advantageous 
to preserve the required attenuation if 
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Figure 7. Graphical method of determining K 


May 1946, VoLumgE 65 


the circuit elements are not sufficiently 
stable. Two sections result in a char- 
acteristic of the type shown in Figure 8. 
Using equation 1, it can be shown (see 
appendix) that 


Wo/Ws=V/2 antilog 10 (0/20) (4) 


where W, is the width of one filter at the 
attenuation aj. The increase in width 
is shown by Table I, which shows a very 
large relative increase at high attenua- 
tions. 


Stability Measurements 


In the construction of these filters, it 
is essential that all components, includ- 
ing the resistances of the circuit, have 
good stability with respect to tempera- 
ture, humidity, and voltage. Silvered- 
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Figure 8. Attenuation characteristic of tandem 
rejection filters 


mica capacitors with air trimmers and 
powdered-iron cores made of Carbonyl E 
iron have been found to be of satisfac- 
tory stability. The final stability co- 
efficient of the rejection frequency and 
attenuation is a complex function of the 
separate coefficients of the filter com- 
ponents and also of whichever of the 
two possible balance points is selected. 
One model designed to be tunable from 
3,000 to 4,800 cycles per second was ad- 
justed to 70 decibels attenuation at 3,600 
cycles per second, and subjected to 
temperatures from 55 to 100 degrees 
Fahrenheit. The peak attenuation de- 
creased about five decibels and the fre- 
quency at which the peak occurred 
changed less than two cycles per second. 
In any individual case, the various tem- 
perature coefficients can be made to 
counteract each other if components of 
both positive and negative coefficients 
are available. 
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Figure 9. Multiple frequency rejection filter 


Relation to Filter Theory 


While it is obviously appropriate to 
call this device a filter, since it has pass 
and stop frequency regions, the at- 
tenuation in the stop band is explained 
only by the resistances present, while 
conventional filter theory excludes re- 
sistance and deals with reactances. 
The device illustrated in Figure 1 is an 
all-pass network with no attenuation at 
any frequency when considered as a con- 
ventional filter. It is only when resist- 
ance is considered as in Figures 2 and 3 
that the attenuation region appears. 
If the resonant frequencies of the series 
tuned and shunt tuned arms are slightly 
separated, then an attenuation band is 
predicted by filter theory; but only 
small attenuations will be realized when 
reactances of the size given by the design 
equations are used. 

The extension of these principles to 
multiple reject frequencies in a single 
section is illustrated in Figure 9. Sucha 
device results in an economy of elements 
but requires variable inductors as well as 
capacitors, and the adjustments of vari- 
ous reject frequencies are not indepen- 
dent, so that a more practical solution 
may be the use of simpler sections in 
tandem. The bridge arms in Figure 9 
are shown in a canonic form.4 


Coil Design 


Since the Q of the circuit determines 
the narrowness of the rejection band and 


Table I. K Units 
Db Ws Wo Wo/Ws 
DO ie sitetincote OUT Rib eediacne: OMA a eee 4.47 
SA rere he OF02. Baie tan 0.20 ~ 10) 
AD ime ax OUOU A waar: On Pal re watseetere cs 14.1 
OO come ciara ie TA 6» A oe QS O44 Te oic.< ree 44.7 
A TiMenchsateek 0002 vinta OVO seid encoun 100. 


TRANSACTIONS 265 


Figure 10. Relation of resonant and balance 
frequencies 


the capacitors are responsible for little 
of the loss in the circuit, the design of 
coils with a specified high Q is funda- 
mental. Another important factor re- 
sults from the large ratio between the in- 
ductances of the parallel and series tuned 
branches. Equation 32 shows this ratio 
to be approximately Q? and therefore 
may be as high as 100,000 or more. ‘This 
indirectly determines the impedance 
level of the bridge, since the series-tuned 
inductances should not be so large as to 
lose Q from distributed capacity and 
leakage effects, and the parallel-tuned 
inductance should not be so small as to 
require too small a number of turns, 
since it is impossible to get close coupling 
to the tuned winding with less than one 
turn, and the change of one turn in a 
small number results in a limited choice 
of inductance. 

Typical windings are illustrated in 
Figure 11. Notice that in Figure 11A 
most of the space is allotted to the tuned 
winding to get maximum Q and conse- 
quently minimum width of the reject 
band. 


Appendix 


Attenuation Formulas 


The propagation constant of a bridge or 
lattice network is given by* 


a=20 logio [(WZ¥+1)/(WZY—1)] (5) 


and balance of the bridge is obtained when 
ZY=1+j0. Two approximate forms of the 
equation for the propagation constant are 
of interest in this application. The first is 
applicable when 


ZY=1+jT T<1 
and results in 
a=20 logio (4/T) (6) 
The other is applicable when 
=—S$§+jT <<a) 


and results in 


a=20 logio (1+ T/S*) ~17.37T/S*/? (7) 
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A—Parallel resonant winding 
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je 


B—Series resonant winding 


Figure 11 


The impedance of the series resonant arm 
is given by 


A= —jXil(fi/f) - 


where 


(f/f) +jR/X1] (8) 


xX, =2rfili 


and the admittance of the parallel resonant 
arm is given by 


Y2= —jBo| (f2/f) — (f/fo) +jG/ B2) (9) 
where 
By = 2rf. Cy 


and R, X, G, B, Z, and Y have their usual 
Ohm’s law meaning, and f, and fe are the 
resonant frequencies of Z; and Y,2 respec- 
tively. The appearance of the expressions 
may be simplified by writing them as 


Z,= —jX1(m+j1/Q1) (8a) 
Y2= —jB2(m2+j1/Q2) (9a) 
Using equations 8a and Qa, 

2,Y2= —X,B2[mym,— 1/Q:0Q.+ 
J(m/Q2+m2/Q1)] (10) 

where 

X Be = Arf folly C, =f Li/fole (1 1) 

At balance 

VZV =14+j0 (12) 
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Consequently balance conditions are 


1 /Q2 = m2/Q, =0 (13) 
and 
1/X,B,=1/(QiQ2) — (mma) =1/Qq? (14) 


Calculation of m, and ms near balance 
may be made easier if f/f; is written (see 
Figure 10) as 


f/fii=1—(e—u)/fi=1—e (15) 

and similarly 

f/fz=1—(v—)/fp=1—6 (16) 

Then 

m, =1/(1—a) —(1—a) =2a+a?+a?+ .... 
(17) 

m2=1/(1—b) —(1—b) =2b+52+53+ .... 
(18) 

and 

mum = 4ab+2a2b + 2ab?+-2a%h + 

a*h?-+-2ab3-+- .... (19) 
Near balance, | 
mym2—1/Q:02~ —1/Q,? (20) 


Since Q; and Q2 vary slowly and My M2<K 
1/QiQ2 


21 Y2™1—JQe?(m1/Q2+m2/Q1) (21) 
Equation 6 is applicable, giving 
a =20 logio [4/Qa7(m/Q2+m:2/01)] (22) 


Farther from balance, mm2>>1/0;Q02 and 


Z1Y2% —Qq?mm2—jQa?(m/Q2+ m2/Q1) 
(23) 
Equation 7 is applicable, giving 


Qa? lee es (24) 


a=20 logo 1+ (Oa? ae. WE 


The simplified formulas 1 and 3 can be ob- 
tained from 22 and 24 by letting Q:=Q:, 
which allows 1, to be taken equal to ve. 
Letting the definition of K be 


K =2f0Q/Qa” 


Cquation 22 becomes 


(25). 


a=20 logiw \- 10. / WQ¢?) =20 logiy (K/W) 
(22a) 


and equation 24 becomes 
a=20 logio [1+ (1/2) (Qa/Q) (A/1W)?] 


which is identical with equation 3 when 


Qa=Q. 
Stop Band for Two Filters in Tandem 


(24a) 


If a filter rejecting frequency fg is con- 
nected in tandem with a similar one reject- 
ing fy where f,—fa= W2 (Figure 8), the sum 
of the attenuations will have a minimum ap 
midway between fg and fy. If the compo- 
nent attenuations are large enough for 
formula 1 to apply, we can determine the 
width Wp of the reject band having attenua- 
tion ao by the following process. Let the 
width at frequency f (less than fg) of the 
filter rejecting f, be called W. Then the 


ELECTRICAL ENGINEERING 


I 
= 


filter rejecting fy has width W+2W, at 
frequency f. 


At the central minimum 
oe =20 login (K/ We)? (26) 


Let f=fi and W=W;, at the edge of the 
stop band having attenuation ap. Then 


oo =20 logis (K/W,)[K/(Wi+2W2)] (27) 
For a single section with attenuation ap. 
a =20 login (K/Ws) (28) 


Consequently, from equations 26, 27, and 28, 


W,(W,+2W2) =W.2=KW, (29) 
and since 
W=Wo—-W2 (30) 


equation 29 can be rewritten to give 


Wo/Ws=+/2K/W,=~V/2 antilogys (ao/20) 


(31) 
and 
Wi/Wr2=V2 (31a) 
Design Equations 
Combining equations 11 and 14, 
Ly/L2=f2Qq?/fi (32) 


The second equation to permit solving for 
I, and Lz is obtained by setting the quotient 
of equations 8 and 9 equal to Ro”, where Ro 
is the resistance of generator and load. This 
results at pass band frequencies in 


L,L2 = Ro?/4r*f fo (33) 


Combining equations 32 and 33, we get 


Ly = OgRo/2afi (34) 
and 
L2 = Ro/27f2Qq (35) 


ZL, and L» are the inductances actually ef- 
fective in the bridge arms. If the coupled 
arrangement of Figure 5 is used, the coup- 
ling coefficients increase the inductances as 


follows: Pe 

L1 = (QaRo/2mfi)2/(1+k:) (34a) 
and 

Le = Ro/21f2Qgk2* (35a) 


where ; is the coupling coefficient between 
windings B in Figure 5 and ke is the coupling 
coefficient between the tuned winding A and 
either of the A windings included in the 
bridge arms. 
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Protection of Pilot Wires From Induced 


Potentials 
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Synopsis: The use of pilot-wire relays for 
protection of power transmission circuits 
usually requires a reliable pilot channel 
which is free of any induced potentials which 
may cause transient voltages to appear be- 
tween wires even though they may be of rela- 
tively low magnitude. This is particularly 
true in the case of pilot relays using a se- 
quence network in which a single-phasealter- 
nating voltage is applied to the pilot wires. 
Conventional methods of protection, such as 
those used on telephone circuits, are not suit- 
able. As a result it frequently has been 
necessary to install special pilot circuits 
which are insulated for voltages far in excess 
of their normal operating voltage to insure 
reliable operation. This paper describes a 
method of protection which provides reliable 
and satisfactory operation of a-c pilot chan- 
nels through low-voltage telephone-type 
cable even though the cable may be subject 
to induced potentials high enough to operate 
discharge gaps. 


ILOT WIRES used for relay pro- 
tection of 66-kv transmission lines on 
the system of The Dayton Power and 
Light Company in several cases parallel 
12-kv distribution feeders. § Lead- 
sheathed telephone cable is used. In 
overhead sections it is installed on the 
same poles with the 12-kv lines and in 
underground sections occupies adjacent 
ducts to 12-kv underground feeders. 
Figure 1 is a map of the protected 
66-kv circuits and the routes of the pilot 
wires and their paralleling 12-kv 4-wire 
feeders. Figures 2 and 3 show typical 
configurations of the exposures. All cable 
sheaths, including the pilot-wire cable 
sheaths, are bonded at every manhole. 
Power cable sheaths serve as neutral con- 
ductors and are grounded at the substa- 
tion and at all terminals or risers. The 
pilot-wire cable sheaths are grounded at 
each terminal, at the dispatcher’s office, 
and at every riser. In overhead sections 
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the power system neutral is multigrounded 
but not bonded to the telephone cable 
sheath, except at risers. The 12-kv sys- 
tem neutral is solidly grounded at sub- 
stations. 

A schematic diagram of the pilot relay 
circuits, as originally installed, is shown 
in Figure 4. During fault conditions, 
single-phase alternating potentials are ap- 
plied to the pilot wires by the positive- 
and zero-sequence networks in the pilot 
relays. When unequal currents flow in 
and out of the line section, unequal volt- 
ages are produced by the relay networks 
and the resultant difference in current 
flows through the operating coils. Dur- 
ing faults external to the protected sec- 
tion, the potentials produced by the relay 
networks at opposite terminals act in 
series, circulating current through the 
restraint coils and pilot wires to prevent 
tripping. 

The condition thus is established that 
when the voltage between pilot wires is 
built up to a critical value by reason of 
unequal currents flowing in and out of the 
line section, tripping occurs. It is also 
true that if this critical voltage is exceeded 
by reason of some extraneous voltage im- 
pressed between pilot wires, tripping will 
occur. 

The maximum current and voltage im- 
pressed on the pilot wires by the relays is 
approximately 100 milliamperes and 60 
volts. The minimum alternating poten- 
tial required between pilot wires to cause 
the relay contacts to close is approxi- 
mately 15 volts. 


Incorrect Operations 


Early experience in the operation of the 
relays disclosed the following types of in- 
correct operations: 


1. Potentials induced by ground faults on 
12-kv circuits paralleling the pilot wires 
caused incorrect tripping of 66-kv breakers. 
An example of this type of incorrect opera- 
tion occurred during a 12-kv line-to-ground 
fault at industrial plant A (see Figure 1), 
Induced potentials appeared on the paral- 
leling pilot wires, causing operation of the 
carbon block protectors. The discharge 
through these protectors, being unequal, re- 
sulted in a potential appearing between pilot 
wires, which caused tripping of all 66-kv 
circuits supplying Webster substation. 
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2. Normal load currents in paralleling 
12-kv 4-wire feeders caused induced poten- 
tials in the pilot wires which circulated cur- 
rent through the alarm relays and gave incor- 
rect alarms. Potentials of 20 to 30 volts be- 
tween pilot wires and ground frequently 
were encountered. This potential caused 
current to flow through the distributed ca- 
pacitance of the pilot wires to ground, some 
of which returned through the grounded 
mid-point of the supervisory relay trans- 
former. The capacitors connected between 
mid-points of the insulating transformer and 
the ground served to by-pass some of this 
current. However, this did not entirely cor- 
rect the difficulty. 


3. Normal load currents in paralleling 12- 
kv 4-wire feeders caused induced potentials 
in the pilot wires, which incorrectly tripped 
66-kv breakers if one pilot wire accidentally 
became grounded. Grounding of one pilot 
wire causes any induced potential to appear 
between pilot wires. If the potential exceeds 
15 volts, tripping results. Several opera- 
tions of this type occurred when workmen 
accidently grounded one of the pilot wires 
while working on other circuits in the cable. 


As a result of these difficulties, a series 
of investigations was conducted to deter- 
mine the magnitude of the extraneous po- 
tentials appearing on the pilot wires and 
to devise a suitable means of correcting 
these troubles. 


Field Tests 


Field tests were carried out on the 
underground exposure from Webster to 
industrial plant A and on the overhead 
exposure from Hoover to industrial plant 
B. These tests were designed to deter- 
mine the magnitude of the longitudinal 
voltages with which a protective scheme 
would have to deal. With the power cir- 
cuits disconnected from their normal 
busses, a 230-volt test voltage was ap- 
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Figure 1. 


plied to cause ground fault current to 
flow in the exposures. From these tests, 
mutual impedance values were found as 
shown in Table I. Applying these factors 
to calculated values of fault current, the 
maximum longitudinal pilot-wire voltage 
was found to be 1,650 volts. With this 
information, the problem was resolved 
into designing a protective scheme meet- 
ing certain requirements for satisfactory 
operation of the relays. 


Pilot-Wire Protective Scheme 


The fundamental requirements of the 
protective scheme are as follows: 


1. The protective scheme should function 
to discharge properly any extraneous po- 
tentials imposed in the pilot wires without 
resulting in any appreciable potential dif- 
ference appearing between pilot wires. Any 
such potential between wires should not ex- 
ceed 15 volts. 


2. The voltage from a pilot wire to ground 
(or other wires in the cable) must be limited 
to 700 volts crest value during any system dis- 
turbance to avoid exceeding the voltage 
rating of the cable. 


3. The protective scheme should permit 
normal operation of the pilot relays during 
periods in which the protective equipment is 
functioning. This is necessary to insure cor- 
rect relay operation in case of faults involv- 
ing both 66-kv and 12-kv circuits simul- 
taneously. 


4. The proper functioning of the pilot-wire 
supervisory relays, which indicate to the 
operators the presence of open- or short- 
circuit conditions in the pilot wires, must be 
maintained. 


5. The protective equipment used must 
automatically restore the circuits to normal 
after its operation. 


With these requirements in mind, it 
appeared that a solution could be found 


a 
WRIGHT FIELD 


Map of 66-kv lines protected by pilot-wire relaying showing routes of pilot-wire 


cables and inductive exposures to 12-kv power feeders 
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Table |. Pilot-Wire Voltages to Ground 
Resulting From Faults on Paralleling 12-Kv 
Feeders 


SS = —= 


*Under- Over- 
ground head 
Expo- Ex- 
sure posure 


Mutual impedance in ohms per 

mile (ratio of pilot-wire volt- 

age per mile of exposure to 

ground fault current in power 
CIE CHIES) beeper toes Wass cesta mele 0.096—-. ..0.262— 
0.100 0.265 


* Fault current in either or both power cables to 
industrial plant A. 


Table Il. Laboratory Measurements of Pilot- 
Wire Currents and Voltages 
Current in ground lead of arresters, amp...... 18.4 
Applied longitudinal pilot-wire voltage, 
Nis CMS OR Ane OE AOIO.rD Oona bat aco 1,500 
Voltage from pilot wire to ground at ter- 
minals of insulating transformer, v rms..... 293 
Voltage between pilot wires at terminals of 
insulating transformer, vrms..........-.--- 2.6 
Table Ill. Zero-Phase-Sequence Constants of 


Underground Cables From Webster to Indus- 
trial Plant A 


One Two 
Cable Cables 


Voltage impressed  be- 

tween paralleled phase 

conductors and ground,v 210 ....... 197 
Totalcurrent,amp........ 332-8 .<, s¢ereysie 552 
Power input, kw.......... AOE eras eats 89.6 
Length of cable, miles. (233) 1.87... 1.87 
Zo in ohms per phase per 

p00 eer, Cea ee ey OB V1O =) ey Ona gare 

j0.722 j0.324 

WEBSTER INDUS TRIAL 
SUBSTATION PLANT “A” 


125 MILES 


PILOT WIRE |'2=7405 bit 2 
CABLE ~|AN 


Figure 2. Details of underground ducts be- 
tween Webster substation and industrial 
plant A 


Cables 1, 2, 3, 5, 6, and 7 are 3-conductor 

500,000-cir-mil shielded sector-type, with 

13/64-inch conductor insulation and 8/64- 

inch lead sheath. Cable 4 is 51-pair num- 

ber 19 0.075-inch-lead 0.95 - inch - outside - 
diameter pilot-wire cable 
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Table IV. Phase Angle of Pilot-Wire Volt- 
ages to Ground Resulting From Faults on 
Paralleling 12-Kv Feeders 


—=— — 


Under- Over- 
ground head 
Exposure Exposure 
Approximate angle the pilot- 
wire voltage leads the power 
conductor current, deg......... HER, cre seeker 31 


Table V. Rise in Substation Ground Po- 
tential During 12-Kv Faults to Ground 


—s 


Webster Hoover 
Sub- Sub- 
station station 
Type of 12-kv feeder faulted... Under- Overhead 
ground 
Rise in substation ground po- 
tential in volts per ampere 
of fault-currents). 2 ).,<\45 105°. « 0.0064.. 0.0578 
Maximum calculated rise in 
ground potential for faults 
near substation, v.......... 130 . 600 


Table VI. Pilot-Wire Voltages to Ground and 
Rise in Substation Ground Potential for 66-Kv 
i Faults to Ground 


= ——————— | 


Webster Crown 
Sub- Sub- 
station station 


Fault current to substation ; 
ground bits;amps.6 7s. c35.. > 1,788... .1,460 
Pilot-wire voltage to substation 
ground with opposite end 


proundeds. Vin qt see es Loto Lie 
Rise in substation ground po- 
LENGiaE SV erecta Ties sees os 130. 234 
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Figure 3. Typical pole top detail showing 

12-kv power feeder, secondary, and 51-pair 

number 19 0.075-inch-lead 0.95-inch-out- 

side-diameter pilot-wire cable, supported by 

5/16-inch high-strength galvanized steel mes- 
senger 
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in the application of the principle used in 
the American Telephone and Telegraph 
Company’s number 223-A retardation 
coil, used for the reduction of metallic 
voltages on open-wire carrier lines. It 
consists simply of modified drainage coils 
with middle connections isolated from 
ground by gaps. When the gaps discharge 
the assembly functions as a drainage coil. 

Preliminary laboratory tests were made 
using coils of various excitation character- 
istics and several types of discharge gaps. 

The connection diagram adopted from 
these tests is shown in Figure 5. It willbe 
noted that the mutual reactors at the sub- 
stations are connected to the. mid-ter- 
minals of the relay insulating transformers 
instead of across the pilot wires. This 
connection was adopted in order to cause 
a minimum change in pilot-wire shunt im- 
pedance during discharge. However, if 
circumstances required connection across 
the pilot wires or additional protectors 
between terminals, the shunt impedance 
could be made high enough to cause only 
slight decrease in the sensitivity of the 
pilot relays. 

A mutual reactor was selected, each 
winding of which has an exciting imped- 
ance of approximately 11,500 ohms at 
200 volts. This value of impedance was 
considered sufficiently high to result in a 
negligible change in the sensitivity of the 
pilot relays during gap discharge. This 
value of impedance also was considered 
sufficiently high to insure satisfactory 
operation of the protector tubes without 
causing excessive excitation currents in 
the reactors. 

A gas-filled protector tube was selected 
which had the following characteristics: 


A-c rms breakdown voltage, v...... 300-500 
Maximum discharge current for 
ivy OSCCOMUS ANID ciepers ceriera erent 50 


Average arc drop, v, d-c........... 


The tube is capable of repeated dis- 
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charges without material change in char- 
acteristics. 


Final Laboratory Tests 


Equipment wasconnected in the labora- 
tory as shown in Figure 5. Resistors were 
used to simulate pilot-wire resistance. 


Test NUMBER 1 


With protector tubes removed at points 
B and C and terminals 2 and 3 connected 
at B, test potential was applied between 
the mid-point of the mutual reactor at B 
and ground. Oscillograph elements were 
connected to measure quantities as shown 
in Table II. This test indicated that with 
maximum longitudinal voltage induced on 
the pilot wires, the potential between 
wires was sufficiently low to prevent in- 
correct relay operation. Also the voltage 
between pilot wire and ground was well 
within its insulation rating. 


Test NUMBER 2 


This test was made to determine the 
effect of protector discharges on the sen- 
sitivity of the pilot relays. 


1. With all protector tubes  short-cir- 
cuited, no appreciable change in the sensitiv- 
ity of the pilot relays was detected. 


2. A similar test was performed with cur- 
rent flowing in the pilot wires and protective 
equipment simulating discharge currents. 
This was accomplished by short-circuiting 
the protector tube at A and applying test 
potential between the mid-point of the mu- 
tual reactor at B and ground, with terminals 
2 and 3 connected. The results of this test 
indicated no appreciable change in pilot 
relay sensitivity with currents in each pilot 
wire up to three amperes. 


Field Application 


On the basis of the laboratory tests, 
the 66-kv pilot-relay circuits wereequipped 
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Figure 4. Schematic diagram of pilot-wire relaying as originally installed 


Killen, Law—Protection of Pilot Wires 


TRANSACTIONS 269 


Table VII. Substation Ground Resistance 


———— Se 


Webster Crown Hoover 
Sub- Sub- Sub- 
station station station 
Substation ground re- 
sistance, ohms........ OU14.5. 2 0.87....0.36 


with the new protective devices. The 
laboratory tests described indicated that 
this equipment satisfactorily would elim- 
inate incorrect relay operations caused 
by ground faults on paralleling 12-kv 4- 
wire feeders. 

The second-mentioned difficulty, in- 
volving improper operation of the alarm 
relays, was corrected by the relay manu- 
facturer. A grounding resistor is used 
with a grounded. center tap connected 
across the output of the rectifier in the 
alarm relay, instead of grounding the cen- 
ter tap of the transformer supplying the 
rectifier unit, as shown in Figure 4. This 
measure prevented induced potentials 
from causing current to flow through the 
rectifier and operating coil of the alarm 
relay. 

The foregoing modifications did not 
eliminate completely potential between 
pilot wires resulting from normal load 
currents in paralleling 12-kv 4-wirefeeders. 
This potential appears when a pilot wire 
becomes accidentally grounded. How- 
ever, the voltage was reduced below the 
15-volt operating level of the relays by the 
use of the grounding resistor on the alarm 
relay and the removal of the capacitors 
connected between the mid-points of the 
insulating transformer and ground. This 
resulted in a considerable increase in the 
impedance between the pilot wires and 
ground at this point, thereby reducing the 
potential between pilot wires when one 
wire becomes grounded. The net result 
of this change, as determined from field 
measurements, is a reduction in the po- 
tential between pilot wires of approxi- 
mately 50 per cent for equivaient values 
of induced potential. 


Final Field Tests 


The operation of the protective devices 
was tested by staged ground faults on the 
12-kv circuit at the end of the overhead 
exposure between Hoover substation and 
industrial plant B. Oscillograph measure- 
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ments were made of the voltage between 
pilot wires and from pilot wire to ground, 
and of the fault current. With a fault cur- 
rent of 2,400 amperes, the voltage between 
pilot wires at Hoover substation was less 
than two volts, and from pilot wire to 
ground was 320 voltsrms. The calculated 
longitudinal voltage induced for this 
value of fault current is approximately 
1,000 volts. During the tests, protector 
tubes discharged, but no pilot-wire relay 
operations occurred. 


Conclusions 


The coils and protector tubes described 
were obtained from a limited selection of 
available material, and the laboratory 
tests were intended to indicate their suit- 
ability rather than to determine the most 
satisfactory design. ° 

Field tests were not conducted on 
simultaneous 12-kv and 66-kv faults. 
However, on the basis of the laboratory 
tests, it is believed that such faults will 
be relayed correctly. 

Since the installation of the protective 
equipment, several faults have occurred 
on 12-kv circuits at locations which had 
formerly caused incorrect operations of the 
pilot relays. All of these faults were 
cleared satisfactorily without operation of 
the 66-kv pilot relays. During this same 
period, several 66-kv faults occurred, all 
of which were cleared properly by the 
pilot relays. 


Appendix 


During field tests it was convenient to 
make certain other measurements which did 
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Figure 5. Schematic diagram of pilot-wire re- 
laying equipped with new protective devices 


not bear directly on the problem at hand 
Some of these data are included in the hope 
that they may add to the knowledge on these 
subjects. 

Table III shows the results of measure- 
ments made to determine the zero-phase- 
sequence impedance of the underground 
cables from Webster to industrial plant A, 
illustrated in Figure 2. The duct line is 
removed fairly well from pipe lines or other 
known underground structures. 

Table IV shows the results of measure- 
ments made to determine the phase position 
of the induced potential with reference to the 
current in the power conductor. These 
measurements were made by a voltage tri- 
angulation method using a high resistance 
voltmeter. A reference voltage in phase with 
the power conductor current was obtained 
by connecting a noninductive resistor to the 
secondary of the current transformer in the 
power circuit. 

Table V shows the results of measure- 
ments made to determine the rise in substa- 
tion ground potential caused by 12-kv faults 
to ground. The measurements were made 
between the substation ground bus and ref- 
erence grounds driven approximately 1,000 
feet from the substation at 90 degrees to the 
faulted feeder. 

Table VI shows the results of measure- 
ments made to determine the pilot-wire 
voltage and the rise in substation ground 
potential’ during ground faults on the 66-kv 
system. Ground faults were applied at 
Webster and Crown substations to the sub- 
station ground bus. The rise in substation 
ground potential was measured with refer- 
ence to a remote driven ground located ap- 
proximately 1,000 feet from the substation 
and as near 90 degrees to the 66-kv lines as 
possible. 

Table VII shows the results of ground re- 
sistance measurements of substation ground 
busses made with a ground resistance tester 
using two remote reference grounds. 
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Marine Radar for Peacetime Use 


L.H. LYNN 


NONMEMBER AIEE 


ILITARY RADAR systems by the 
score have been developed for such 
varied purposes as surface search, aircraft 
detection, height finding, gunfire control, 
range finding, and other wartime uses not 
as yet released from the classified cate- 
gories. 

In most of these systems, the prime 
function was connected in some way with 
locating the enemy accurately, judging 
his course, speed, and strength, and get- 
ting this knowledge quickly enough to 
take appropriate counteraction. The 
sooner such data were accumulated and 
evaluated, the stronger offensive (or de- 
fensive) measures were possible. For this 
reason, design parameters that affected 
cost, complexity, or operator skill were 
less important than those which governed 
range, accuracy, resistance to gunfire 
shock, ete. 

The relative importance of these factors 
was reflected necessarily into the space 
and power requirements of the military 
equipment, and the very design elements 
that permitted excellent military radar 
are often those which make for an un- 
suitable peacetime radar. 

Let us forget, for the moment, the 
spectacular achievements of radar during 
the past few years and look ahead to its 
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function as a safety device for civilian 
use. Among the many jobs that have been 
envisioned for this branch of electronics, 
there is perhaps none as important as 
that of marine radar. From the economic 
viewpoint alone, the intrinsic value of 
ships, cargo, and time lost because of poor 
visibility mounts to enormous propor- 
tions. This waste, plus the attendant loss 
of life, can be reduced to a very small 
amount by the use of radar equipment 
properly designed for the job. 


Design Requirements for 
Peacetime Radar 


The design variables which are control- 
lable include at least the following: re- 
liability, simplicity, accuracy of range and 
bearing, cost, ease of maintenance, resolv- 
ing power (on adjacent objects) maximum 
range, minimum range, appearance, ac- 
cessibility of components, and size. 

In either case, military or civilian, reli- 
ability comes first. Cost is a minor point 
in military designs, a major one in civilian 
designs. Simplicity of installation and 
operation is not too important on a battle- 
ship where dozens of technically trained 
men are available. A cargo ship, however, 
operating in a highly competitive field, 
must consider any extra personnel from 
the accountant’s viewpoint and use a 
radar capable of operation by the regular 
complement of officers. 

Maximum ranges of military equip- 
ments frequently exceed 100 miles and 


Figure 1 (left). Ro- 
tating antenna as- 
sembly 


Figure 2 (right). 
Electronic “navigator 
console 
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require appropriate high power for such a 
range. A passenger ship is concerned 
much more with an obstacle which may be 
only several miles away; hence a large 
equipment is neither justified nor desir- 
able. 

The minimum range of a destroyer’s 
radar may well be a mile or two, on the 
theory that an enemy must be discovered 
long before he can approach that close. 
The minimum range of a radar for a cargo 
ship is required to be less than a ship 
length—the shorter the better, in order 
that navigation may be accomplished 
safely in congested harbors. 

And so, all through the whole list of 
design factors, there must be a new philoso- 
phy of design to create suitable radar 
equipment for our commercial uses. Our 
peacetime designers must not say, ““Who 
is shooting at my ship from over the 
horizon?” but rather, ‘‘Can this device 
permit my present complement of person- 
nel to avoid collisions and to obtain fixes 
from charted landmarks?”’ 


One Design of 
Commercial Radar 


Early in 1943, experiments were con- 
ducted on a Great Lakes ore boat, using 
a modification of a military ship-borne 
“search radar.’ From six months’ 
operating data, two outstanding facts 
stand out: 


1. Despite some inherent weaknesses, com- 
mon to all radar systems, the installation 
proved to be a highly useful navigational 
tool. 
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REFLECTOR 0.707e e 

Figure 4. Typical beam pattern in horizontal 

plane, showing five degrees width at half- 
power points 


2. It was too complex for nontechnical 
personnel to operate. 


From these early experiences, plus a 
study of several hundred service reports 
from military installations, the present 
electronic navigator was evolved. Fig- 
ures 1, 2, and 3 show the three units of 
the complete equipment: the antenna sys- 
tem, console, and motor-alternator, re- 
spectively. 

The antenna system is driven by a 


Figure 5. Electronic navigator console with 


front cover removed, showing removable 


chassis 
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Figure F3 (left). 
Speed-regulated 
motor-alternator 


Figure 6 (right). 
Typical removable 
chassis of electronic 
navigator console 


, 


gear-motor located in the antenna base, 
or “‘pedestal,’’ and the slatted reflector 
rotates continuously at 10 rpm. The 
surface of this reflector is a truncated 
paraboloid of revolution and is propor- 
tioned to project a beam 5 degrees wide 
and 15 degrees high. (A fully parabolic 
reflector of the same width would project 
a conical beam 5 degrees wide, with the 
resultant danger of lost targets when the 
ship rolled.) Note that these figures do 
not imply that there is zero radiation out- 
side the angles mentioned; the accepted 
method of measuring beam width is at 
the half-power points, as shown in Fig- 
ure 4, 

The console, Figure 2, contains the 
transmitter, receiver, cathode ray tube, 
sweep circuits, pulsing circuits, rotating 
field mechanism, appropriate power sup- 
plies, and controls. During normal opera- 
tion, seven controls are available to the 
operator. Having adjusted the instru- 
ment and selected the desired range scale 
(2, 6, or 30 miles) no further manipula- 
tion is required unless it is desired to take 
a bearing on some specific object. In 
this case a knob is provided to control a 
radial bearing line which can be caused 
to bisect the object in question and thus 
read its azimuth on a scale around the 
circumference of the cathode ray tube. 

All other controls which are required 
for initial adjustment during installation 
are accessible to recognized service person- 
nel only and are covered by a locked 
panel. Figure 5 shows these controls and 
also the test jacks and the panels of the 
various removable chassis. In case of 
trouble with any chassis, it is possible for 
the service engineer to substitute an en- 
tire chassis in a minute and repair the 
original one at leisure. Figure 6 illus- 
trates a typical chassis removed from the 
console. 

Figure 7 is a block diagram of the radar 
circuits and emphasizes the relative sim- 
plicity as compared with usual military 
designs. The pulse generator of Figure 8 
is a blocking oscillator whose recurrence 
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rate is determined by a network Z and 
resistors R, and Rs. (Most blocking oscil- 
lators employ only a capacitor in place of 
a network.) The function of the lumped- 
constant line Z is to provide a delay in 
the discharge time so that the tube may 
be allowed to conduct its full saturation 
current for a definite time interval, as 
shown in the pulse shape of Figure 9, 
which depicts the voltage across the pri- 
mary of transformer 7). This transformer 
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Figure 8. Pulse-forming circuit 
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Figure 9. Pulse shape 
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is so connected as to provide regenerative 
feedback for the oscillator, and thus the 
cycle is repetitive and at a rate controlled 
by variable resistor Ro. The simplicity 
and reliability of this circuit makes it 
particularly suitable, for this application. 
The pulses formed by the blocking oscil- 
lator are amplified by a suitable pentode 
and used to drive the magnetron oscillator 
which operates in the 10-centimeter re- 
gion. See Figure 10. The modulation 
transformer (T2) permits the magnetron 
filament to be operated 5,000 volts above 
ground, for this is the order of magnitude 
of the amplified pulse voltage. A tap on 
the modulation transformer allows the 
modulator tube to be properly loaded. 
The pulse is considerably less than one 
microsecond in length and repeats at 
about 1,000 cycles per second. Thus 
the peak power delivered to the magne- 
tron is of the order of kilowatts, though 
the average power is but a few watts. 
Referring again to Figure 7, the output 
of the magnetron is delivered to the an- 
tenna through the transmit-receive (T-R) 
tube, the function of which is to protect 
the receiver during transmitter pulses and 
to close off the path to the magnetron dur- 
ing the receiving time, between pulses. 
The returning echo from the ‘‘target”’ is 
collected by the parabolic reflector, 
focused on the antenna dipole, and carried 
through the transmit-receive tube to the 
receiver circuits. In the crystal mixer the 
returning signal is caused to beat with the 
output of a klystron local oscillator, the 
resultant frequency being about 30 mega- 
cycles. This is amplified by a wide-band 
intermediate-frequency amplifier, de- 
tected and further amplified by the video 
amplifier, and thence applied to the con- 
trol grid of the cathode ray tube. 
In the meantime the antenna assembly 
has been rotating continuously, and its 
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Figure 10. Modulator and magnetron circuits 


motion has been transmitted by a very 
compact and simple Selsyn system to the 
rotating magnetic deflection coil located 
around the neck of the cathode ray tube. 
Impressed across this rotating coil is the 
sawtooth sweep voltage which provides a 
linear radial time axis. Time, too, is 
synchronized with the transmitter, and as 
both the outgoing pulse and the returning 
echo travel at the speed of light, this time 
axis is really a distance measure. 

The over-all result is that as the radial 
time (that is, distance) axis rotates, any 
returning echo will intensify a portion of 
this axis as the rotating antenna ‘““beams”’ 
on the target. With an ordinary cathode 
ray screen, the bright flashes of light 
would indicate the presence of reflecting 
objects, but the operator would have to 
remember where the flashes occurred, ob- 
viously an undesirable disadvantage. 

Hence, a long-persistencé screen is 
used, in which the cathode ray first ex- 
cites a short-persistence phosphor, which 
in turn causes a second long-persistence 
phosphor to glow. This glow persists for 
a long enough time to ‘remember’ a 
scene until rekindled by the next rotation 
of the radial sweep. 


Figure 11. Comparison of radar picture and 
actual navigation chart 
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Since the resultant illumination is in 
the form of a plan view of the surrounding 
area, with one’s own ship at the center, 
the system is commonly termed “‘plan 
presentationindicator,’’ or simply ‘‘P.P.I.” 

Figure 11 illustrates such a picture, 
showing land masses, open water, buoys, 
and ships in the vicinity of Matini- 
cock Point in Long Island Sound, For 
comparison, the actual chart of that area 
is printed beside the radar chart. 

There are simpler presentation systems, 
but they require more skill in interpreta- 
tion. It was felt that the plan presenta- 
tion indicator picture ‘spoke thelanguage”’ 
of the navigator better, since it shows 
him the data in familiar chart form. This 
has been borne out in actual experience, 
both with skilled navigators and students 
in training. 


Practical Results 


The particular design described above 
has eompleted an 8-months’ test installa- 
tion on the United States Maritime 
training ship, AMERICAN MARINER. Dur- 
ing that time, several hundred persons 
have operated the equipment. This group 
has included military personnel highly 
trained in radar principles, captains of 
cargo ships, shipowners, shipyard execu- 
tives, tugboat captains, river pilots, navi- 
gators, trainees, and even deckhands. 

From their varied reactions, it has been 
possible to create a design well suited for 
the job, unhampered by excessive gadget- 
ing, and capable of operation by nontech- 
nical personnel. Further, it has been 
possible to spread the idea that radar is 
not a cure-all scheduled to usurp the 
functions of existing instruments; rather 
it is a very powerful aid to those instru- 
ments, performing new duties previously 
left to guess work or chance. 
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Techniques and Facilities for 
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Synopsis: Methods and devices are de- 


scribed for testing microwave radar equip-’ 


ment in the radio frequency range from 
about 500 megacycles to 25,000 megacycles 
and at associated video frequencies. In 
general, the same instruments and tech- 
niques are applicable also in testing micro- 
wave communication systems. 


HAT RADAR equipmentsare marvels 

of ingenuity has long since become 
common knowledge. This ingenuity is 
reflected, however, in complexity of cir- 
cuits. A rough index of this complexity 
is found in the number of vacuum tubes, 
which for a single radar set may range 
from 50 to 250. Notwithstanding the 
most careful design, it is easy for the 
radar performance to become impaired 
under operating conditions. 


Not only is radar complex, but its per- 
formance criteria are less tangible than 
those of conventional communication 
systems. Ordinary radio is to some extent 
self-testing in that reception of intelligible 
speech or signals frequently constitutes a 
sufficient check of satisfactory perform- 
ance. With radar, the greater the range 
coverage and the more accurate the data, 

_the more valuable the information is 
likely to be. However, the working 
range may fall to a fraction of the pos- 
sible maximum, or some other degrada- 
tion or malfunctioning may occur, with 
nothing in the operation of the radar 
equipment to tell that this has happened. 
Since lack of maximum performance may 
have serious military results, measure- 
ment of performance assumes the utmost 
importance in radar work. 


The new techniques and new frequency 
ranges employed for radar necessitated 
the wartime development of a wide 
variety of new types of test equipment. 
A large part of this development work was 
concentrated at Bell Telephone Laborato- 
ries and at the National Defense Research 
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Council’s Radiation Laboratory at Massa- 
chusetts Institute of Technology, work- 
ing in close co-ordination with one an- 
other and with the technical services of 
the Army and the Navy. In the manu- 
facture of radar test equipment, Western 
Electric took a major part. This article 
discusses the techniques of radar testing 
and describes the types of test gear de- 
veloped by Bell Laboratories and manu- 
factured by Western Electric. These 
cover the radio frequency range from 
about 500 megacycles to 25,000 mega- 
cycles, together with associated video fre- 
quencies. 

Because of its importance during the 
war, emphasis has been placed on the 
testing of microwave radar equipment. 
However, similar methods and instru- 
ments also have been employed in the 
testing of microwave communication 
systems, and such applications can be ex- 
pected to increase. In this situation the 
developers and users of microwave com- 
munication systems are fortunate in that 
almost all of the techniques and devices 
developed for radar testing are equally 
applicable to communication systems. 
This is even true of the video units, which 
are useful in connection with pulse- 


modulated telephone systems and ampli- 


tude-modulated or frequency-modulated 
television systems. 

So many persons, both within and out- 
side Bell Laboratories, have contributed 
to the developments described that the 
authors have reluctantly reached the 
conclusion that the assignment of individ- 
ual credit should not be attempted. 


Requirements 


Subsequent discussion may be simpli- 
fied by first reviewing briefly the opera- 
tion of a typical radar set, as shown 
in Figure 1. Under the control of 
d-c or so-called video pulses from the 
modulator, short pulses of radio fre- 
quency energy are delivered by the mag- 
netron transmitter to a highly directive 
antenna, ordinarily arranged to scan a 
section of space. Energy reflected from 
an object or ‘‘target’’ in the path of the 
beam is intercepted by the same antenna. 
The received pulses or echoes are con- 
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verted to an intermediate frequency by 


heterodyning against a local oscillator, 


the frequency of which may be auto- 
matically controlled. 

To enable the same antenna to serve for 
both transmitting and receiving, a trams- 
mit-receive tube or transmit-receive 
switch is usually provided. This consists 
of a partially evacuated resonant cavity 
containing a spark gap which breaks 
down during the transmitted pulse, thus 
preventing the transmitted power from 
injuring the sensitive receiver. A receive- 
transmit (RT) tube, consisting of a similar 


resonant cavity and spark gap, may be - 


provided to prevent absorption of the re- 
ceived signal by the transmitter. After 
amplification and detection of the re- 
ceived signal, the resultant video pulses 
are applied to an indicator which may 
present information in any of several dif- 
ferent ways. Customarily, the direction 
of the target (determined by antenna 
orientation) and its range (determined by 
reflection interval, 10.7 microseconds per 
mile) are shown. The system may be 
used merely for searching, or for fire con- 
trol, bomb direction, or other functions, 
with additional equipment as required. 


TYPES oF TESTS AND TEST SETS 


Figure 2 shows an early assemblage of 
radar test equipment for the 10-centi- 
meter range, initially produced in 1942, 
which has seen wide usage. 

The more important types of tests re- 
quired in radar work, either at radar 
operating locations or at centralized serv- 
ice points, are: 

Over-all performance (range capability). 
Transmitter power. 

Receiver sensitivity. 

Transmitter frequency. 

Transmitter spectrum. 

Standing wave ratio. 


Radio-frequency (RF) envelope. 
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Receiver recovery. 


9. Automatic frequency control (AFC) 
tracking. 


10. Intermediate-frequency (IF) 
ment. 


align- 


11. Video wave shapes. 
12. Range calibration. 
13. Computer calibration. 


_ The principal types of test sets required 
for carrying out the above are: 


1. Signal generators. - 
2. Echo boxes. 


8. Frequency and power meters (separate 
or combined). 


4. Standing wavemeters. 
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5. RF loads. 
6. Oscilloscopes. 
%G 


Video dividers and loads. 
8. Range calibrators. 
9. Computer test sets. 
10. Spectrum analyzers. 


Various auxiliary testing instruments also 
are employed, including vacuum tube 
testers, intermediate-frequency signal 
generators, audio oscillators, flux meters, 
and so forth. Before discussing the above 
tests and devices individually, some of the 
requirements for radar test equipment, 
especially those requirements resulting 
from military usage, will be summarized. 


GENERALITY OF APPLICATION 


Radar sets perform a great variety of 
functions, including search and surveil- 
lance, gun laying and fire control, bomb 
direction, and navigation. They are used 
in the air, on shipboard, and on the 
ground; in attack andin defense; in com- 
bat zones and in rear areas. To realize 
the advantages of different parts of the 
frequency spectrum, avoid interference, 
and keep ahead of enemy countermeas- 
ures, it has been necessary for radar to 
exploit many different frequency bands 
and sub-bands. These diversities have 
bred a multiplicity of types of radar, with 
‘a corresponding variety of testing prob- 
lems and requirements. 

Maintenance and testing of radar 
equipment must be performed at many 
different locations. In the Army these 
locations, known as echelons, include 


1. The operating unit. 


2. Central service points, either fixed or 
mobile, for a number of operating units. 


8. Large depots either in the military thea- 
ters or in the United States. 


Navy maintenance and testing are car- 
ried out aboard the fighting ships or auxil- 
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iaries and at advance and overhaul bases. 

In developing test equipment, an off- 
hand approach might have been to pro- 
vide specialized equipment for testing 
each radar set under specific conditions. 
Since this would have made the total 
burden of development, manufacture, 
and field maintenance well-nigh intoler- 
able, a co-ordinated plan was followed 
whereby (with minor exceptions) each 
test set was made capable of widespread 
application in testing as many radar 
equipments under as varied conditions as 
possible. 


Figure 1. Diagram 
ANTE of typical radar 
equipment 


BROADBANDING 


Generality of application required the 
designing of test equipment for broad 
frequency bands, bands as a rule much 
wider than those of the radar sets them- 
selves. It was necessary, therefore, not 
only to develop new microwave testing 
techniques, but to advance the art still 
further to render the testing components 
as far as possible insensitive to frequency. 


PRECISION 


A radar set itself is an instrument of 
considerable precision. The test equip- 
ment used for checking the radar per- 
formance in the field has to have still 
higher accuracy. It is noteworthy that 
the measuring accuracy realized through- 
out the microwave range is comparable 
with that obtainable at lower frequencies 
where many years of background exist. 


PACKAGING—SIZE AND WEIGHT 


Light weight and compactness are of 
paramount importance where a test set 


Figure 2. Early radar test set for 3,000-mega- 
cycle range 


It includes signal generator, oscilloscope, 
power meter, test antenna, and auxiliary units 
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has to be carried any distance by the 
maintenance man; where it is used in 
cramped quarters in a plane, truck, or 
submarine; or where it has to be taken 
up ship ladders or through small hatch- 
ways. To permit portable use under such 
conditions, the design objective was es- 
tablished of a weight not exceeding about 
30 pounds (exclusive of transit case), 
combined with a ruggedness adequate for 
all conditions of use. Through rigorous 
attention to both mechanical and elec- 
trical design, this objective has been real- 


Figure 3. Portable units used in checking 
air-borne radar sets at Boca Raton, Fla. 


ized (in many cases with considerable 
margin) except for a few sets intended 
primarily for bench use. Figure 3 illus- 
trates the use of lightweight test equip- 
ment in maintaining air-borne radar 
equipment. 


ENVIRONMENTAL INFLUENCES 


Military usage requires that the test 
equipment be capable of efficient oper- 
ation at any ambient temperature be- 
tween a minimun of the order of — 40 de- 
grees to —55 degees centigrade and a 
maximum of the order of +65 degrees 
to +70 degrees centigrade, as well as at 
any relative humidity up to 95 per cent. 
In addition, the set must withstand con- 
tinued exposure to driving rain, dust 
storms, and all other conditions en- 
countered in tropical, desert, or arctic 
climates. Often the test set in its tran- 
sit case must be capable of submergence 
under water without ill effects. Fungus- 
proofing with a fungicidal lacquer is a 
standard requirement. 


SIMPLICITY, RELIABILITY, ACCESSIBILITY 


Not only must the functioning of the 
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test set be reliable, stable, and trouble- 
free, but the set must make minimum de- 
mands for special skill or technique on the 
part of the maintenance man. Access for 
maintenance purposes, while important 
in radar test sets, is not as controlling as 
in the radar equipments themselves and 
sometimes has to be sacrificed in part for 
compactness. 


RUGGEDNESS 


For general application, the test equip- 
ment must be capable of withstanding air- 
plane vibration, the shock of heavy guns, 
depth charges and near misses, and the 
combinations of shock and vibration con- 
noted by the requirement of ‘‘transporta- 
tion over all types of terrain in any Army 
vehicle.” Test and experience have made 
it possible to translate these general re- 
quirements into two specific requirements, 
namely, the ability to withstand 


1. Vibration at frequencies from 10 to 33 
cycles per second, with 1/16 inch excursion 
for 30 minutes in each of three axes. 


2. The shock produced by a 400-pound 
hammer falling through distances of one, 
two, and three feet in each of three axes 
and striking an anvil to which the set is at- 
tached. 


These requirements have been met with- 
out using shock and vibration mounts, 
which are undesirable in test sets because 
they increase size and weight. 


Range Capability 


The range capability of a radar set, like 
that of any radio system, depends upon 
three things: 


1. The transmitted power. 
2. The loss in the medium. 


3. The minimum perceptible received 
signal. 


Two of these can be combined by taking 
the ratio of the radiated signal to the 
minimum perceptible received signal. 
This ratio, ordinarily expressed as a level 
difference in decibels, is variously termed 
the ‘‘system performance,’ ‘over-all per- 
formance,” or merely the ‘‘level differ- 
ence.”’ It may be determined by separate 
measurement of transmitter power and 
receiver sensitivity, or by a single over-all 
measurement. With the powers and 
sensitivities commonly employed in radar, 
the level difference is of the order of 150 
to 180 decibels. 

The actual range that can be spanned 
for a given performance ratio varies con- 
siderably. For a given transmitted 
power, the echo power received by a 
radar set theoretically varies inversely as 
the fourth power of the range. The reason 
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for this is simple. In free space the power 
intercepted by a target which is small in 
comparison with the area of the radar 
beam in its vicinity will vary according to 
the inverse square of the distance from 
the radar. Similarly, that fraction of the 
energy reflected from the target which is 
intercepted by the receiving antenna will 
vary as the inverse square law. Since the 
received power involves the product of 
these two factors, the relation becomes 


P P,\'/4 
P,=K, oF ra(x7) (1) 


where P, and P, represent, respectively, 
the transmitted and received power; 
R, the range; and K, a constant deter- 
mined by antenna design, character of 
target, and so forth. 

Under operating conditions, consider- 
able departure from the above relation- 
ship may be experienced, because of such 
factors as 


1. The curvature of the earth. 


2. Interference between the direct beam 
and single or multiple reflections. 


PER CENT OF NORMAL RANGE 
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Figure 4. Effect of reduction in system per- 
formance on radar range 


8. Attenuation caused by atmospheric ab- 
sorption. 


Except under conditions of severeattenua- 
tion such as may occur at the very short 
wave lengths, the received power com- 
monly varies somewhere between the in- 
verse fourth power and the inverse six- 
teenth power of distance. To state it an- 
other way, the change in effective range is 
somewhere between the fourth and the 
sixteenth root of the change in system per- 
formance. The former condition might 
hold for high-angle plane-to-ship search in 
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clear weather, the latter for ship-to-ship 
search in fog. The loss of range resulting 
from a given degradation of system per- 
formance is shown for fourth, eighth, and 
sixteenth root laws by the curves of Fig- 
ure 4. Whatever the propagation law, 
reduction in performance always means 
loss of range. 

Field surveys have shown that when 
test equipment is not available or not 
used, radar sets in the field are likely to 
give no more than one half to one fourth 
of the maximum range of which they are 
capable. Hence it is necessary to know 
with good accuracy the over-all perform- 
ance. Known or so-called standard tar- 
gets have often been used in the field for 
checking performance. Because of wide 
variations in transmission caused by 
many factors, results obtained from such 
targets are frequently misleading. 


Signal Generators 


Signal generators for radar work deliver 
one or more different types of test signals, 
which may serve a variety of functions. 
More important among these functions are 
1. Tuning or alignment of the radar com- 
ponents (TR and RT boxes, converter, beat 


oscillator, automatic frequency control, and 
so forth). 


Measurement of receiver sensitivity. 
Check of TR and receiver recovery. 


Measurement of loss. 


SA NS 


Detection of frequency pulling. 


6. Check of automatic frequency control 
following. 


7. Measurement of intermcdiate-frequency 
band width. 


8. Check of automatic range tracking. 
9. Measurement of standing wave ratio. 


10. Check of video ‘‘gating”’ circuits. 


Many signal generators include means for 
measuring the power and frequency of the 
test signal and also of an incoming signal. 


TYPES OF SIGNALS 


The test signals delivered by a signal 


FREQUENCY 
METER 


WAVE GUIDE 


TO RADAR 
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Figure 6. 1942- 

model signal gener- 

ator (left) compared 

with one produced 
in 1945 


generator may be continuous wave, 
pulsed, or frequency-modulated. Occa- 
sionally, square wave or sine wave 
modulation is provided. 

Pulsed signal generators deliver a suc- 
cession of single RF pulses or pulse trains, 
either of these generally synchronous with 
the pulses of the radar equipment under 
test. Multivibrator or trigger tech- 
niques are used to generate the pulses for 
modulating the microwave generator. 
The trigger pulse for synchronizing the 
pulsing circuits is commonly produced by 
rectifying RF pulses from the radar 
transmitter, thus avoiding a separate 
video connection to the radar. To avoid 
possible difficulties in video response, the 
RF test pulses should be of a width com- 
parable with those of the radar set under 
test. For observing the test signals, 
either the radar indicator or an auxiliary 
oscilloscope may be used. With the 
single pulse method, provision is usually 
made for varying the delay of the test 
pulse with respect to the radar pulse. 
The width of the test pulse may also be 
adjustable or variable. 

If the frequency of the signal generator 
is swept over a sufficiently wide fre- 
quency band, the IF output of the radar 
set traces the curve of IF selectivity, 
thus producing a kind of pulse. With a 


Block diagram of TS-35A/AP 


signal generator 


POWER 
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Figure 5. 
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suitable rate of frequency sweep, this 
pulse becomes comparable in width with 
the transmitter pulse, and when syn- 
chronized with the radar set it can be 


used for test purposes. Since the pulse 
is produced in the radar equipment, com- 
parison of the shapes of receiver input 
and output pulses is not possible. The 
nominal duration of the pulse in the IF 
output is 


T=B/y (2) 


where B is the width of the IF band in 
cycles per second (for this purpose con- 
veniently measured between six decibel 
points) and y is the speed of frequency 
sweep in cycles per second per second. 
For best results this nominal width should 
be similar to the width of the transmitter 
pulse for which the IF and video circuits 
are designed. This means that the scan- 
ning speed should be in the neighborhood 
of B?/s, 

A continuous-wave input of the same 
frequency as the transmitter produces in 
the output of the IF detector merely a 
direct current to which the video ampli- 
fier and radar indicator do not respond. 
However, continuous-wave test signals 
may! be utilized by observing on a d-c 
meter (built into the radar set or sepa- 
rate) the change produced in detector cur- 
rent or converter current. 


RECEIVER SENSITIVITY 


Just as in radio, the sensitivity of a 
radar receiver is defined as the minimum 
received signal that is perceptible in the 
presence of set noise.* At microwave 
frequencies, atmospheric disturbances are 
usually negligible, so that unless acci- 
dental or deliberate interfering signals 
are present, the operating sensitivity is 
the same as the intrinsic sensitivity of the 
receiver. 

Receiver sensitivity is commonly stated 
as the minimum perceptible signal power 
in decibels referred to a milliwatt (abbre- 
viated as dbm). In practice, the receiver 


*The term noise is commonly used even though the 
disturbances are observed on a cathode-ray screen. 
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sensitivity depends upon the noise figure 
of the converter, the conversion loss, and 
the noise figure of the IF amplifier. If 
a RF amplifier is used, as is the practice 
at lower microwave frequencies, its noise 
figure is likely to be controlling. By 
noise figure in each case is meant the 
noise power in comparison with the 
thermal noise. The thermal noise in 
watts delivered to a load is RTB, where k 
is Boltzmann’s constant, T is absolute 
temperature in degrees K, and B is the 
frequency band width. Thus for a 4 
megacycle band at 25 degrees centigrade, 
the thermal noise is —108 decibel-milli- 
watts. With good design the over-all 
receiver noise is of the order of 10 to 15 
decibels higher than thermal noise. The 
minimum detectable signal is usually not 
equal to the receiver noise but depends on 
the type of indicator, particularly on 
whether the presence of an echo is indi- 
cated by spot deflection or spot modula- 
tion. 

With a continuous-wave signal gener- 
ator, receiver sensitivity is measured by 
determining the minimum input power 
necessary to produce a perceptible change 
in meter reading. This affords a satis- 
factory relative measure of receiver per- 
formance, but since the radar indicator 
usually permits better visual discrimina- 
tion against noise, the minimum input as 
read with the meter ordinarily differs 
from the minimum pulse input for barely 
discernible indicator response. 


RADIO-FREQUENCY OSCILLATORS 


Beat oscillator tubes for radar sets de- 
liver (with sufficient decoupling or isola- 
tion to prevent undue frequency pulling) 
a power of the order of milliwatts. This 
power being adequate for most test pur- 
poses, such tubes are well adapted for use 
as signal generators. 

Throughout the greater part of the 
microwave range, reflex velocity-modu- 
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lated tubes,? both the type with built-in 
cavity (Pierce-Shepherd) tuned mechan- 
ically or thermally, and that with external 
cavity (McNally) tuned by plugs, vanes, 
or adjustment of dimensions, have been 
used. The former is more convenient for 
general use, but the latter usually permits 
wider frequency coverage. Oscillation 
occurs when the repeller voltage is ad- 
justed so that the round trip transit time 
corresponds to an odd number of quarter 
wave lengths. Ordinarily there are sev- 
eral different ranges of repeller voltage, 
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Figure 7. Types of frequency meters 


corresponding to different numbers of 
quarter waves, each of which supports 
oscillation over a range of frequencies 
called a mode of oscillation. Pulsing or 
frequency modulation is accomplished by 
applying a pulse or sawtooth wave to the 
repeller. 

At the longer microwaves, a triode 
with closely spaced electrodes, or so- 
called “‘lighthouse” tube,* has been em- 
ployed in a tuned-plate tuned-grid oscil- 


Figure 8. A group of frequency and power 
meters designed for various bands in the fre- 
quency range from 500 to 25,000 megacycles 
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lator of the positive grid type. Two co- 
axial lines, conveniently placed one inside 
the other, provide the tuning, with the 
feedback through interelectrode capaci- 
tances supplemented by loop coupling. 
The inner cavity (between plate and grid) 
controls the frequency of oscillation, while 
the outer cavity (between grid and cath- 
ode) provides a suitably high grid im- 
pedance. Mechanical arrangements are 
provided for tracking the tuning of the 
two cavities over a wide frequency range. 


SomME DESIGN PRINCIPLES 


Standard signal generators which have 
been employed in the past for measuring 
the sensitivity of radio receivers usually 
deliver a known voltage across a low im- 
pedance. This voltage is applied in 
series with a dummy antenna to the re- 
ceiver under test. In the microwave 
range, this technique is inconvenient, and 
signal generators are designed to deliver 
test power on a matched impedance basis. 
Receiver sensitivity is stated in terms of 
power (decibel-milliwatts) instead of 
volts. 

The components of a signal generator 


or other test unit are commonly arranged 


along a microwave transmission line. 
The wave guide type of line possesses cer- 
tain advantages over a coaxial line in af- 
fording a lower loss, facilitating atten- 
uator design as discussed in a subsequent 
section, and so forth. Hence the wave 
guide type of line is used in test equip- 
ment for those frequencies where its 
size is not excessive, that is, from about 
4,000 megacycles upwards, and coaxial 
line for lower frequencies. 

A major problem in the design of 
microwave signal generators is the provi- 
sion of shielding adequate to reduce leak- 
age signals, caused by unwanted couplings 
or stray fields, well below the minimum 
signal required for receiver testing. This 
minimum level may be as low as —70 or 
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—80 decibel-milliwatts depending on the 
coupling loss in the test connection. 


PULSED AND FREQUENCY-MODULATED 
SIGNAL GENERATOR 


To illustrate the functioning of a signal 
generator, there is shown in Figure 5 a 
block schematic of a design (Army-Navy 
type T'S-35A4/AP) which covers a 12% 
frequency band in the vicinity of 9,000 
megacycles. An RF connection to the 
radar equipment is established with a 
wave guide flange coupling. The fre- 
quency and power of the radar trans- 
mitter are measured by means of a co- 
axial-type frequency meter and_ther- 
mistor power-measuring circuit as de- 
scribed in subsequent sections. The at- 


tenuator and pad are adjusted to reduce 
the incoming average power to about one 
milliwatt, which gives a suitable deflec- 
indicating meter. 


tion on the The 


R.F INPUT 


Figure 9. Crystal detector for pulsed RF 
signals 


thermistor is mounted across the wave 
guide. 

An RF pulse train is employed in many 
tests. To produce this, the RF oscillator 
output is modulated by a multivibrator 
which pulses continuously except when 
being synchronized. Synchronizing pulses 
are derived by crystal rectification 
of the RF pulses from the radar trans- 
mitter. The result is an initial RF pulse 
of seven microseconds, followed by an off 
period of about ten microseconds, fol- 
lowed by a train of RF pulses each two 
microseconds wide and recurring every 
eight microseconds until resynchroniza- 
tion occurs at the next radar pulse. 

Using the pulse train, the radar system 
components can be tuned for maximum 
sensitivity by maximizing the signal on 
the indicator. To check receiver sensi- 
tivity, the continuous-wave power is 
first adjusted so that a power of one 
milliwatt is delivered to the pad and 
attenuator. Then with the set in the 
pulsed condition, the amplitude of the 
test signal is adjusted by means of the 
attenuator and pad until the signal on 
the radar indicator is barely discernible. 
It is necessary for this test that the fre- 
quency of the test signal be equal to the 
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magnetron frequency. The frequency 
meter is provided as part of the signal 
generator for this purpose. 

The receiver recovery, that is, the time 
required by the receiver to recover after 
disablement by the transmitter pulse, 
determines the minimum range at which 
a radar can be used. With this test set, 
the receiver recovery characteristic is in- 
dicated by the amplitude of the test 
pulses in the interval immediately follow- 
ing the transmitter pulse. 

The set also is adapted to serve as a 
frequency-modulated signal generator. A 
sawtooth wave applied to the repeller 
gives a succession of frequency sweeps, 
each about 20 megacycles wide, and last- 
ing about six microseconds. With this 
frequency-modulated signal, the width of 
receiver response may be observed on a 
class A oscilloscope, that is, one showing 
signal amplitude versus time. However, 
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with mnonadjustable intermediate-fre- 
quency strips, such measurement is 
seldom required. Failure of the radar 
automatic frequency control to follow fre- 
quency changes caused by antenna scan- 
ning or other causes is indicated by a 
change in the indicator presentation. 
Pulling of the magnetron frequency be- 
cause of changes in load impedance can be 
detected by turning off the automatic 
frequency control. 


SIGNAL GENERATOR DESIGNS 


Designs of signal generators developed 
for the military arms during the war are 
interesting as landmarks of progress. 
The signal generator of the /#30 test set, 
deliveries of which began in May 1942, 
delivered pulsed RF signals in the ten- 
centimeter range, using sine wave syn- 
chronization. Following only three 
months later was the signal generator of 
the Army JH57A and the Navy LZ test 
sets (Figure 6), which covered a then very 
broad frequency band of 20 per cent in the 
vicinity of ten centimeters and was de- 
signed to be triggered by the incoming 
RF pulse from the radar set instead of 
by a separate synchronizing connection. 
This set and a redesigned version of it 
have seen wide usage in testing Army, 
Navy, and Marine Corpsradarequipment. 

Delivery of a test set for the three- 
centimeter range, designated TS-35/AP, 
started in the fall of 1943. This set fur- 
nished both a train of pulses and a train 
of frequency-modulated signals, both of 
which features have proved valuable. It 
covered a nine per cent frequency band 
with no tuning adjustment except for the 
oscillator, An improved design known as 
TS-35A (see Figure 6) covered a 12 per 
cent band. 


Progress in reducing the size and weight 
of the test units is indicated by the fact 
that the J#30 signal generator weighed 
121 pounds and JE57 weighed 74 pounds, 
whereas T'S-35 and TS-35A weigh ap- 
proximately 30 pounds. 


Figure 11 (below). Radar test with echo box 
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Frequency Measurement 


Usually a radar set need not operate at 
a precise frequency. Accurate measure- 
ments are required in the field, however, 
to keep the operating frequency within 
limits, to set the local oscillator, to check 
the measuring frequency, and so forth. 
In the laboratory, accurate frequency 
measurement is fundamental. 

Frequency. measurement in the micro- 
wave range is ordinarily accomplished by 


1. A resonant coaxial line or 


2. Aresonant cavity, generally cylindrical. 


These types are illustrated in Figure 7. 
Sometimes a combination of the two, re- 
ferred to as a hybrid or transition type 
resonator, is employed. The measure- 
ment is actually one of wave length, with 
the scale calibrated in frequency or a 
conversion chart provided. Some speci- 
fic designs of frequency meters are shown 
in Figure 8. 


COAXIAL WAVEMETERS 


A coaxial wavemeter is formed of a 
section of coaxial transmission line of 
small enough diameter so that only the 
coaxial mode (in wave guide notation, 
TM, on) canexist. Usually the line is 
short-circuited at one end and open at 
the other, in which case resonance occurs 
at the odd quarter wave lengths (A/4, 
3d/4, and so forth). The open circuit is 
obtained merely by terminating the 
inner coaxial conductor, the continuing 
outer conductor acting as a wave guide 
below cutoff. Sometimes the line is 
short-circuited at both ends, giving 
resonance at the even quarter wave 
lengths (A/2, A, and so forth). 


CYLINDRICAL CAVITY WAVEMETERS 


A cylindrical cavity wavemeter is 
merely a section of cylindrical wave guide 
transmission line* whose length is varied. 
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Figure 12. Typical ringtime patterns on radar 
indicators 


TO TUNING DIAL 
MECHANISM 


Figure 13. Functional schematic of tuned 
echo box 


In order to avoid confusion with other 
modes, it is preferable to use the domi- 
nant mode (described in wave guide nota- 
tion, TE1,1, ,*), that is, the mode with 
the lowest cutoff frequency. The cutoff 
wave length (A,) of this mode is 1.706D, 
where D is the diameter in meters. Fora 
higher Q it may be necessary to use the 
circular electric mode TFo,1, 7. The cut- 
off wave length for this mode is 0.82D. 
No useful purpose is served by using 
modes with J and msubscripts above unity. 
TM modes are often used for fixed fre- 
quency cavities, but for variable cavities 
TE modes are preferable since these have 
zero current at the inner wall of the 
cylinder and thus obviate moving-contact 
difficulty. If any mode higher than the 
dominant one is used, suppression of un- 
wanted modes may be required. 


THE VALUE OF Q 


The accuracy of a wavemeter is de- 
pendent on its resolving power. This in 


*TE and TM represent, respectively, transverse 
electric and transverse magnetic. The subscripts /, 
m, n denote, respectively, the number of wave 
lengths around any concentric circle in the cross 
section, the number of wave lengths across a diam- 
eter, and the number of half wave lengths along 
the length of the cylinder. 
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turn depends upon Q, which is an index of 
the decrement of the resonant circuit and 
is equal to f/ Af, where Af is the distance 
between three decibel points on the 
resonance curve. 

In a coaxial wavemeter, maximum Q 
for a given inner diameter is obtained 
with a diameter ratio of about 3.6.5 The 
basic Q of a coaxial wavemeter, assuming 


copper of standard conductivity, is 
roughly® 
Qo=0.042D ~/f (3) 


This expression neglects end effects and 
hence gives somewhat too high a value of 


The basic Q’s for TF, 1, ,and TE, 1,1 
cylindrical cavity resonators employing 
copper of standard conductivity are, re- 
spectively, 

3 


A 
Q,=0.0937 X 101° VEO 


eels a S20 EO 1+5:(0.8262.+0205 (@) 


Q,=0.2762 X10 


rae 


1 
Mele (2.429 2) (8) 
n 


where A = ),/A, B? = A? — 1, and fis 
in cycles per second. 

The value of Q which determines accu- 
racy is not the basic Q, but the loaded or 
working Q, herein designated Q,. 

The resolving power of a wavemeter 
used for measuring a single frequency can 
be made considerably better than f/Q,. 
With a sensitive meter it is readily pos- 
sible to detect differences less than one 
decibel, which corresponds to a frequency 
interval of f/2Q,. 

The required accuracy in a wavemeter 
is generally absolute rather than a per- 
centage. Hence increasingly large values 
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of Q;, are required at the higher fre- 
quencies. Thus for a resolution of one 
megacycle, assuming one decibel dis- 
crimination, the values of Q, required 
for different frequencies are: 


Frequency Qn Frequency Q, 


2000 me... 500 
3,000 mce..... 1,500 


10,000 me..... 5,000 
25,000 mce..... 12,500 


An unnecessarily high value of Q;, has 
the disadvantage of making it more diffi- 
cult to find the desired frequency. 


LINEARITY 


The displacement of the coaxial plunger 
of a coaxial-type wavemeter for resonance 
is substantially a direct linear function of 
free space wave length, and if an ordi- 
nary centimeter micrometer drive is used, 
it is possible to read wave length differ- 
entials directly. Over band widths less 
than 20 per cent, displacement versus 
frequency is also quite linear, which is of 
considerable advantage for some uses. 

For the cavity-type wavemeter, the 
displacement is a variable function of free 
space wave length and becomes very non- 
linear as the cutoff frequency of the guide 
or cavity is approached. This is evident 
from the relation between wave length in 
the guide, A,, wave length in free space, 
d, and cutoff wave length, A,: 


nN 


2 (6) 
Pee 


Ag= 


A cam or mechanical linkage may be em- | 


ployed to obtain a linear scale. 


FREQUENCY COVERAGE 


Increasing the length of a wavemeter is 
desirable because this gives a larger me- 
chanical displacement for a given fre- 
quency interval. The permissible in- 
crease is limited, however, by ambiguity 
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A group of echo boxes of various 
types 


Figure 14. 


with the next lower mode in going toward 
the upper end of the frequency scale and 
with the next higher mode in going to- 
ward the lower end. This means that if 
ambiguity is to be avoided, the ratio of 
top to bottom frequency cannot exceed 
(n + 2)/n for a coaxial line of  quarter- 
waves. For a cylindrical cavity reso- 
nator, the ratio for the 0, 1, mode must 
be less than (x.+ 1)/n, the exact limit 
depending on proximity to cutoff. 


GUIDEPOSTS 


The following guideposts are suggested 
for choosing the type of wavemeter in the 
microwave range. Where limitations of 
size and Q permit, the coaxial quarter- 
wave type should be used because of its 
greater linearity. If this type is in- 
applicable, the cavity type with TE, 1, » 
should be used unless its Q is inadequate, 
in which case 7F),1,, should be em- 
ployed. 


COUPLINGS 


A loop, orifice, or probe may be used 
for coupling to a wavemeter. Coupling 
to a coaxial wavemeter is generally ef- 
fected by a loop placed near a short-cir- 
cuited end so as to be in the maximum 
magnetic field. For coupling to a 
cylindrical cavity wavemeter, an orifice in 
or near the base of the cavity is usually 
employed. The coupling to the wave- 
meter is kept small enough to avoid 
serious reduction of loaded Q. 


Types OF DETECTORS 


Various types of detectors may be asso- 
ciated with a wavemeter, the most com- 
monly used being (1) a crystal rectifier 
and microammeter and (2) a thermistor 
bolometer. When a crystal rectifier is 
employed with a cavity or coaxial wave- 
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meter, a circuit similar to that shown in 
Figure 9 is used. Important items in 
such a circuit are the RF by-pass capaci- 
tor, and the video capacitor. The 
latter, by providing a low impedance 
path to the video signals, improves 
rectification efficiency when the input 
signal is pulsed. The quarter-wave stub 
shown in the figure is used when the input 
or coupling circuit does not provide d-c 
and video paths. When the signal is 
pulsed at a low-duty cycle, high peak cur- 
rents through the crystal are obtained 
even though the average current through 
the meter is small, and it is possible to 
impair or burn out the crystal unless ex- 
treme care is taken. The use of a therm- 
istor, which is self-protecting for large 
overloads, avoids this danger. Another 
expedient is to limit the crystal current 
to a small value and employ a video 
amplifier and oscilloscope. 


METHODS OF USE 


A wavemeter may be used as either a 
transmission or a reaction instrument. 
In the former case (Figure 10A), it is in- 
serted directly in the transmission path, 
so that substantially no through trans- 
mission occurs except at resonance. In 
the latter case (Figure 10B), the wave- 
meter is coupled to the transmission path 
or a branch circuit. When the meter is 
tuned off resonance, it presents such a 
high impedance to the main path that its 
effect is negligible. At resonance, how- 
ever, it offers a lower impedance which 
reflects energy in the main line so that 
less power reaches the detector and a dip 
in the reading occurs. For most applica- 
tions the reaction arrangement is prefer- 
able, since the power transmitted when 
the wavemeter is off tune may serve 
various purposes. For analysis of fre- 
quency spectrum the transmission method 
is necessary. This method requires two 
couplings to the wavemeter, which lowers 
the Q as compared with the reaction type. 
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DRIVE AND SCALE 


A direct drive with a precision lead 
screw of the micrometer type is fre- 
quently used. Accuracy of reading is in- 
sured by spring loading to minimize back- 
lash and by specifying close tolerances for 
threads and for concentricity of plunger 
and cavity. The scale on a wavemeter 
must be fine enough to permit utilization 
of the resolving power. The conven- 
tional micrometer type of scale some- 
times makes accurate reading difficult in 
a small compact meter. Scale mecha- 
nisms which have been used include 
counter types, clock face, or expanded 
drum types with gearing between vernier 
and coarse scales, and a single direct read- 
ing scale with divisions arranged in a 
spiral for compactness. 


EFFECT OF TEMPERATURE AND HUMIDITY 


To minimize the effects of temperature 
on the accuracy of readings, invar has 
been employed for elements whose di- 
mensions affect the wave length. For 
accurate work, the scale reading must be 
corrected for temperature. A rough ap- 
proximation is that the scale reading 
varies in accordance with the coefficient 
of expansion of the metal. 

Water vapor included in the air dielec- 
tric of a wavemeter has an appreciable 
effect on the dielectric constant and hence 
on the resonant frequency.’ Thus, for 
example, in going at sea level from 25 de- 
grees centigrade and 60 per cent humidity 
to 50 degrees centigrade and 90 per cent 
humidity, the scale reading should be 
reduced by 0.03 per cent. Correction can 


Figure 15. Radar spectrum analysis with echo 


box 
WwW 
(a) 
=) 
= 
2 
a 
S 
< 
gcse es Fy Sa Ae pte Fale IGS 
Pere oT oka. Sa he Fy 
(A) IDEAL SPECTRUM 
FROM RECTANGULAR PULSE 
Ww 
(a) 
*) 
Fe 
al 
a 
S 
< 
pla ee gee ee al res ae CE 
TAT SO Nias Tyee OS TL ape am oa 
(C) POOR SPECTRUM 
SHOWING FREQUENCY JUMPING 
282 TRANSACTIONS 


be made by means of a chart, a con- 
venient form of which has been prepared 
by Radiation Laboratory. 


CALIBRATION 


Frequency meters are calibrated 
against sub-standards which in turn are 
calibrated against a multiplier from lower 
frequencies for which a high order of 
accuracy can be obtained. Such multi- 
pliers have been made available at Radia- 
tion Laboratory and the National Bureau 
of Standards. The accuracy obtained at 
interpolation frequencies is of course less 
than at exact multiples of the base fre- 
quency. In the microwave range, the 
accuracy is believed to be of the order of 
one part in 100,000. 


Power Measurement 


There are two needs for power measure- 
ment in radar maintenance, namely, in 
evaluating transmitter performance and 
in standardizing test signals. Power out- 
put is, of course, only one factor in trans- 
mitter performance, others being (a) fre- 
quency and (b) spectral distribution or 
shape of RF envelope. Ability to meas- 
ure absolute power is desirable to permit 
interchangeable use of sets in the field. 


MEASUREMENT OF PULSE POWER 


The transmitter power as used in for- 
mula 1 is the average power during the 
pulse. The relationship of pulse to (long) 
average power is 


Py avg _ 


P; pulse ett 7) 


T is the pulse duration in seconds and f, 
is the pulse recurrence frequency (P.R.F.) 
in cycles per second. The product Tf, is 
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the duty cycle. (Sometimes the reciprocal 
of this number is referred to as the duty 
cycle. The magnitude is usually such 
that no ambiguity arises.) 
During the early days of radar, it was 
the practice to measure pulse power. The 
test equipment was coupled to the radar 
set by a path of known loss. The RF 
envelope was derived by means of a 
crystal rectifier and applied to an oscillo- 
scope. With the aid of an RF attenuator, 
the level applied to the crystal rectifier 
and oscilloscope was held constant. 
Calibration was obtained by using a sig- 
nal generator whose output was standard- 
ized, prior to pulsing, with an averaging 
type of power meter. The procedure was 
rather involved, with several sources of 
possible error. Since it is much simpler 
to measure average power, field measure- 
ment of pulse power soon was abandoned. 
Though the pulse power can be computed 


PER CENT 
DECIBELS 


VSWR (oC) 


Figure 16. Relations in mismatched trans- 
mission lines 


from average power if the pulse width, 
pulse shape, and repetition rate are 
known, it soon became the practice to 
specify field performance requirements in 
terms of average power. 


THERMISTOR POWER METERS 


A number of devices have been used for 


measuring average power in the micro- 


wave range. Those suitable for handling 
the small amounts of power normally in- 
volved in field tests include thermistors, 
platinum wires, and thermocouples. In 
each case the RF power to be measured is 
absorbed in the measuring element. The 
measurement consists in observing the 
resistance change in the thermistor or 
platinum wire, or the thermoelectric volt- 
age from the thermocouple. By analogy 
with devices used for measuring minute 
quantities of radiant heat, either a therm- 
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17. Standing wave measurement 


Figure 18. Standing wave detectors used on coaxial and wave guide transmission lines 


istor or a platinum wire instrument is 
sometimes referred to as a bolometer. 
The platinum wire device has also been 
termed a barretter. 

A thermistor for microwave power 
measurement is a tiny bead (about five 
mils in diameter) composed of a mixture 
of oxides of manganese, cobalt, nickel, 
and copper, constituting a resistor with a 
very highnegative temperature coefficient.® 

The thermistor has a number of ad- 
vantages for microwave work, namely: 


1. Resistance is highly sensitive to change 
of heating power, which obviates any need 
for amplification or a super-sensitive meter 
and makes it possible to use a rugged d-c 
meter. 


2. Reactance is low compared with RF 
resistance, which makes it possible to in- 
corporate the thermistor in a power-absorb- 
ing termination which matches the imped- 
ance of a microwave transmission line over a 
wide band. 


3. Resistance change is the same function 
of electrical heating power at any frequency, 
which permits direct comparison of the un- 
known microwave power with easily meas- 
urable d-c power. 


4, Sensitivity to damage and burn-out is 
inherently low, and added protection results 
from impedance mismatch during overload. 


Because of these characteristics, therm- 
istors have been far more widely used 
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than other detectors for microwave power 
measurement. Broadband thermistor 
mounts have been designed to match 
both wave guide and coaxial transmission 


lines, the latter not only in the microwave 


range but also down to low frequencies. 
Some of the test sets specifically intended 
for power measurement or for combined 
power and frequency measurement are 
shown in Figure 8. 

The change in the thermistor resistance 
caused by radio-frequency heating cur- 
rent is determined by placing the therm- 
istor in one arm of a d-c bridge. By 
noting the d-c power necessary to balance 
the bridge with and without RF power 
in the thermistor, the magnitude of the 
RF power may be determined. For most 
purposes, however, a direct-reading power 
meter is preferable. This can be obtained 
over a moderate range of power levels by 
employing an unbalanced bridge. The 
bridge is balanced for direct current only, 
and the measurement consists in noting 
the meter deflection when radio-fre- 
quency power is added. 

The resistance of a thermistor is a 
highly sensitive function not only of elec- 
trical heating power but also of ambient 
temperature. For convenient field meas- 
urement, the effect of ambient tempera- 
ture must be cancelled out in the indicator 
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circuit so that the indication depends only 
on RF power. 


WATER LOADS 


A method which has been used in the 
laboratory and the factory for measuring 
high level microwave power consists in 
terminating the RF transmission line in a 
water load arranged as a continuous flow 
calorimeter. This method can be made 
quite accurate but is cumbersome. More 
recent practice is to terminate the RF 
line in a solid load of a type described 
later in this article and to couple a therm- 
istor power meter to the line by means 
of a directional coupler (described below) 
of known loss. Very close correlations 
have been obtained between the two 
methods over the entire microwave band. 


Echo Boxes 


A device unique to radar testing is a 
high Q resonant cavity, known as an echo 
box or ring box. The cavity is coupled to 
the radar transmission line or antenna as 
indicated in Figure 11. During the 
transmitted pulse, microwave energy is 
stored in the cavity. In the period imme- 
diately thereafter, energy is returned to 
the radar over the samme path, producing 
a signal on the radar indicator. The 
energy in the cavity builds up exponen- 
tially to an amplitude dependent on the 
radar power. At the end of the pulse, the 
returned energy decays exponentially, 
disappearing into the noise at a point 
determined by receiver sensitivity. The 
time interval between the end of the 
transmitted pulse and the point where the 
signal on the radar indicator disappears 
into the background noise, called the 
ringtime, therefore measures the over-all 
performance of the radar set. 

An echo box is a particularly useful in- 
strument for radar testing because 


1. It measures over-all performance di- 
rectly 


2. It permits a rapid tune-up. 


8. It utilizes the radar transmitter as its 
only source of power and therefore can be 
made extremely portable. 


Figure 12 shows typical ringtime patterns 
on different types of indicators. In ac- 
tual practice the ringtime is read in miles 
on the radar range scale and hence is 
measured from the beginning of the 
transmitted pulse rather than the end. 
The difference is unimportant, however, 
since standard and limiting values of ring- 
time are established for operating condi- 
tions. It will be noted that the echo box 
does not return a true echo to the radar, 
so that the name ‘‘echo box”’ is not en- 
tirely appropriate. 


TRANSACTIONS 283 


VANE OPPOSITE PHASE 
TERMINATION ZA COMPONENTS ANNUL 


a 

WwW 

tat = che ye US a ie aoe ee AES < 
Sse n z 
oS i TEST CONNECTOR oz 
cor St te SS eS Se 
we E 

isch LS elon? Z 

rn 

F >] 4 


(A) UNIDIRECTIONAL WAVE GUIDE TYPE 


VANE TERMINATION TEST CONNECTOR 


Zz 


saan ~ > 
> OG 
~<~——~<+— — ~ ++ +r < o 
y y Zz 
1 


jag 

Ww 

= 
Si 
o>-> 
cn 
uwZz 

< 

a 

F 


po ha 


"TEST CONNECTOR VANE TERMINATION 
(B) BIDIRECTIONAL WAVE GUIDE TYPE 


TEST CORD TO ~ 
MEASURING SET % 


ieee 
> T/T ILL LLL LLL LELLL LLL 
SQA Aung nn agnggg yA ATT 


\veswaraaeaa| 


SSO gy 


Kr 


FROM 
TRANSMITTER 
TO 
ANTENNA 


(C) COAXIAL TYPE 


Figure 19. Directional coupler arrangement 


TYPES AND USES 


Echo boxes are of two general types, 
tuned and untuned. A tuned echo box is 
designed to resonate in a single mode ad- 
justable over the operating frequency 
range. An untuned echo box is a fixed 
cavity of a size sufficient to support a very 
large number of modes within the work- 
ing range. Tuned echo boxes are more 
versatile and more widely used than un- 
tuned boxes. 

The most common type of tuned echo 
box is designed for hand tuning. While 
other shapes are possible, the most con- 
venient one is a right cylinder whose 
length is adjusted by a movable piston. 
The TE, 1, , mode gives maximum Q for 
a given volume and minimizes the num- 
ber of unwanted modes present within 
the desired band. The value of 1 is deter- 
mined by the desired value of Q (see 
formula 5). Unwanted modes can be 
partially avoided by choice of design 
parameters. However, for high values of 
Q, and especially for broad frequency 
bands, the suppression of unwanted 
modes involves design problems of the 
highest order. 

As indicated in Figure 13, a tuned 
echo box cavity is usually provided with 
two couplings. One of these is to the 
radar pick-up; the other is to an attenu- 
ating device, crystal rectifier, and meter, 
which serve for tuning the cavity and for 
other purposes. With such an instru- 
ment, not only can the radar be tuned up 
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and its over-all performance determined, 
but many other tests can be made, to wit: 


1. The setting of the plunger at resonance 
indicates the transmitter frequency or wave 
length. 


2. Calibration of the crystal affords a 
rough measure of output power. 


3. Since the Q required for adequate ring- 
time is so high that the cavity selects only a 
narrow segment of the transmitter spectrum, 
a spectrum analysis can be made by plot- 
ting frequency versus crystal current read- 
ing. 


4. Slow recovery of TR box and receiver 
after the transmitted pulse can be detected 
by noting the behavior of the ringtime pat- 
tern at short ranges as the echo box is de- 
tuned. 


5. Inability of the receiver to recover 
promptly after a strong signal (the result of 
imperfect d-c reinsertion in the video ampli- 
fier or of overloading of the IF amplifier) is 
indicated by a blank following the end of the 
ring. 


6. Improper pulsing (for example, double 
moding or misfiring) can be determined with 
a class A oscilloscope. 


7. The frequency and power of the local 
oscillator can be measured. 


In tuned echo boxes, requirements for ex- 
treme fineness of tuning control and pre- 
cise resettability have given rise to in- 
teresting problems in the design of the 
mechanical drive and indicating mecha- 
nism. 

In another type of echo box, hand tun- 
ing is supplemented by motor-driven 
tuning or so-called ‘‘wobbling”’ over a fre- 
quency range wide enough to embrace 
expected variations in transmitter fre- 
quency. Operation is controlled by a 
single push-button which energizes the 
motor and actuates the cavity coupling. 
Such an instrument may be permanently 
installed in a plane and used to check the 
radar during flight. 

For an untuned or multiresonant echo 
box, rectangular shape is convenient. 
The box should be large enough to make 
it highly probable that over the operating 
band, one or more modes will be present 
within any frequency interval of width 
equal to the main concentration of the 
transmitter spectrum. For a _ given 
rectangular volume, a cube gives the 
largest number of modes. The total 
number of modes up to a frequency of 
wave length Xo is 


Ny =8.38V/ro8 (8) 


where V is the volume. However, be- 
cause of the cubical shape, many different 
modes tend to coincide in wave length, a 
condition referred to as degeneracy. To 
spread out the modes, the box is made 
slightly off cube and one or more corners 
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sliced off. At the longer microwaves, the ~ 
size of box is determined by the number 
of modes, and the size becomes quite 
awkward. For the shorter microwaves, 
the size is determined by the required 
value of Q. Hence the use of untuned 
echo boxes has been limited to the fre- 
quency range from about 9,000 mega- 
cycles upwards, with sizes of the order of 
from 12 to 24inches ona side. Even with 
an extraordinarily high probability of 
finding modes within the radar band, sub- 
stantial differences in response are found 
for relatively small changes in frequency. 
Accordingly, untuned echo boxes are 
more useful for rough tune-up than for 
precise measurement. 

A number of specific designs of echo 
boxes for different microwave bands are 
shown in Figure 14. 


Q AND RINGTIME 


For satisfactory measurement the ring- 
time must extend beyond nearby echoes 
which would obscure the test signal. For 
most radars a ringtime of 20 to 30 micro- 
seconds (about two to three miles) has 
been found satisfactory, although con- 
siderably higher values have sometimes 
been provided. Even apart from echoes, 
a long ringtime is desirable since this gives 
a lower decay rate and a more sensitive 
measurement. 

Computation will show that an ex- 
tremely high value of Q is necessary to ob- 
tain the desired ringtime. For maximum 
ringtime the cavity coupling should be 
such as to make the working Q (Q,),about 
90 per cent of the nonloaded Q. Values 
of working Q which have been provided 
in different frequency ranges are approxi- 
mately as follows: 


Frequency Qy Frequency Qy, 


10,000 mc... .100,000 
24,000 mc... .200,000 


1,000 mc....70,000* 
3,000 mc... .40,000 


*In this case a higher Q was needed for a long range 
ground search system. 


The difference in performance corre- 
sponding to a given change in ringtime 
can be determined from the decay rate, 
which is 
d=27.3f/Q, decibels per microsecond . (9) 


For a given frequency, the ringtime is 
directly proportional, and the decay rate 
inversely proportional, to Q. Fora given 
ringtime, the required Q is directly pro- 
portional to frequency. 

Accurate measurement of extremely 
high Q’s is essential in echo box work. A 
decrement method, in which a pulsed 
radio-frequency oscillator and oscillo- 
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scope are used to determine the loss corre- 
sponding to a known time interval, has 
proved most satisfactory. 


Spectrum Analysis 


The frequency components of a non- 
repetitive rectangular d-c pulse may be 
determined by well-known methods us- 
ing Fourier integral analysis. The en- 
velope of amplitudes is of the form 
(sin x)/x, where x = mfT. This envelope 

is shown by the right-hand side of thecurve 
- of Figure 15a, fo being assumed to repre- 
sent zero frequency. The first zero oc- 
curs at the frequency f = 1/T. 

Similarly, the envelope of the spectrum 
of a rectangular a-c pulse is given by the 
complete curve of Figure 15A, fo in this 
case being the carrier frequency. For a 
non-repetitive pulse, all frequencies are 
present in amplitude as shown by the 
envelope. When a stable carrier fre- 
quency is pulsed at uniform intervals and 
in precise phase relation, only harmonics 
of the repetition frequency are present 
under the envelope. In radar practice, 
conditions are, as a rule, not sufficiently 
stable for this to occur. 
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Figure 20. Error in standing wave measure- 
ments caused by directivity of directional 
coupler 


Because of its band width, an echo box 
cannot reproduce the ideal spectrum en- 
velope of Figure k5A. Instead, the curve 
for a good spectrum may resemble that 
of Figure 15B, while spectrum irregular- 
ities detrimental to radar performance 
may be revealed by curves such as those of 
Figure 15C and 15D. Broadening of the 
spectrum is undesirable because less 
energy falls within the receiver band. 
Energy removed from the main concen- 
tration may result from double moding 
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Figure 21. 
couplers together with a directional coupler 
test set 


A group of microwave directional 


or from the occurrence of a different fre- 
quency during the rise or fall of the pulse. 
Frequency modulation caused by a slop- 
ing or spiked input pulse produces a non- 
symmetrical spectrum, not infrequently 
characterized by a high side lobe. Fre- 
quency jump in the middle of the pulse, 
resulting from line reflection, may pro- 
duce two distinct maxima. 


Standing Wave Measurements 


The expression for the distribution of 
current or voltage along a misterminated 
line of appreciable electrical length yields 
two terms which may be considered as 
representing two waves transmitted in 
opposite directions, one (the incident 
wave) from the generator toward the 
load, the other (the reflected wave) from 
the load toward the generator. The sum- 
mation is a standing wave pattern. The 
standing wave ratio (SWR) is defined as 
the ratio of the wave amplitude at a maxt- 
mum point (anti-node) to that at a mini- 
mum point (node). If the standing wave 
ratio is stated as a numeric, it is necessary 
to specify whether it applies to voltage 
(VSWR) or power (PSWR). Possibility 
of ambiguity is avoided by stating the 
ratio in decibels. 

The ratio of the reflected current to the 
incident current is the reflection coeffi- 
cient, here designated as p. The value 
of the reflection coefficient is given both 
in magnitude and phase by 


_Ly-z 
ALY 


p (10) 


where Z, is the characteristic impedance 
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of the line and Z is the load impedance. 
The reflection coefficient is related to the 
standing wave ratio as follows: 


1+ p o—1 
Ve aes Oho Pars ig (11) 
Plots of the relationships are shown in 
Figure 16. 

The reduction of radiated power be- 
cause of reflection losses in a radar trans- 
mission line, while important, is usually 
less serious than other effects of imped- 
ance irregularities. Since the load im- 
pedance reacts on the oscillator circuit, 
the frequency and the output of most 
transmitter tubes are quite sensitive to 
load impedance. If the line is electrically 
long, so that its impedance varies rapidly 
with frequency, marked instability of 
oscillator frequency may occur, a condi- 
tion referred to as “‘long line effect.” 

Since radar transmission lines contain 
many potential sources of impedance dis- 
continuity, including not only the an- 
tenna but a variety of couplings, bends, 
wobble joints, rotating joints, switches, 
and so forth, measurements of standing 
wave ratio are frequently required. The 
need for such measurements depends in 
part on whether the line is ‘“‘preplumbed”’ 
or is provided with field adjustments. 


DEVICES 


Standing waves may be detected and 
measured by several different types of 
devices, including 


1. A slotted line. 

2. A squeeze section. 

8. <A directional coupler. 
4. A hybrid T. 


All of these furnish information on the 
magnitude of the standing wave ratio. 
In some cases, phase information may be 
obtained also, which information permits 
determination of impedance,® but this 
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knowledge, while useful in the laboratory, 
seldom is required in field work. 

A block diagram of an arrangement 
employing a slotted line for measuring 
standing waves is shown in Figure 17. 
The oscillator source is commonly fol- 
lowed by a pad or attenuator to prevent 
frequency pulling. The slotted section 
may be either a coaxial or a wave guide 
line employing a mode which is not dis- 
turbed by the presence of the slot (for 
example, normal coaxial mode, TA, o in 
rectangular wave guide, TM,: in round 
wave guide), A traveling pick-up probe 
or loop projects through the slot and 
couples energy from the line into a de- 
tector which delivers direct current or 
audio frequency to the indicator. The 
probe is moved longitudinally to find 
points of maximum and minimum field 
strength. To avoid distortion of the field 
within the line, the probe should be small 
and should project only a short distance 
inside the slot. For accurate results, 
extreme care must be exercised in design 
and construction to avoid variation in 
depth of immersion as the probe is moved. 
Several slotted lines employed for stand- 
ing wave measurements are shown in 
Figure 18. 

A squeeze section consists of a section 
of rectangular guide with slots milled in 
the center of both broad faces so that the 
width of the guide can be varied by ex- 
ternal deforming means. This changes 
the wave length in the guide, so that 
maximum and minimum values may be 
determined by a fixed probe and indi- 
cator. 

The use of a directional coupler for 
standing wave measurement is discussed 
in the following section. 

Another useful device for standing 
wave measurement is the hybrid T or 
magic T. This is a sort of microwave 
bridge, consisting of a main wave guide to 
which an £ plane branch and an H plane 
branch are joined in the same physical 
plane. With matched terminations of 
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the two ends of the main guide, the two 
branches are conjugate. Terminating 
one end of the main guide in the unknown 
impedance and the other in a matched 
termination, the degree of impedance 
mismatch of the unknown is indicated by 
the magnitude of the reflected wave 
which appears in one branch when energy 
is fed into the other. 


Directional Couplers 


Accurate measurement of transmitter 
power and receiver sensitivity requires a 
coupling path of known loss between the 
radar set and the test set. The first 
method employed for this was to place a 
portable test antenna (see Figure 2) in 
the field of the radar antenna. Depend- 
ing on the frequency range, this test 
antenna took the form of a dipole,'® with 
or without a small reflector, or an electro- 
magnetic horn! With this method, it 
was necessary to calibrate the loss of the 
space coupling path between the two 
antennas. Since it proved difficult to 
locate the test antenna at exactly the 
same point and to be sure that the main 
antenna pattern remained the same, a 
separate calibration of the coupling loss 
was usually required whenever a measure- 
ment was made. 

An alternative method was to place a 
single probe in the radar transmission 
line. This introduced another sort of 
difficulty. Accuracy of measurement was 
vitiated by the presence of standing waves 
which rendered the probe pick-up a func- 
tion of frequency and of location with 
respect to the irregularities. A highly 
satisfactory answer to the entire problem 
was found in a device which is called a 
directional coupler because it couples 
only to the wave propagated in one di- 
rection. In its simplest form, a direc- 
tional coupler consists of two couplings 
to the main transmission line, which add 
for one direction of transmission and 
cancel for the other. Thus, for example, 


Figure 22. RF loads 

for different bands in 

the microwave fre- 
quency range 
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‘ ratio. 


Figure 10A shows a form of directional 
coupler for wave guide which is placed in 
the radar transmission line at the point 
indicated schematically in Figure 1. An 
auxiliary wave guide is coupled to the 
main guide through two identical orifices 
spaced Ag/4 between centers (or more 
generally n\g/4, where » is an odd in- 
teger). Assuming the incident and re- 
flected waves in the main guide to be 
directed as shown and the auxiliary guide 
to be terminated on one end, a test circuit 
connected to the other end will be coupled 
to the incident wave, while theoretically 
the two couplings to the reflected wave 
will differ by \/2 and therefore cancel one 
another. 

With such a device, measurements may 
be made of the characteristics of the inci- 
dent wave independently of reflections. 
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Figure 23. Microwave attenuators 


If the coupling to the main line is not too 
close, there is no appreciable effect on the - 
incident wave, and continuous monitor- 
ing can be had. Conversely, test signals 
applied through the directional coupler 
will travel in the main guide in the proper 
direction for testing the radar receiver. 

If the locations of the termination and 
the test connection point in Figure 19A 
are reversed, the couplings to the main 
transmission line also are reversed. Such 
an arrangement therefore permits meas- 
urement of the reflected power, which in 
turn makes it possible to adjust for mini- 
mum reflected power and hence for mini- 
mum standing wave ratio. Comparison 
of the reflected power ‘with the direct 
power determines the standing wave 
For convenience in measurement, 
two directional couplers pointed in oppo- 
site directions are frequently used, the 
combination being referred to as a bi- 
directional coupler (Figure 19B). One 
advantage of this arrangement is that the 
ability to measure the reflected power 
from the antenna and that part of trans- 
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mission line beyond the coupler provides 
means for detecting trouble in that part 
- of the system. Directional couplers may 
_be applied to any type of transmission 
line. Figure 19C shows a simple form of 
directional coupler for a coaxial line. 

One characteristic of importance in a 
directional coupler is the coupling loss. 
A small value of coupling loss affords in- 
creased sensitivity of measurement, while 
a sizable value is desirable to minimize 
reaction on the main transmission line, as 
well as for other reasons. A loss of around 
20 decibels has usually been found a good 
compromise. It is now the practice to 
incorporate a directional coupler in every 
radar set to obtain a test connection 
point. 

Because of unavoidable imperfections, 
a directional coupler never gives complete 
cancellation for the undesired direction of 
transmission. The departure from ideal- 
ity is indicated by the directivity (also 
referred to as front-to-back ratio), which 
is defined as the scalar ratio of the two 
powers measured at the test connection 
point when the same amount of power is 
applied to the main guide, first in one di- 
rection and then in the other. For meas- 
urements of the direct wave and of re- 
ceiver characteristics, a moderate directiv- 
ity, of the order of 15 decibels or better is 
sufficient. In measuring reflected power, 
however, the directivity determines the 
amount of direct power which appears at 
the point of measurement, and therefore 
controls accuracy. The chart of Figure 
20 will facilitate determination of the 
maximum error that may occur in measur- 
ing different values of the standing wave 
ratio with various assumed directivities. 

With a simple two-hole coupler, the 
directivity deteriorates rapidly as the fre- 
quency departs from that corresponding 
to quarter-wave spacing. By providing 
additional couplings suitably spaced, the 
residuals from different sets of couplings 
also can be cancelled against one another 
and the directivity versus frequency char- 
acteristic can be broadened materially. 
With multiple hole couplings, a minimum 
directivity of 26 to 30 decibels over a 
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frequency band of 10 to 20 per cent is 
readily practicable in quantity produc- 
tion, and much better values are ob- 
tained in the laboratory. Some of the 
numerous designs of directional couplers 
developed for association with operating 
radar equipment are shown in Figure 21. 

Because they are more convenient than 
slotted lines and can be made more accu- 
rate, directional couplers have been ex- 
tensively used for standing wave ratio 
measurement in the laboratory. A num- 
ber of special arrangements have been 
devised to improve both accuracy and 
convenience. A directional coupler ar- 
rangement which has been provided for 
field measurement of standing wave ratio 
in the vicinity of 25,000 megacycles also is 
illustrated in Figure 21. In this the direct 
power is brought to equality with the re- 
flected power by an attenuator whose dial 
is calibrated directly in standing wave 
ratio. A wave-guide switch facilitates 
the power comparison. 


Auxiliaries and Components 


An RF load (or dummy antenna) which 
will absorb the radar power in an imped- 
ance which matches the transmission 
line is very useful in radar work. Suchia 
device permits testing the radar set in 
operating condition without actual radia- 
tion which might give information to the. 
enemy or interfere with other radar 
equipment. It also makes it possible to 
test the radar set in locations where re- 
flections from the ground or nearby ob- 
jects otherwise would hamper or prevent 
a test. RF loads for microwave work 
usually consist of a section of transmis- 
sion line (either coaxial or wave guide, 
depending on wave length) containing a 
high-loss dielectric. The impedance of 
such a load is necessarily low and must be 
matched to the radar line by tapering the 
dielectric over a distance of several wave 
lengths.¥° Moreover, if the line is to 
handle high power, tapering over a con- 


Figure 24. Radar pulse envelopes 
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siderable length is necessary to distribute 
the heat. 

A coaxial load preferably is tapered 
from outer conductor to inner conductor, 
since this both reduces the voltage gradi- 
ent and facilitates heat dissipation. A 
dielectric consisting of a mixture of 
bakelite, silica, and graphite, molded in 
place, has been found satisfactory. For 
wave guides, a ceramic containing carbon 
may be preformed, with taper in one or 
two dimensions, and cemented in place. 

Figure 22 shows a number of RF loads 
developed for different frequency bands. 
One of these, 7.S-235/UP, provides an 
excellent impedance match over the fre- 
quency range from 500 megacycles to 
above 3,000 megacycles. When equipped 
with a blower designed for uniform trans- 
verse ventilation, it will handle a peak 
power of the order of 750 kw with a duty 
cycle of about 0.001. 


MIcROWAVE ATTENUATORS AND PADS 


RF attenuators and pads are corner- 
stones of microwave testing. Attenuators 
are used to adjust unknown signals to 
levels suitable for measurement and to 
obtain the minute test signals required for 
measuring receiver characteristics. Pads 
serve to change levels and to prevent in- 
teraction between testing components. 
Microwave attenuators and pads are of 
two general types: 


1. Those which employ dissipative ele- 
ments to absorb power. 


2. Nondissipative devices which introduce 
propagation or coupling loss. 


For the shorter microwaves, the most 
convenient form of attenuator is of the 
dissipative type, employing a strip or vane 
of dielectric coated with a resistance ma- 
terial, as for example, carbon-coated 
bakelite. This is placed in rectangular 
wave guide with its plane paralleling the 
side of the guide. The attenuation is 
varied by varying the depth to which the 
vane is inserted in the guide (Figure 23A) 
or by changing its position in the guide. 
A valuable feature of such attenuators is 
that the minimum loss can be made sub- 
stantially zero. For good impedance 
match, the strip must be tapered. By 
using two strips, the over-all length of the 
attenuator can be reduced. Extremely 
satisfactory attenuators of this type cov- 
ering a frequency range of 8 to 12 per 
cent, with loss variable from 0 to 35 or 40 
decibels, have been obtained in the fre- 
quency range 4,000 to 24,000 megacycles. 

For the longer microwaves, where wave 
guides are inconveniently large, attenu- 
ators of the wave guide-below-cutoff 
type are very useful. These consist of a 
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section of round wave guide the diameter 
of which is small compared with wave 
length and whose length is adjusted by 
telescoping. (See Figure 23B.) The 
TM, mode has been found very satis- 
factory, and TE, has also been used. 
Connection is made to the attenuator 
by a coaxial circuit at each end, with 
disk excitation for the TM),, mode and 
loop coupling for TH,;. The attenua- 
tion formulas are! 


41.8 LD? Ne 
TMo,. Eis 1-— d 


decibels per meter (12) 


32.0 AINA 
TE, A=——@1-|—— 
1,1 D ( N ) 
decibels per meter (13) 
where D = diameter of wave guide in 
meters. Because of the effect of other 


modes when the coupling is close, a mini- . 


mum loss of 20 to 30 decibels is required 
before the attenuation becomes linear 
with displacement. The attenuation dif- 
ferentials are substantially independent 
of frequency. Attenuators of this type 
present a large impedance mismatch at 
either end, the effect of which may be 
alleviated by padding or by a termination. 
Types of pads employed in microwave 
work include the following: 
1. Flexible coaxial cable, usually with high 
resistance inner conductor. 


2. Coaxial 7 with carbon-coated rod and 
disks. 


3. Coaxial with carbon-coated rod as inner 
conductor. 


4, Resistance strip in wave guide. 


5. Directional coupler. 


In calibrating microwave attenuators 
and pads, comparison with an accurately 
calibrated IF attenuator, using a hetero- 
dyne test set, has been found to give ex- 
cellent results. 


RF CABLES AND CONNECTORS 


Flexible radio-frequency cables for con- 
necting test equipment to equipment 
under test are an important adjunct of 
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field testing. At frequencies of 10,000 
megacycles and below, flexible coaxial 
cables of about 0.4-inch over-all diameter 
with solid or stranded inner conductor, 
solid low loss dielectric (polyethylene) 
and braided outer conductor have been 
used satisfactorily, although in the upper 
part of this range special measures have 
been necessary to prevent attenuation 
change caused by flexure and aging. Over 
most of this range, coaxial jack and plug 
connections have been found satisfac- 
tory, but wave guide connectors are pref- 
erable at the upper end. In the range 
above 10,000 megacycles, coaxial cables 
of requisite stability have not yet been 
obtained, and rubber-covered wave guide 
with soldered articulated joints is the 
best form of flexible cable now available. 


Oscilloscopes 


Oscilloscopes are used extensively in 
radar maintenance for examination of 
video waves and for viewing RF enve- 


Figure 25. Test oscilloscopes for viewing 
wave forms in radar equipments 


Left to right: BC-910-A (1949), TS-34A/AP 
(1944), and TS-239/UP (1945) 
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Figure 26. Block diagram of TS-34/AP and 
TS-34A/AP oscilloscopes 


lapes. Satisfactory radar performance 
depends on a variety of video wave 
shapes, which may include trapezoidal or 
triangular pulses, sawtooth waves, square 
waves, or combinations of these. Ob- 
servation of these wave shapes, supple- 
mented if necessary by measurements of 
amplitude and duration, helps in diag- 
nosing many troubles. 

Examination of the envelope of the RF 
pulse is a convenient but less informative 
alternative to spectrum analysis. The 
envelope should be a clean, single trace of 
good shape. Figure 24 shows traces 
sometimes experienced. Double mod- 
ing, that is, oscillating at different fre- 
quencies on different pulses, is shown by 
a double trace. Frequency-jumping 
during a pulse is shown by a break in the 
envelope. Misfiring gives a base line 
under the envelope. Other abnormalities 
in the RF envelope may result from in- 
correct video wave shape. Observation 
of the RF envelope requires a rectifier, 
usually a crystal, together with a suitable 
video amplifier. Since limitation of the 
oscilloscope to video functions permits 
general application to radar sets of all 
frequencies, the rectifier generally is 
provided externally. 

The oscilloscopes available before the 
war did not meet the requirements of 
radar. Fast sweeps were necessary to 
permit viewing of pulses ranging from 
several microseconds to a fraction of a 
microsecond. Amplifiers were required 
for such pulses with low phase and ampli- 
tude distortion over a broad frequency 
band. Existing methods of synchroniz- 
ing and phasing sweeps were also inade- 
quate. The progress of the oscilloscope 
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art during the war is illustrated in the 
successive designs of field test oscillo- 
scopes shown in Figure 25. 

The BC910A oscilloscope, gotten out 
as a stop gap not long after the attack on 
Pearl Harbor, incorporates fast sweeps 
and broad-band amplification. Follow- 
ing close upon this was the BC1087A 
(Navy code CW60AA Y), which replaced 
sine-wave synchronization by a start-stop 
sweep triggered by the incoming pulses. 
This feature made it possible to superpose 
the erratic pulses produced by spark 
wheel and similar pulsers and at the same 
time avoided external synchronizing con- 
nections. A valuable feature conjoined 
with the start-stop sweep was a delay 
network in the main transmission path 
which gave the sweep time to start before 
the pulse reached the cathode-ray tube. 
This oscilloscope in original and modified 
form has seen wide service in all theaters. 
However, its weight of more than 60 
pounds was a handicap for many uses. 

Further advances in oscilloscope cir- 
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Figure 27. Block diagram of TS-102/AP 
and TS-102A/AP range calibrators 


cuitry and in weight limitation resulted 
in TS-34/AP, weighing only 25 pounds. 
This combined the short-pulse features of 
the previous design with those of the con- 
ventional oscilloscope for viewing slower 
waves. A schematic diagram is shown in 
Figure 26. A redesign, coded as 7S- 
34A/AP, incorporated variable start- 
stop sweeps and improved mechanical 
design. These two oscilloscopes, T.S-34 
and 7'S-34A, were produced to a total of 
some 12,000 and were used universally 
by all branches of the service for both 
radar and radio testing. Toward the end 
of the war the trend toward shorter 
pulses, coupled with the need for precise 
measurement of wave amplitude and 
duration, led to a new design, T.S-239/UP, 
which embodied wide advances over 7'S- 
34A in performance and versatility but 
with an increase in weight. 

In association with different oscillo- 
scopes, other video devices have been em- 
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ployed. The amplitude of pulse applied 
to the magnetron is thousands of volts. 
To derive a voltage suitable for applica- 
tion to the oscilloscope, a voltage divider 
of the capacitor type is used (TS-89/A P). 
Suitable video terminations, dividers, 
and loads, sometimes of high voltage and 
power capacity, are required to obtain 
proper test conditions and provide con- 
venient test points (7.S-98/A P, TS-390/- 
TPM-4, TS-90/AP, TS-234/UP). Orig- 
inally a high impedance connection to 
the oscilloscope was effected by a single- 
stage amplifier unit (BC1167A), but a 
simple divider-type of probe was later 
found more satisfactory for this purpose. 


Range Calibration 


Types of timing circuits used for radar 
range determination include multivi- 
brators, coil and capacitor oscillators 
(generally without but sometimes with 
temperature control), and occasionally 
quartz crystal oscillators. The first two 
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depend for their accuracy on capacitors, 
resistances, coils and other elements 
which are subject to error due to aging, 
temperature, humidity, mechanical dam- 
age, and the like. Nor is the quartz 
crystal oscillator wholly immune to 
error. Consequently, portable range 
calibrators are required for field mainte- 
nance. 

TS-102A/AP (Figure 27) and its pred- 
ecessors, T.S-102 and TS-19, are preci- 
sion calibrators which have been exten- 
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sively used for checking a large number 
of different air-borne bombing and gun- 
laying radar equipments, and ship-borne 
fire control and search radar equipments. 
These sets deliver accurately spaced 
marker pulses, derived from a quartz 
crystal oscillator, for checking the radar 
range pulses. A trigger pulse derived 
from a multivibrator synchronized with 
the quartz oscillator is also provided for 
actuating the radar timing circuits. 
With certain radars the calibration pro- 
cedure requires an oscilloscope as well. 
Extreme stability of marker pulses, better 
than +0.02 microsecond, is obtained. A 
stop watch is included in these sets for 
checking rate of change in range. 

Less precision is required in range 
calibration of search radar sets. For this 
purpose the T.S-5/AP calibrator provides 
marker pulses of one-quarter, one, five, 
or ten nautical or statute miles, derived 
from a coil and capacitor oscillator with 
closely controlled temperature coeffi- 
cients. This calibrator is designed to be 
triggered by the radar or some other ex- 
ternal source. 


Computer Test Sets 


A number of radar sets are equipped 
with computers which receive the data 
on location of target and its direction and 
rate of change, together with essential 
related information on such factors as 
wind velocity, ground speed, altitude, 
and so forth, and deliver the solution of 
the ballistic problem in the form of a 
voltage which releases bombs, points the 
guns, or serves other purposes. Means 
for checking the accuracy of these com- 
puting devices are generally required. 
The type of test set needed depends upon 
the computer design, which has taken 
different forms according to the nature of 
the problem and the state of the art. 

Two types of computer test sets are 


Figure 28. Two test sets for checking the 
computers used in bombsight and fire control 
radar sets 
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shown in Figure 28. TS-158/AP, de- 
signed foruse with certain air-borne bomb- 
ing radars, furnishes to the computer a 
signal representing a target approaching 
at known speed and checks the accuracy 
of bomb release. 7.S-434/UP, designed 
for several air-borne and ground radars 
is an accurate instrument for determining 
the voltage ratios at various points in a 
computer and thus checking its perform- 
ance. 


Conclusion 


More than 200 different designs of test 
sets were developed during the war by 
Bell Laboratories to meet the exacting 
requirements of radar field maintenance. 
These differed radically from previous 
art. Outstanding features were port- 
ability, precision, and generality of appli- 
cation. The large number of designs are 
caused partly by the varied functions of 
radar and the varied conditions of use. 
Largely, however, it results from the fact 
that the frequency band that can be 
handled in any one set is limited, whereas 
many frequency ranges and subranges 
had to be covered in all. 

Altogether, more than 75,000 radar 
test sets were manufactured by Western 
Electric Company, and these were used in 
all theaters of war by the United Nations 
forces. The production rate at the end of 
the war exceeded 5,000 test sets a month. 
In numerous cases, moreover, small pre- 
production quantities of test equipment 
were built on a ‘‘crash” basis for special 
missions and for training purposes. The 
test equipment produced for the field had 
to be more precise than the radar sets, 
and the equipment used in the factory and 
the laboratory to test the field test equip- 
ment had to be still more precise. 

Trends of development at war’s end 
were toward 


1. Further broadbanding, simplification, 
and precising. 


2. Coverage of new frequency ranges. 
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Motor-Driven Exciters for 
Turbine Alternators 
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HIS PAPER presents a study of the 

performance of a motor-driven excita- 
tion set designed for large turbine alter- 
nators connected to modern power sys- 
tems. This excitation set has been so 
designed that its performance, both 
steady state and transient, is essentially 
comparable with the usual direct-con- 
nected (shaft-driven) exciter even when 
the driving motor is receiving its volt- 
age from the alternator to which the 
generator is supplying excitation. 

A significant trend to the unit type of 
generating station,» with each generator 
connected by its high-voltage transformer 
to the transmission system, has been 
evolving during the last 20 years. This 
trend has been the result of the ability to 
operate largeinter-connected systems with 
a high degree of reliability. Important 
factors in this evolution have been the 
development of high-speed high-inter- 
rupting-capacity circuit breakers, the 
application of quick relaying, and the 
experience to analyze and design systems 
for both normal and abnormal operating 
conditions. In this type of system, each 
generating element is a small part of the 
total capacity, and complete reliance on 
its operation is not so essential as is the 
reliable performance of the major trans- 
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mission system. Transmission line links 
are required to carry blocks of power of 
greater magnitude than the output of in- 
dividual generating units. The system is 
accordingly able to withstand the loss of 
any single unit of generation more easily 
than the loss of important line capacity. 
An element of generation may be quickly 
disconnected as a unit because of out-of- 
step operation or any other trouble. In 
this way the disturbance is localized and 
more easily cleared. Serious system dis- 
turbances, resulting in load interruptions, 


usually involve more than one generating 


element or station and are the result of 
failure to localize the initial trouble. 

For the type of station and system 
where the loss of an individual generating 
unit is important to the system reliability, 
the essential auxiliaries may be driven 
from a separate supply such as a house 
alternator. Such an arrangement does 
not place severe requirements on the 
motor-driven exciter, if used, and there- 
fore is not considered in this paper. The 
necessity for this type of station design 
will decrease in the future for even the 
larger capacity generating units. 

With this trend in station and system 
design, it is natural that the essential 
auxiliaries of a generating element should 
more and more obtain their power from 
an auxiliary bus connected by a trans- 
former to the alternator terminals. This 
practice has found considerable favor, 
with the possible exception of the exciter 
of the main generating unit. The exciter 
is one of the most important essential 
auxiliaries, and since its output is usually 
increased several times at the time of a 
system disturbance or low system voltage, 
it is understandable that direct-connected 
exciters should continue to be used in- 
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FLOOR LINE 


Outline of typical 30,000-kw 
3,600-rpm turbine alternator showing compar- 
ative over-all dimensions for three types of 
excitation systems 


Figure 1. 


Excitation system: 


G H 
Direct drive, 
3,600 rpm 50 ft 41/,in 9ft4in 
Gear drive, 
1,776 rpm 52 Ft117/ein 11 ft 115/¢ in 
Motor drive 44 ft2!/,in 3 ftQin* 


Dimensions of motor-driven exciter set: 
Length—10 ft 11 in 
Width—3 ft 10/4 in 
Height—4 ft 3/, in 

* Length to end of alternator shaft. 


stead of the more flexible separately 
driven exciters. However, with these 
modern systems it is now possible, as 
will be shown in this paper, to design a 
motor-driven exciter set which will have 
a reliability comparable with that of the 
other essential auxiliary drives. 

Motor-driven exciters for turbine-al- 
ternators have the following, rather self- 
evident, advantages over the conventional 
high-speed exciters which are direct- 
driven from the shaft of the main alter- 
nator: 


1. A motor-driven excitation set can be of 
unit construction, and it can be installed in 
locations less expensive than those required 
by a direct-driven exciter. 


2. The motor-driven exciter can be de- 
signed without gearing for a lower and more 
satisfactory speed for a d-c generator of 
its rating. 


3. The design and construction of the main 
alternator unit is simplified.?.4 


In Figure 1 is shown an outline drawing 
of a typical 30,000-kw turbine-alternator 
set, and on this are given the over-all 
lengths when each of the three major 
types of excitation systems is used: di- 
rect-drive, gear-drive, and motor-drive. 
Note that the over-all length of the tur- 
bine-alternator set using the motor- 
driven exciter is almost nine feet less than 
the over-all length of the turbine-alter- 
nator set using the gear-driven exciter. 
The principal dimensions of a special 
motor-driven 1,200-rpm exciter of co- 
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ordinated design for a typical 30,000-kw 
turbine-alternator are shown in Figure 2. 

Reasons for the former poor reputation 
of motor-driven exciters, and the modern 
developments which have tended to 
minimize the importance of these reasons, 
may be summarized as follows: 


1. Before the use of modern switches and 
relays, the motor-driven exciter connected 
to the main system was not capable of main- 
taining the alternator excitation at the high 
values demanded during loss of synchronism 
and resulting periods of prolonged low volt- 
age. This requirement, however, largely has 
been eliminated by better system design 
and modern apparatus. 


2. During a period of low system frequency 
and consequently low motor speed, motor- 
driven exciters, when operated under manual 
control of excitation, are likely to reduce the 
excitation to a point where generator in- 
stability can result. This tendency was in- 
creased at such periods by the speed gover- 
nor’s trying to increase the kilowatt load of 
thealternator. With the use of modern volt- 
age regulators, however, the desirability or 
necessity for operating under manual con- 
trol has been eliminated. Also, the’ fre- 
quency change during a system emergency 
is now generally less as a result of the 
increased inter-connected system capacity. 


Because of the developments outlined 
in the foregoing, it becomes desirable to 
re-evaluate the field of application for the 
motor-driven exciter. To fulfill the re- 
quirements of a reliable excitation source, 
a motor-driven exciter must be designed 
to meet the following performance speci- 
fications. These specifications should be 
met even with the driving motor receiving 
its voltage from the alternator to which 
the generator is supplying excitation so 
as to conform with the trend toward the 
simplified unit type of generator station 
design: 

1. Maintain and develop excitation equal 
to that of a direct-connected exciter for 


Figure 2. Outline of motor-driven excitation 
set of co-ordinated design for 30,600-kw tur- 
bine alternator 
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alternator terminal voltages down to 70 
per cent of normal for sustained periods. 


2. Provide excitation equal to that of a 
direct-connected exciter through the most 
severe fault that the alternator itself can 
withstand without losing synchronism when 
operating at full rated steam flow. 


The above requirements, as will be 
demonstrated, can be obtained by the 
following three design features: 


1. Co-ordinated design of turbine alterna- 
tor, exciter, and voltage regulator. 


2. Induction motor designed with sufficient 
torque margin to meet the condition of ceil- 
ing excitation voltage with 70 per cent al- 
ternator terminal voltage (requirement 1 
preceding). 


8. Sufficient additional flywheel effect for 
the exciter set so that reasonably rapid 
excitation can be applied for fault duration 
and severity which are not quite sufficient 
to cause loss of synchronism of the turbine 
alternator at full output (requirement 2 
preceding). 


Determination of Characteristics 


The following is a discussion of the 
basis for the selection and design of a 
motor-driven exciter to meet the two pre- 
viously defined performance require- 
ments, that is, prolonged low system volt- 
age and severe system faults. A motor- 
driven exciter set for a 30,000-kw turbine 
alternator built to these general system 
requirements was furnished the Dayton 
Power and Light Company. See Figures 
3 and 4. 


Low SysTeEM VOLTAGE REQUIREMENT 


System disturbances may occur in 
which the system voltage may become 
comparatively low for relatively pro- 
longed periods of time. A lower system 
design limit for this condition may be 
taken as 70 per cent voltage existing for a 
period of about three minutes. 

For a system voltage of this magnitude 
and duration, difficulty will begin to be 
experienced with the other essential 
auxiliaries of the station; the system 
loads may begin to show a cumulative 
increase in reactive current requirement 
because of stalling of induction motors; 
and the heavily loaded system ties will 
tend to open because of loss of synchro- 
nism, This value of voltage and duration, 
therefore, seems reasonable as a design 
value for a motor-driven exciter. Up to 
these limits the turbine alternator should 
be capable of making a full contribution 
to the restoration of normal system con- 
ditions in order to prevent and reduce 
the possibility of such a cumulative 
breakdown of system interconnection 
and interruption of system loads. Dif- 
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ferent limits may, in some cases, be 
deemed necessary to meet a particular 
system condition. Operating experience 
and oscillographic records may indicate 
that more or less severe limits may be 
needed as the design values for the set. 
The important point is that the charac- 
teristics of the motor-driven exciter need 
not be haphazardly selected but can be 
designed to meet the requirements of the 
system. 


In determining the pullout or maximum 
torque for which the motor should be de- 
signed, the low-voltage condition is the 
determining factor rather than any of the 
requirements for transient stability of the 
alternator. With the motor size deter- 
mined by the low-voltage condition, a 
study of the duration and magnitude of 
this voltage, together with the probable 
alternator and exciter temperatures at 
which this condition occurs, must be 
made in order to obtain an excitation 
system with the best compromise among 
size, cost, losses, and pullout power. 
For instance, an induction motor which 
must furnish ceiling excitation with 60 
per cent voltage at its terminals and 
with the alternator in the cold (25 
degrees centigrade) condition will be 
about three times as large as one for 
which it is felt adequate to design for 80 
per cent voltage in the hot (125 degrees 
centigrade) condition, and is about lee 
times as large as a motor designed for 70 
per cent voltage with the alternator and 
exciter temperatures midway between the 
hot and cold conditions. 


The motor-driven excitation set for 
the Dayton Power and Light Company 
was designed for 60 per cent voltage at 
the motor terminals with the alternator 
and exciter at 75 degrees centigrade; the 
thermal capacity of the motor is sufficient 


Figure 3. 30,000-kw 3,600-rpm turbine al- 

ternator of Dayton Power and Light Company, 

designed for use with motor-driven exciter of 
Figure 4 
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to carry this load for isolated intervals of 
three minutes duration each. 


FAULT REQUIREMENT 


The second requirement of being able to 
supply an excitation equal to that of a 
standard direct-connected exciter through 
the most severe fault with a duration 
corresponding to that which is critical 
for the turbine generator at full output, 
requires a consideration of the transient 
performance of the main unit and of the 
motor-driven exciter. 

In Figure 5 is given the hypothetical 
system on which transient stability calcu- 
lations were made to determine the oper- 
ating performance of an alternator with a 
motor-driven excitation set. The alter- 
nator is connected to an infinite system 
through a step-up transformer of 10 per 
cent reactance and a tie-line of 25 per 
cent reactance. A 3-phase fault through 
zero impedance is assumed to occur on a 
stub feeder located immediately on the 
high side of the alternator transformer. 
Based on constant flux linkages, the 
critical switching time for this system is 
0.27 second; for the calculations of Ap- 
pendix I, which include the effect of flux 
decay, a switching time of 0.25 second is 
assumed. The induction motor driving 
the excitation set is supplied through a 
transformer whose high side is connected 
directly to the generator terminals. 

This time of 0.25 second or 15 cycles 
for a severe 3-phase fault will be recog- 
nized as typical for the critical time of a 
3-phase fault for turbine generators. 
Most modern systems have fault clearing 
times at least as low as this at and near 
their important generating stations, par- 
ticularly when it is important for the 
maintenance of stability of the generating 
capacity. 

Based on these considerations, the 
motor-driven exciter designed for the 
Dayton Power and Light Company was 
built having the following characteristics: 


1. Exciter: 4.0* per unit ceiling exciter 
voltage at motor synchronous speed; 2.0 
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per unit (American Standards Association 
definition) response at motor synchronous 
speed. 

2. Motor: Maximum shaft power with 
normal voltage equal to 34 per unit.** 
Slip at maximum power equal to nine per 
cent. 

3. Inertia: Motor, exciter, and flywheel; 
H=32*** (H&5.0 based on exciter name- 
plate kilowatt rating). 


A comparison of the performance of 
this exciter with one of less inertia and 
pullout power and also with a direct- 
driven exciter is summarized by Figure 6, 


Figure 4. Motor-driven exciter for 30,000-kw 
turbine alternator of Dayton Power and Light 
Company of Figure 3 


which shows the variation in alternator 
terminal voltage following the application 
and clearing of a 3-phase fault. A more 
complete explanation of the basis for 
these results, with a more detailed com- 
parison, is given in Appendix I. It will be 
noted that for the case of a 3-phase high- 
voltage fault lasting for 0.25 second, a 
motor-driven exciter of proper design 
can be as effective as a direct-driven ex- 
citer in returning the voltage to normal 
and preventing loss of alternator syn- 
chronism. On the other hand, a motor- 
driven exciter without adequate motor 
power or inertia may result in loss of 
synchronism and, in general, in poorer 
performance than the conventional direct- 
driven exciter. This shows the impor- 
tance of co-ordinatirig the motor and ex- 
citer design with the alternator and system 
characteristics. 


General Design Principles 


In order to insure that adequate inertia, 
pullout, and over-all reliability are built 


* Unit exciter voltage is the exciter voltage neces- 
sary to provide normal no-load alternator voltage 
en the air gap line with the alternator field at 75 
degrees centigrade. 


** Unit field power is the power supplied to the 
alternator field (75 degrees centigrade) with the 
alternator at no-load, normal voltage on the air gap 
line; unit field power is approximately one-sixth of 
the exciter nameplate rating. 


*** The inertia constant, H, is based upon unit 
power as defined directly above and the total inertia 
of the entire excitation set. 
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MOTOR-DRIVEN 
EXCITATION SYSTEM 


Figure 5A (above). Assumed typical system 


A—A\lternator 

B—Line transformer 

C—Line reactance 

D—Infinite bus 

E—Supply to motor-driven excitation system 
a—Stub feed on which fault occurs 


Alternator: xg=1.25; xg=1.19; x’g=0.13; 
T’gg=5.25 seconds; H=5.40 (turbine and 
generator) 

Line transformer: x=0.10 

Line: x=0.25 

Fault: 3-phase fault on stub-feeder at a; fault 
cleared in 0.25 seconds 


into the motor-driven excitation set, the 
following design principles must be taken 
into consideration: 


1. During severe faults, the induced alter- 

- nator field currents cause the maximum ex- 
citer power to reach values of the order of 
3.5 times the exciter nameplate rating. Sub- 
sequent to the clearing of the fault, the 
alternator swings coupled with the action 
of the voltage regulator will cause exciter 
loads of the order of three times the exciter 
nameplate rating. 


2. The loads discussed in the preceding 
paragraph must not in any way cause col- 
lapse of the exciter voltage, since the pri- 
mary duty of an exciter during system dis- 
turbances is to furnish sufficient excitation 
voltage to arrest and reverse, as quickly as 
possible, the flux decay in the alternator 
caused by the high induced field currents. 


3. The exciter must be capable of handling, 
without failure, the large field currents which 
are induced during alternator terminal 
faults. These currents may reach values of 
the order of 5 times the exciter nameplate 
rating. 


4, During any prolonged low-voltage 
period, the exciter will go to its ceiling excita- 
tion and remain there for the duration of the 
low voltage. During this period the alter- 
nator field current will be determined ap- 
proximately by the alternator field resist- 
ance and the exciter voltage, as the induced 
field currents will not have a major effect. 


5. During low-voltage periods of the type 
described in the preceding paragraph, the 
maximum exciter load will occur with the 
alternator and exciter in the cold (25 de- 
grees centigrade) condition. If the exciter 
ceiling voltage with a cold exciter is ten per 
cent greater than the ceiling with a hot ex- 
citer, the exciter load with both alternator 
and exciter in the cold condition is 170 per 
cent of the exciter load when the alternator 
(125 degrees centigrade) and exciter are in 
the hot condition. 


6. Transformers and other apparatus be- 
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0 Figure 5B (right). 
Vector diagram of 

INFINITE Bus assumed _— system. 
Cy * 0.840 Line and transformer 


are grouped together 

in the above diagram 

as X,; saturation and 

resistance are neg- 
lected 


tween the motor terminals and the alter- 
nator lines will cause the motor voltage to 
be lower than the alternator voltage during 
system disturbances. 


7. During high-voltage transmission sys- 
tem faults for a unit type of generating sta- 
tion, a practical lower limit of the motor 
voltage will be about 30 per cent. Sufficient 
inertia must be built into the excitation set 
to carry it through this fault period without 
its speed decreasing to values so low as to 
cause collapse of the exciter voltage. 


8. The main exciter and pilot exciter 
themselves must be designed so that the 
main exciter voltage will not collapse when 
the speed drops to the maximum slip for 
which the excitation set was designed. 


9. The motor pullout must be high enough 
to prevent exciter voltage collapse during 
any prolonged low-voltage condition. In 
particular, the motor must be capable of 
maintaining excitation during low-voltage 
periods even with the alternator and exciter 
in the cold condition. 


10. The exciter ceiling voltage must be 
high enough so that even with the maximum 
motor slip the ceiling voltage is equal to 
that of a conventional direct-driven exciter. 
An upper design limit, however, must be 
placed on the maximum ceiling voltage which 
occurs with the exciter in the cold condition, 
since too high a ceiling voltage at this point 
may produce pullout of the induction motor. 


11. In order to provide the maximum reli- 
ability of operation, it is necessary to have 
the alternator under automatic voltage regu- 
lator control; otherwise a system disturb- 
ance results in reduction of alternator field 
excitation. Greater reliance can be placed 
on the voltage regulator when it is provided 
with a lower limit of excitation which is 
varied with valve position or steam flow. 
This was accomplished in the Dayton 
Power and Light Company’s installation by 
using a new type of direct-acting voltage 
regulator with a simple type of variable 
lower limit. See Figure 7 for a schematic 
diagram of the excitation system and Figure 
8 for a photograph of the regulator. 


Voltage Regulator 


The automatic voltage regulator used in 
the Dayton Power and Light Company’s 
installation is a sturdy mechanical device 
consisting essentially of a torque motor 
and a simple spring-mounted contact sys- 
tem connected to taps on the regulat- 
ing resistor. The design of the device is 
as simple mechanically as is consistent 
with the desired accuracy of regulation. 
The arrangement of parts is apparent 
from Figure 8. 
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The torque-motor, excited from the 
alternator terminal voltage through suit- 
able transformers, resistors, and rectifiers, 
operates silver contacts by means of the 
lever, varying resistance in the exciter 
field circuit to maintain alternator ter- 
minal voltage at the desired value. An 
equalizing reactor in combination with a 
current transformer is provided to assure 
proper division of reactive kilovolt-am- 
peres where two or more similar equip- 
ments are used on machines in parallel. 
A lower limit on excitation which varies 
with steam flow is obtained by a rheo- 
stat attached to the control valve cam 
shaft. The rheostat, connected in paral- 
lel with the regulating resistance of the 
voltage regulator as shown in Figure 7, 
determines as a function of steam flow 
the maximum resistance which can be 
inserted in the main exciter field circuit. 
This lower limit is effective for either 
manual or automatic control of excitation. 

This direct-acting voltage regulator 
provides, in a simple mechanical device: 


Se 
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Figure 6. Alternator terminal voltage (see 
Appendix II) 


1—Constant alternator field flux linkages 
29—Conventional direct-driven exciter 
3—Adequate motor-driven exciter 
4—Inadequate motor-driven exciter 
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1. A smooth fast-acting accurate voltage 
control. 


2. A lower limit on excitation which is 
varied with load on the turbine. 


3. Proper division of reactive kilovolt- 
amperes between generators operating in 
parallel. 


Losses 


The losses of the competing excitation 
systems are not of major importance, 
since their magnitudes are each less than 
one tenth of one per cent of the total 
generation, with the motor-driven set 
being only 0.01 of one per cent of the 
total generation greater than the direct- 
driven exciter. : 


Conclusions 


The following conclusions are drawn 
from the results of the study: 


1. A motor-driven exciter of co-ordinated 
design which meets the reliability require- 
ments of modern systems is entirely com- 
petitive and offers several advantages over 
the direct-connected exciter for the majority 
of steam stations. 


2. This greater field of application results 
largely from the following developments: 
(a). Quicker system fault clearing times. 


(b). High voltage transmission line interconnec- 
tions. 


(c). Use of unit type of station arrangement. 


(d). Development of new and improved automatic 
voltage regulators with variable lower limits con- 
trolled by steam flow. 


(e). Ability to predict and analyze system require- 
ments during emergency conditions. 


3. Systems using modern equipment and 
design practices can readily take advantage 
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Figure 7 (left). Schematic diagram of connections for motor-driven ex- 
citer set and voltage regulator 


Figure 8 (above). Direct acting voltage regulator for 30,000-kw tur- 


bine alternator of Dayton Power and Light Company 


of the possibility of using motor-driven ex- 
citers. 


4. Because of the inherent advantages of 
the motor-driven exciter, it is expected 
more and more to replace direct-connected 
exciters th the future, particularly for the 
larger 3,600-rpm units. 
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Appendix |. Analysis of System 
Stability 


The stability analysis of this paper is 
based on the representative system shown 
in Figure 5. Step-by-step calculations on 
this system were used to determine the com- 
parative transient stability of an alternator 
excited by a motor-driven exciter. 

Saturation effects and resistances (except 
the alternator field resistance) were not in- 
cluded in this analysis, but the alternator 
saliency effects were included. Step-by- 
step calculations were necessary in order to 
include the effects of alternator swings, field 
decrements, exciter response, and decelera- 
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tion of the motor-driven excitation set. 

The critical switching time for the system 
of Figure 5 is 0.27 second when based on con- 
stant flux linkages, and for this paper a 
switching time of 0.25 second was assumed. 
The assumed switching time is so close to the 
critical switching time that the flux decre- 
ment has a very pronounced effect. A 
diminution of alternator flux causes the 
synchronizing torque to decrease consider- 
ably and produces an appreciable lengthen- 
ing of the alternator swings, which in turn 
imposes a severe load on the exciter for a 
relatively prolonged period. 

Shorter switching times, or a stiffer tie 
with the infinite bus, or a partial fault in- 
stead of the assumed 3-phase fault, will all 
result in less severe duty on the excitation 
set. In addition, the resistance present in 
any actual system will decrease the alterna- 
tor swings during the fault period, and the 
saturation present in any actual machine will 
retard the alternator flux decrement; both 
of these effects will therefore lessen the duty 
on the excitation set. It is evident from 
these considerations that the results given 
in this paper will err on the conservative 
side. 


Constants 


Alternator: *q=1.25, xg=1.19, x’g=0.18, 
T’a@o=5.25 seconds, Ryg=0.513 ohm at 125 
degrees centigrade. The inertia constant 
(turbine+generator)=H=5.40. With 1.0 
voltage, 1.0 current, 1.0 kva, 0.80 power fac- 
tor at the alternator terminals, the initial 
angle between the alternator excitation axis 
and the infinite bus is 48.4 degrees. 


Tie line: Line x=0.25, transformer 
x=0.10, voltage of infinite bus=0.84. 


Exciter: Ceiling voltage =4.00 (400 volts) 
at 1,200 rpm, response=2.0 at 1,200 rpm. 
The main exciter is separately excited from 
the compound-wound pilot exciter; the 
main exciter voltage is assumed to vary as 
the cube of the exciter speed down to 85 per - 
cent of the synchronous (1,200 rpm) speed, 


ELECTRICAL ENGINEERING 


and is assumed then to collapse completely. 
(The exciter for the direct-driven set is as- 
sumed to have a 3.0 ceiling voltage and a 1.0 
response.) 


Induction motor: The power-slip curve of 
the induction motor has a maximum power 
of 34 per unit at nine per cent slip, with a 
transformer reactance of three per cent (on 
a 200-kva base) between the motor and the 
alternator terminals. Unit motor power is 
defined as the power supplied to the field of 
the alternator with the latter at open circuit, 
normal voltage, on the air gapline. The H 
constant for the entire excitation set (motor, 
exciter, and flywheel) is 32 based on unit 
power to the alternator field. 


Fault: The 3-phase fault on the stub 


feeder is located on the line side of the gener- 
ator transformer. The fault is cleared in 
0.25 second, 

Critical switching time: The critical 
switching time, based on constant flux link- 


age, for a 3-phase fault as given above is 
0.27 second. 


Method 


The vector diagram of Figure 5B can be 
obtained for the system of Figure 5A by 
using the infinite-bus voltage as a reference, 
and by grouping together the line, trans- 
former, and alternator reactances. 

Using the nonreciprocal unit system of 
Park,® the d-axis equations are as follows: 


va=Lya—Xala 
Va =Tya— (Xa—%' ata 
Eya=lTyat+T' aot Ysa 
From Figure 5B the following are self- 
evident: 
V'a=lew Cos d+ig(x’gt%Xe) =Vya 
0 =e sin 5—i9(x%_g+xe) 
P=tglw sin 6+1€@ cos 6 
Therefore 


Yaeo sind (x,—x'g) ew? sin 26 

j (Sige) 2 (xqgt%e) (x’at+Xe) 
The above expression for power is also the 
expression for torque, since alternator speed 
variations are assumed negligible. 

Alternator field current Tyg, and alterna- 
tor terminal voltage e,, are obtained as 
follows: 


sa=Vpat (Xa—%'a)ta 
or 
Tja=Co cos 6+ (xg+X%e)t¢ 
Ga=Lfa— 1 25%g 
€1g=1.19%4 


(1.25=xg of alternator; 1.19=%, of alter- 
nator; 0.85=x, of external system: trans- 
former plus tie line.) 


C= V e:a? + e1q? 


The decrement of ~qa'(=yya) is obtained 
from the machine equations: 


Eya=Tja+T' aob¥ysa 


Eya—Tya 


At= Ay ip 
T'to 


Avya= 


The above is the decrement in the alternator 
field linkages during the interval At. The 
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Figure 9. Torque 
angle curves 


1—Constant _ alter- 
nator field flux link- 
ages 
2—Conventional di- 
rect-driven exciter 
3—Adequate mo- 
tor-driven exciter 
4—Inadequate mo- 
tor-driven exciter 


PER UNIT TORQUE 


FAULTED 
PERIOD 


40 
DISPLACEMENT 


field flux at any time é, can be obtained by 
subtracting from the initial value of yyqa 
the sum of all the decrements Ayyq prior to 
the time fy. 


Results 


Based upon the analysis given above, the 
step-by-step calculations in Appendixes III 
and IV were organized. The transient per- 
formance of both the alternator and motor- 
driven excitation set can be obtained from 
these tables. The curves given in Figure 6 
and Figures 9 to 14, inclusive, show the re- 
sults obtained for a specific motor-driven 
excitation set designed for a typical 30,000- 
kw alternator, as well as for the other cases 
defined in Appendix II. 

Case 1 is the ideal case usually assumed 
in swing curve calculations and assumes 
that the exciter response is sufficiently 
rapid to prevent any flux decrement. For 
the present study, this assumption is too 
ideal, and case 1 is of interest only in furnish- 
ing a basis for the study of the other cases. 

Cases 2 and 3 are direct comparisons of 


100 
ANGLE 


60 80 


the alternator performance with well-de- 
signed direct-driven and motor-driven ex- 
citers respectively. As mentioned above, 
the motor-driven exciter has been designed 
with a faster response than that of the direct- 
driven exciter. Figure 9 shows the alterna- 
tor torque-angle curves—the alternator 
torque with the motor-driven exciter is al- 
ways greater than the alternator torque 
with the direct-driven exciter. Figure 10, 
which shows the alternator displacement 
angle, shows that the alternator with the 
motor-driven exciter swings less than the 
alternator with the direct-driven exciter. 
Figure 11 shows that the flux linkages in the 
alternator excited from the motor-driven 
exciter are always greater than in the al- 
ternator excited from the conventional di- 
rect-driven exciter. Figure 12 shows the 
slip-time curves of the driving motor and 
shows how adequate inertia will prevent the 
motor slip from exceeding the slip (15 per 
cent) at which the exciter voltage will col- 
lapse. Figure 6 gives alternator terminal 


voltage versus time and shows that the 


Z 
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Figure 10. Allter- 


nator displacement 
angle 


1—Constant — alter- 


nator field flux link- 
ages 
9—Conventional di- 
rect-driven exciter 
3—Adequate  mo- in OS 
TIME IN 
tor-driven exciter 
4—Inadequate mo- 
tor-driven exciter 


SECONDS 
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Figure 11. Allter- motor-driven exciter maintains higher alter- 
nator field flux link- ator voltage than the direct-driven exciter 
for the conditions of this comparison. . On 
Figure 13 are shown the exciter voltage 
4—Constantalterna- curves, and the motor-driven exciter voltage 
tor field flux linkages is higher than the direct-driven exciter volt- 
age for almost the entire period. On Figure 


ages 


ow” 

ro} 

a8 

x FAULTED 

oF PERIOD 
o7 

Ls 

2 

> 


fF i 3 eee ony 14 are shown the alternator torque curves; 
as 3 Adeauate eines the motor-driven exciter maintains a higher 
« : : alternator torque than the direct-driven ex- 
& Ri tor-driven exciter citer except around one second when the 
% 4—Inadequate mo- torque of case 3 becomes lower than that of 
F tor-driven exciter case 2 because the alternator is swinging 

OEM GIGEs 62 mo Sia DAL Osan 06) P0798 Oon unos fio iy eS back past the initial angle, and the swing 


with the motor-driven exciter is less than the 
swing with the direct-driven exciter, thereby 
indicating a greater stability margin with 
the motor-driven exciter. 

Case 4 is of particular practical interest 
as it shows the alternator instability which 
may develop if the motor-driven excitation 
set is not designed with sufficient inertia 
and pullout. Figure 10 shows how the alter- 
nator displacement angle increases without 

Figure 12. Slip limit. Figure 12 shows how the driving 
motor begins to stall, and Figure 6 shows 


TIME IN SECONDS 


0.14 


ie BpAg: how the alternator voltage decreases toward 
of 1—Constantalterna-  2€F0. : : 
E pea, faeces tor field flux linkages These results show that with the quick 
Soos S Conventionatar switching times of modern systems, it 1s 
« eee edi it possible to build motor-driven exciters 
006 aA ae iS whose performance is comparable with that 
ef} -FAULTED 3—Adequate mo- . ‘ 5 
2 PERIOD ; of the direct-driven exciter. 
4 A tor-driven exciter 
20.04 
2 4A—Inadequate mo- 
ert tor-driven exciter Appendix I]. Comparative 
: Leal es Cea a _ Characteristics of Excitation 
J) inn Ohne GL CGO eh lies Systems 


TIME IN SECONDS 


The comparative transient performance of 
a turbine-generator excited by various ex- 
citation systems is given by the following 
figures. (Details pertaining to the calcula- 
tion of the curves of these figures are given 
in Appendix I.) 


Figure 13. Allter- 


w 
° FAULTED Figure 6—Terminal voltage versus time. 
= Ber OD nator field voltage Figure 9—Torque-angle curves. 
2 Figure 10—Displacement angle versus time. 
* 41—Constant alterna- Figure 11—Field flux linkages versus time. 
+4 tor field flux linkages Figure 12—Motor slip versus time. 
a x : Figure 13—Field voltages versus time. 
5 2—Conventional di- Figure 14—Torque versus time. 
© rect-driven exciter e 
: 3—Adequate mo- The numbers on the curves of the above 
0 a figures refer to the various excitation systems 
i tor-driven exciter 
= and are defined as follows: 
x 4—Inadequate mo- 
-dri i 1. Constant alternator field flux link: : 
° O.1 02 O03 04 05 O06 O07 08 09 1.0 ml 1.2 tor-driven exciter - , Rae 
TIME IN SECONDS 2. Conventional direct-driven exciter (direct- 
driven from shaft of turbine-generator); 3.0 ceiling; 
1.0 response. 
8. Mbotor-driven exciter with adequate inertia and 
motor power. Exciter: 4.0 ceiling at motor syn- 
chronous speed; 2.0 response at motor synchro- 
4 nous speed. Motor: maximum shaft power 


(1.0e) =34 per unit;* slip at maximum power =9 
per cent; inertia: motor, exciter, and flywheel; 
H =32.** : 


4, Motor-driven exciter with inadequate inertia 
Figure 14. Alter- 22d motor power. Exciter: 3.0 ceiling at motor 
synchronous speed; 1.0 response at motor synchro- 
: nator torque nous speed. Motor: maximum shaft power (1.0e) = 
FAULTED —— N\ 12 per unit;* slip at maximum power = 10 per cent. 
PERIOD 1—Constant alterna- Inertia: motor and exciter (no flywheel); H =6.** 


tor field flux linkages 
2—Conventional di- Pree aes pone - oe oh) supplied to the 
: i alternator field with the alternator at no-load, 

58 = - rect-driven exciter normal voltage on the air-gap line; unit field power 
. . 6 o7 os 3—Adequate mo- is approximately one-sixth of the exciter nameplate 


TIME IN SECONDS 4 % i 
tor-driven exciter ‘ats 


4—Inadequate mo- ** The inertia constant H is based upon unit power 
dri : as defined directly above, and the total inertia of 
tor-ariven exciter the entire excitation set. 
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Appendix Ill. Alternator Calculation 


Time in seconds at center of interval 
Displacement angle from swing sheet 
d-axis field-winding flux 
€w Cos 6 
(x’a+Xe)ig=Vyq—ew cos 5 (3-4) 
tq 
(q+ e)t¢ =e sin 5 
1q 
tg sin § (6X7) 
Ugo cos 6 (8X4) 
tgéw Sin 6+i~€ cos b=T 
(xat%e)ta 
€w cos 6 
Tya= (Xa t%e)tgteo cos 6(12+13) 
Fya from g of Appendix IV 
T' aobya = Eya—Iya(15-14) 
Eya—Lya _ Adya 
Pay 
att At with At=0.05 second. 
(At=0.025 second for discontinuous 
points) 
¥ya Of preceding interval and Avy 
Time at end of interval 
Tra (14) 
Xata , 
td =TIya—Xata (21a-21b) 
iq =Xqig 


e=V erat erg 


tg sin 6 
Igloo COS 6 
Ie 
(xat%e)ia 
€w cos 6 


SSRWIsSsssIs®s F< ®sxwIxzzr2az 


= 


(d). 


(f). 


(1). 


(m). 
(n). 


(0). 
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Time in seconds at center of interval 
é,from 23 of Appendix III 

Slip at time ¢ 

kWm=input to induction motor = 
Pe, (P at slip s is obtained from 
power slip curve) 

Exciter response for zero slip 
Exciter voltage for zero slip 

Eya(s =0) of preceding interval plus 
AEsa(s =0) 

Actual exciter voltage = 

(1—s)® Eya(s =0) 

Ia from 14 of Appendix III 
Kilowatts delivered to alternator 
field = EyaXTya 

kWm —kwg(d—1) 

Akw of j X At with At=0.05 second 


( At =0.025 second for discontinuous 
points) 


kw seconds of preceding interval 
plus Akw seconds 


ef 


kwm 
AE za(s = 0) 


Evxa 
Iya 


kwg 
Akw 
Akw seconds 


kw seconds 


kw sec of 1 
a Seal 6 
HI of excitation system 


Slip at end of interval=1—s 


Time at end of interval 


5 
t 


Appendix IV. Induction Motor Calculation 
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Arcing Ground Tests on a Normally 
Ungrounded 13-Kv 3-Phase Bus 


J. E. ALLEN 


MEMBER AIEE 


HE BUSSES and connected equip- 
ment in electric power stations some- 
times are operated ungrounded. When a 
single insulation fault to ground occurs on 
a system of this type, the fault current is 
relatively small, the arc damage usually 
slight, and the faulted equipment in 
nearly all cases can be removed from serv- 
ice without relay action or service dis- 
turbance of any kind. However, in April 
1942, faults developed simultaneously at 
two points 300 feet apart on the un- 
grounded 60-cycle 13.2-kv bus in the 
Holtwood station of the Pennsylvania 
Water and Power Company. This 
trouble resulted in severe arcing and dam- 
age to the bus structure before the faults 
were isolated. 
It is unlikely that two insulators at a 
distance from each other would fail si- 


GENERATOR 
WINDINGS 


PHASE CAPACITANCES 
TO GROUND OF BUS AND 
CONNECTED EQUIPMENT 


multaneously without some electrical 
disturbance initiated by the failure of one 
causing the failure of the other. Nu- 
merous studies of ungrounded electric 
systems have been published which show 
that overvoltages as high as six to eight 
timies normal theoretically can occur 
when a ground fault produces an arc.1:2)3.7 
This paper describes an experimental de- 
termination of the magnitude of over- 
voltages produced by several types of 
arcing grounds on the Holtwood bus, and 
complementary tests and analyses to de- 
’ termine the nature of the phenomena re- 
sponsible for the insulation failures and 
the forced outage. The investigation dif- 
fered from those previously described in 
technical literature in that experimental 
work was done with actual high voltage 
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S. K. WALDORF 


MEMBER AIEE 


arcs to ground on a 13-kv station bus 
rather than on a high-voltage transmis- 
sion line or a low-voltage theoretically 
equivalent circuit. 

Because the work reported here was 
done only with arcing grounds on a 13-kv 
normally ungrounded station bus, con- 
clusions are limited to only this class of 
service and do not include high-voltage 
transmission line phenomena or effects 
of switching surges. 


Scope of Investigation 


The investigation involved the follow- 
ing steps: 


1. As an introduction to arcing ground 
phenomena on a 3-phase bus, a study was 
made of the electrical vector relationships 
involved. 


Figure 1. Simpli- 

fied equivalent cir- 

cuit of Holtwood 
NEUTRAL. 60-cycle bus 


POTENTIAL 
TRANSFORMER 


TO GROUND 
DETECTOR 
RELAY 


2. Astudy of the high-frequency character- 
istics of the bus and connected equipment 
was made to determine whether standing 
waves could have contributed to the genera- 
tion of very high voltages on the Holtwood 
bus. 


8. The characteristics of arcs under simu- 
lated arcing ground conditions were studied 
on a laboratory scale. Arc gaps were de- 
veloped which had, as nearly as practicable, 
the characteristics theoretically required for 
the production of high voltages by arcing 
grounds. 


4. Arcing grounds at high voltages were 
placed on the Holtwood bus under progres- 


Paper 46-44, recommended by the AIEEcommittees 
on protective devices and power transmission and 
distribution for presentation at the AIEE winter 
convention, New York, N. Y., January 21-25, 
1946. Manuscript submitted November 21, 1945; 
made available for printing December 20, 1945. 

J. E. ALLEN is chief of tests and S. K. WaLporr is 
senior test engineer, Pennsylvania Water and 
Power Company, Baltimore, Md. 
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sively more severe conditions, to determine 
if high overvoltages could be produced by 
any arcing ground condition likely to occur | 
in service. 

5, An analysis was made to determine 
whether the neutral voltage fault detecting 
method installed on the Holtwood bus can 
warn of impaired insulation to ground be- 
fore the insulation is completely broken 
down. The analysis is included as an ap- 
pendix to this paper. Curves were developed 
which can be used to determine easily the 
sensitivity of this type of detector to re- 
duced insulation resistance in any similar 
installation. 


The Vector Relationships on an 
Ungrounded 3-Phase Bus 


An ungrounded bus system has dis- 
tributed capacitances between each phase 
conductor and ground whose charges 
supply the current through a ground 
fault. When examining the vector rela- 
tionships of the voltages and currents in- 
volved, the phase-to-ground capacitances 
can be considered as three equal lumped 
constants connected as shown in Figure 1. 

In normal operation, the capacitances 
have the phase-to-neutral voltages Eoa, 
Eo’, and Eoc, shown in Figure 2A, im- 
pressed upon them. The simplest type 


Eca 


Eas 


Eas 


Eac 


Figure 2. Vector relationships on a 3-phase 
bus 


A—Voltage vectors 


B—Voltage and charging current vectors with 
A-phase grounded 
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of ground fault to examine is a solid con- 
nection through an ammeter connected as 
indicated in Figure 3. With the solid 
ground, the phase A capacitance is short- 
circuited, the voltage on phase B capaci- 
tance becomes E,? and that on phase C 
capacitance becomes Ey , shown in 
Figure 2B. The power voltage to ground 
on the unfaulted phase capacitances 


Table |. Frequencies at Which Resonance 
Phenomena Appear on Representative 60- 
Cycle Units in Holtwood Station 


Resonant 
Frequencies, 
Unit Rating Kc 
No. 15 trans- 
former. oe 3 phase, 13.2 to 73 
kv with taps, 
Sd;COOUK VG. se ereute 16, 18, 46, 55, 
60 
No. 12 trans- 
formmeticne ss < 3 phase, 13.2 to 73 
kv with taps, 
20/000 kva. fos... 15,5; 21.5, 26 
No. 10 water- 
wheel gen- 
erator Yun... 3 phase, 13.2 kv, 
94.7 rpm, 15,000 
EVA. Thi Aateim ares 1.6,10 
No. 15 steam 
turbine 
generator....3 phase, 13.2 kv, 
1,800 rpm, 12,500 
EVA janie mote woke 3.8, 33, 62 
No. 62 fre- 
quency 
changer..... 3 phase, 60-cycle, 
13.2 kv, 300 rpm, 
GAlZOKVa nares 4.2,21.2, 50 


thus becomes phase-to-phase voltage or 
1.73 times the normal phase-to-neutral 
voltage. 

When one conductor is grounded, the 
neutrals of Y-connected equipment on 
the bus are no longer at ground poten- 
tial. In the case considered, the voltage 
between the equipment neutrals and 
ground becomes Ho,4. By the connection 
of generator neutral potential transform- 
ers as shown in Figure 1, the appearance 
of a neutral voltage to ground is used at 
Holtwood to detect the presence of a 
ground fault. In the majority of cases, 
the operation of the ground detector re- 
lay is the only indication to the station 


Ic 


TO GROUND 
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Figure 4. Connec- 

tions for high-fre- 

quency _—measure- 
ments on bus 


Distance between 

test points X and Y 

is about 300 circuit 
feet 


> VARIABLE HIGH 
FREQUENCY 
OSCILLATOR 


CATHODE RAY 
OSCILLOSCOPE 


TWO SINGLE 

CONDUCTOR CABLES 
IN PARALLEL PER 
PHASE 


operator that something is wrong, be- 
cause the equipment continues to func- 
tion otherwise in a normal manner. The 
characteristics of this type of fault de- 
tector are analyzed in Appendix II. 

If insulation should fail on phase A, it 


probably will occur when Eo, is at or 


near its peak value. Phase A capacitance 
will be short-circuited, its charge sending 
a surge through the fault. The voltages 
on the two unfaulted phase capacitances 
suddenly change from the respective 
phase-to-neutral values to the higher 
phase-to-phase values. These capaci- 
tances are charged through the fault by 
the higher voltages. The magnitude of 
the surge through the fault depends upon 
the system operating voltageand the value 
of the phase capacitances. It is therefore 
important, when investigating arcing 
grounds, to know the system voltage, 
which can be measured directly, and the 
phase-to-ground capacitances or capaci- 
tive reactances. A method for measur- 
ing the latter is given in Appendix I. 


GENERATOR 
WINDINGS 


Figure 3. Circuit 

conditions when A- 

phase bus conductor 

is grounded through 
an ammeter 
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9OFT CABLE 


ONE CONDUCTOR 
OF BUS 


NO.10 GENERATOR 


Standing Wave Characteristics of 
Operating Equipment 


A station bus and its connected equip- 
ment do not have concentrated capaci- 
tances to ground as shown in the simpli- 
fied equivalent circuit of Figure 1. Each 
element of bus and equipment has its in- 
herent distributed capacitance and in- 
ductance with consequent characteristic 
frequencies at which resonance phenom- 
ena can occur. With the individual 
components of the system connected in 
parallel for operation, there are a number 
of such resonance frequencies at which 
oscillations might be initiated by an 
arcing ground. The phenomena are of 
interest because standing waves at the 
resonance frequencies can cause uneven 
distribution of voltage to ground along 
the bus system. A study of standing 
waves on such a system gives some insight 
into the way in which wave phenomena 
can cause overvoltages. 

Standing waves on the Holtwood bus 
were investigated by observing changes of 
impedance of each type of equipment, 
singly and in combination, as the fre- 
quency of a voltage applied between 
one phase conductor and ground was 
varied between 100 and 100,000 cycles 
per second. Except for the high-fre- 
quency voltage, the equipment was not 
energized. The work was done expedi- 
tiously by utilizing a chart-drawing 
transmission line fault locator.14 The 
fault locator charts were obtained quickly 
and on them the resonance frequencies 
were at once apparent. 
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The frequency characteristic of one 
unit of each type of 60-cycle equipment 
normally connected to the Holtwood bus 
was measured. The resonance frequen- 
cies and equipment ratings are indicated 
in Table I. The bus structure used in 
the tests apparently has no effect in the 
frequency range covered. 

More directly bearing on a study of 
overvoltage production is the behavior 
of a combination of station operating 
units when a voltage of varying frequency 
is applied. The combination -of equip- 
ment shown in Figure 4 was connected 
and energized only by the variable fre- 
quency oscillator connected in turn at 
test points X and Y. X and Y were 
chosen as test locations because it was at 
these points, separated by about 300 feet 
of lead covered cable, that the faults oc- 
curred causing the disturbance of April 
1942. . 

The two cathode ray oscilloscopes were 
used as voltmeters, one at the oscillator 
and the other at the other test point. 
The ratio of the instrument indications 
was a measure of the voltage rise due to 
standing waves. 

Figure 5 shows that voltage multiplica- 
tion up to 2°/, times was measured with 
the test arrangement. The resonance 
frequencies for the combination were 
those of the connected individual units. 
It should be noted that the maximum 
voltage multiplication within the meas- 
urement range occurs at the relatively 
high frequencies of 50,000 and 100,000 
cycles per second. These tests indicate 
that no voltage higher than three times 
normal is to be expected from standing 
waves at any natural frequency of the 
system, a point substantiated by the 
arcing tests described later. 


Characteristics of Arc Gaps 


The ways in which overvoltages can 
be developed on an ungrounded system 
have been described in great detail in the 
technical literature. A few of the many 
papers on the subject are listed in the 
references of this paper. Simply stated, 
overvoltages can be built up by an arcing 
ground if the arc is made to restrike each 
half cycle at progressively higher volt- 
ages. If this restriking can be made to 
occur at the natural period of the system, 
the resulting voltages theoretically will 
be higher than if the restriking phenome- 
non occurs at power frequency. 

Before the arcing tests on the Holt- 
wood bus were undertaken, it was neces- 
sary to study the characteristics of vari- 
ous types of arc gaps and to develop 
one having as nearly as possible the be- 
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Figure 5. Voltage 

multiplication in test 

circuit of preceding 
figure 


X and Y are test 
locations indicated 
in Figure 4 


INPUT AT X, 
OUTPUT AT Y 


Ie 
INPUT AT Y, 
OUTPUT AT X 


RATIO OF OUTPUT VOLTAGE TO INPUT VOLTAGE 


FREQUENCY OF APPLIED VOLTAGE — 
TENS OF KILOCYCLES PER SECOND 


havior which theory indicates should 
produce high overvoltages. While mak- 
ing the development, highly artificial 
methods were avoided such as are em- 
ployed in high speed circuit breaker 
practice to obtain progressively higher 
dielectric strength in the arc gap at each 
restrike, because such conditions are un- 
likely to occur in the field. 

Three-phase equipment was not avail- 
able for the developmental work to sup- 
ply the same are voltage and current as 
would be produced in the field. However, 
conditions were approximated quite well 
with the single phase circuit shown in 
Figure 6. The maximum voltage that 
could be used was limited to 9.6 kv by 
the rating of the capacitors, as compared 
to 13.2 kv on the tested bus. The break- 
down of the tested gaps during the de- 


EACH UNIT MADE UP WITH 4- 6.9 UNITS IN SERIES 
EACH EQUIVALENT TO 1.73 pf AT. 9.6 KV MAXIMUM 


Figure 6. Arrrange- 
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velopmental period could not exceed 
1/, of 9.6 kv=4.8 kv because of the ca- 
pacitor limitation. This compares with 
13.2/1.73=7.6 ky, the voltage initially 
across any fault that might develop on 
the actual bus. 

In the circuit of Figure 6, two other ele- 
ments for the protection of equipment 
were added besides the protective gap. 
The 17.5-ohm resistor in series with the 
arc gap was included to damp out high 
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frequency oscillations which overheated 
conductors in the early stages of the 
work. The choke coil was placed to keep 
stray high frequency currents from the 
transformer. The noninductive shunt 
of straight carbon rod provided the volt- 
age drop for making the wave form of the 
are current appear on the oscilloscope. 
Besides being used for the gap develop- 
ment, the circuit of Figure 6 was used to 
ensure that the instrument transformers 
used in the field tests correctly repro- 
duced wave forms within the frequency 
capabilities of the oscilloscopes and os- 
cillograph used. 

The first type of gap studied was a 
simple air gap of the form shown in Figure 
7. It was tested in the circuit of Figure 6 
where it exhibited a restriking character- 
istic. Each half cycle the voltage on the 
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gap rose and then dropped abruptly as 
the gap broke down. The wave form of 
the arc current also showed that the arc 
was out for an appreciable fraction of 
each half-cycle. 

The initial breakdown of the gap was 
always at a voltage higher than subse- 
quent breakdowns, a characteristic com- 
mon to all open, fixed-length arcs in still 
air, and which is unfavorable for over- 
voltage production. A strong blast of 
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air blown across the gap maintained the 
breakdown at its high initial value and 
also caused several restrikes each half 
cycle. Since this artificial condition is 
not normal in the field, the air blast was 
not used for any bus tests. 

The next type of gap tested is shown in 
Figure 8 and consists of a porcelain en- 
closed and filled gap designed to produce 
in a controlled way an arcing breakdown 
similar to that occurring when a porcelain 
insulator fails. The large electrodes, 1- 
inch diameter, were used to simulate the 
large metal cap and pin of an insulator 
which do not overheat quickly when an 
arc is formed. The length of this en- 
closed gap was set by trial to give the 
desired breakdown value with the gap 
space filled with porcelain granules. 
While this adjustment was being made, 
a high resistance was connected in series 
with the gap to limit the current to a 
small value. When the gap was placed in 
the test circuit of Figure 6, the arc was 
erratic, sometimes restriking a number of 
times each half-cycle. After a few cycles 
the porcelain granules fused and the gap 
practically short-circuited. The number 
of cycles that the arc persisted depended 
upon the power liberated in the arc, 
This gap, like the simple open gap, did 
not restrike at progressively higher volt- 
ages but acted more as a voltage limiter. 

A third type of gap which was thought 
to produce more severe test conditions 
was constructed by converting the simple 
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gap of Figure 7 into a self-lengthening 
gap, One of the cap screw electrodes was 
drilled axially to hold a small fusible elec- 
trode, a number 22 gauge wire. The posi- 
tion of the wire was adjusted with respect 
to the undrilled electrode, and held fast 
with a set screw, to give any desired in- 
itial breakdown. After an arc formed on 
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Figure 8. Porcelain 
enclosed and filled 
arc gap 
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the self-lengthening gap, the burning of 
the wire during each half-cycle of power 
current increased the length of the arc 
gap, permitting the restrike voltage to 
rise progressively. Figure 9 shows the 
appearance of the self-lengthening gap, 
before and after a test. As described 
later, this type of gap produced higher 
voltages than the fixed length gaps when 
used for arcing grounds on the Holtwood 
bus, but still the voltages were not nearly 
as high as published theory indicates. 

The final design of gap, which produced 
the most severe arcing conditions in the 
bus tests, was an enclosed self-lengthen- 
ing gap obtained by modifying the en- 
closed gap of Figure 8. The porcelain 
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Figure 7. Open are 
gap 


tube having 1-inch inside diameter was 
replaced with one having 3/16-inch bore. 
Iron electrodes were gasket-sealed into 
this tube. The air gap was made self- 
lengthening by providing one of the iron 
electrodes with a projecting small copper 
wire to be burned away by the arc. The 
small sealed space occupied by the arc 
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and the progressive arc lengthening were 
especially favorable to overvoltage pro- 
duction. 


Method of Making Arcing Ground 
Tests on the Station Bus 


The station equipment which was used 
for the high frequency measurements was 
also used for the high voltage arcing 
ground tests. Due to system operating 
conditions, number 9 generator was sub- 
stituted for number 10 generator in the 
latter tests; the two machines are essen- 
tially duplicates. Figure 10 gives the 
connections for the arcing ground tests. 
This test arrangement produced a charg- 
ing current of 2.5 amperes through a 
solid ground as compared to a current of 
about 9.1 amperes produced by the entire 
bus system used in normal operation. 
The capacitive reactance to ground of one 
phase conductor of the test arrangement 
was thus about 9.1/2.5x2,500=9,100 
ohms as compared to 2,500 ohms for op- 
erating conditions. 

The section of the bus indicated in 
Figure 10 was that on which occurred one 
of the faults of April 1942 and power 
transformer 71 was number 15 trans- 
former where the other fault occurred. 
The fuse and gaps shown in the are gap 
circuit of Figure 10 were included as 
safety precautions. Another safety meas- 
ure was the insulating transformer be- 
tween the oscillograph and the are gap 
circuit. It was especially developed for 
the work, tested and modified until it 
had insulation adequate to protect the 
oscillograph operator against mishaps 
and it reproduced complex wave forms 
faithfully on the oscillograph. 

The klydonograph, a photographic 
surge crest voltage recorder producing 
Lichtenberg figures, was connected to the 
bus through a 3-pole capacitive poten- 
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tiometer. The klydonograph-potenti- 
ometer combination was calibrated as a 
unit with 60-cycle voltage. 

The test potential transformers PT1 
and PT2 had a rating of 34.5 kv, 43/2 
times the normal bus voltage to ground, 
to ensure the proper recording of any 
power frequency overvoltages. The kly- 
donograph was relied upon to record any 
high frequency or surge overvoltages be- 
yond the range of the magnetic oscillo- 
graph, The potential transformers PT3 
and P74, measuring the generator neu- 
tral-to-ground voltage and the phase A-to- 
phase B voltage, respectively, were regu- 
larly used station equipment. 

Because more station equipment is 
normally connected to the bus than was 
the case during the tests, one of the tests 
was performed with a 3-phase Y-con- 
nected neutral-grounded bank of capaci- 
tors connected to the bus at test location 
Y. Each of the three legs of the bank had 
a nominal rating of 7.2 kv, 2.3 micro- 
farads. This capacitance, with the ca- 
pacitance to ground of 0.29 microfarad 
per phase of the station equipment, gave 
a phase-to-ground capacitance of around 
2.6 microfarads for the test. This value 
is more than twice as much as the 1.06 
microfarad of the equipment normally 
connected. 


Arcing Test Procedure 


Preliminary to each test, the arc gap 
for the test was adjusted and tested in a 
laboratory low-current circuit to have the 
desired initial breakdown value. 

After the equipment was connected for 
a test as shown in Figure 10, the discon- 
necting switch in the are gap circuit was 


A—Before test 


B—A\ter test 


Figure 9. High-speed self-lengthening arc 
gap 
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left open and the generator voltage was 
then set at the chosen test value. Fol- 
lowing this, the generator was left running 
at normal speed without field excitation. 
The disconnecting switch was then closed, 
connecting the arc gap circuit to the phase 
A conductor. The gap in each case was 
previously adjusted to 90 per cent of the 
preset generator phase-to-neutral voltage. 

When the recording instruments were 
ready, the field switch of the generator 
was closed. This operation, in addition 
to exciting the generator field, also lit a 
small lamp, signaling the oscillograph 
operator to start that instrument. The 
generator required about 2 or 3 seconds to 
attain its preset voltage. When the arc 
gap flashed over, the voltmeter shown in 
Figure 10 connected to the generator neu- 
tral potential transformer, deflected. 
When making tests with the fixed length 
gaps, this was a signal to the generator 
operator to open the generator field 
breaker to extinguish the arc. When us- 
ing the self-lengthening gaps, the operator 
delayed opening the field breaker for a 
few seconds after the neutral voltmeter 
first deflected to allow time for the arc to 
extinguish itself by lengthening the gap. 
This method of circuit control was used 
to ensure that any overvoltage produced 
during a test was due to the arcing 
ground alone and not due to any switch- 
ing surges, 


Results of Arcing Tests With Fixed 
Length Gaps 


Because of the widespread belief that 
an arcing ground quite easily will produce 
dangerously high overvoltages on an un- 
grounded bus system, the tests on the 
Holtwood bus were begun with reduced 
bus voltage and a simple open fixed- 
length gap. As shown in Table II, test 1, 
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Figure 10. Connections for arcing ground 
tests on Holtwood 60-cycle bus 


SG =1/32-inch spill gap 

R=0.3-ohm rod resistor 

IT =insulating transformer 

VG =safety vacuum gap 

PT1, PT2=34,500- to 115-volt instrument 
transformers 

PT3, PT4=13,200- to 110-volt instrument 
transformers 

F=15,000-volt 100-ampere fuse 

DS =disconnect switch 

T1, T2=power transformers 

G=water wheel generator 

V =generator neutral voltmeter 


very high voltages were not produced. 
The maximum did not exceed 2.3 times 
normal. The bus voltage was then raised 
in two steps to its rated value, but still 
the voltage to ground on the unfaulted 
phases was little more than can be pre- 
dicted from the 3-phase power voltage re- 
lationship (Table II, tests 2, 3, and 6). 
The oscillogram from test 1, Table II, 
when the test voltage was only 50 per cent 
of the normal operating value, showed 
that the arc restruck regularly each half- 
cycle at almost the initial breakdown 
value. The oscillograms from tests 3 and 
6, Table II, when the test voltage was the 
full operating value, showed that the 
arc always restruck at a voltage sub- 
stantially less than the initial breakdown 
value. The change in the restriking 
phenomenon with increase of test voltage 
was probably due to the greater are en- 


ergy in the latter tests making the gap 


more difficult to deionize. 

Tests 4 and 5 with the porcelain filled 
gap showed that an arcing ground pro- 
duced by the failure of a porcelain insu- 
lator is not likely to produce high tran- 
sient overvoltages. The oscillograms 
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Table Il. 


Voltages Produced by Arcing Grounds With Fixed Length Gaps 


Goneraton Maximum Phase-to-Ground Voltages 
Voltage (Per Cent Phase-to-Neutral Voltage) Total 
Setting From From Duration 
(Per Cent Oscillograph Klydonograph of Arcing, 
Test Normal) Gap Type B Phase B Phase C Phase Sec 
Meroe alc ayes, bre OOM sere aretute Openh) Some hemes ks DU se ca aye eee ee DG etree si Liidinpdeerats sire He ne) 
VAC A ea UO Rania e eet: Openyey a Meh s4<-, US6.. 2. oh ce oties VOOM ses au LTO iis visverscaers 2 
Beets ae atct: KUO ig ease ee Open aay Mes es detie 6 ok. PSSe. .taaetace ee WSO Werccarakats HWSO) Begee bes 1.43 
AOE eters (Ase Seite Porcelain filled. 20. vo. ic USTs axons leet eter WSO Rocce erect LADS an site ee 0.01— 
oe Sei Me dist LOO soe Porcelain filled... :..0<0 ZOOS Ritncense 233i conse hiss ¢ 168-25 tn et Os OL 
Gee ae LOO eras toe Open We bres cis. cavers LOD Save siereteetene QO Marcie crehsss MOO’ csmccctre 1,42 
OE eee ee ren, eee ES PR SE ee 3? i es ee 


*20 ohms on secondary of neutral potential transformer. 


Arc was extinguished in these tests by opening generator field circuit. 


Table Ill. Woltages Produced by Arcing Grounds With Self-Lengthening Gaps 
Maximum Phase-to-Ground 
Voltages (Per Cent Phase-to- 
Generator Neutral Voltage) 
Voltage From Total 
Setting Oscillo- From Duration 
(Per Cent Wire in Fusible graph Klydonograph of Arc, 
Test Normal) Gap Type Electrode B Phase B Phase C Phase Sec 
DE aeacroike GO us aw cheiete Open ....No. 22 Nichrome...... 22 Tic; arsteceretete Dake tee clee DOS telats 0.8+ 
OS peers ponerse GOP sorter Open miereNOsecCODPer | cles 232 dee ZO hesiees TAB: i awards 2.25 
Bs satis Wis oO ate Savetete Enclosed....No.22 copper ...... 282 ieee 20) ceaccsists io 189 1.05 
Ree Rte ok aias Shs Enclosed....No,30 copper ...... PY AY eset DAD Nee ers 212 0.08 
SRE et 40R ie Open teeeNOLe2zcopper  :), .).\. SOM on ee 280 seek PAN SaGaeaue 0.11 


*2.3-microfarad capacitor added between each phase conductor and ground. 


Arc extinguished itself in these tests, because of elongation of gap, before the generator field circuit was 


opened. 


showed that the voltage across the gap 
was very low after the initial strike. 

For each of the tests in this group, the 
fixed length of the gap acted as a limiter 
to prevent the recovery voltage across the 
gap from rising above the initial break- 
down value. Consequently, the voltages 
from the unfaulted phases to ground did 
not much exceed 1.73 times the normal 
phase-to-neutral voltage in any of these 
tests. 


Figure 11. Oscillogram from test with en- 
closed self-lengthening gap 


Test 4, Table Ill 
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NOLTS~ B-PHASE TO GROUND 


Results of Arcing Tests With Self- 
Lengthening Gaps 


After showing that high overvoltages 
do not accompany arcing grounds on 
gaps having fixed length, due to the lim- 
iting effect of the gap on the recovery 
voltage, further testing was done with 
self-lengthening gaps. The results of 
these latter tests are given in Table III. 

Nichrome wire, size 22, was used in the 
first test of this group to ensure that the 
arc would persist long enough for over 
voltage to build up, if there were any 
such tendency present. No very high 
overvoltage developed. The second test, 
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using faster fusing copper wire, gave 
about the same value of overvoltage as 
the first test, with a total arcing time of 
about 21!/, seconds. Both tests were 
made with open gaps. 

Tests 3 and 4, where the enclosed self- 
lengthening gap was used, showed higher 
overvoltages than the preceding tests, 
but not more than about 2.8 times normal 
phase-to-neutral voltage. The type of 
gap used for this test probably produced 
as severe an arcing condition as is likely 
to occur on the station bus under operat- 
ing conditions. Most likely, an arcing 
ground on the bus will be formed across a 
gap having fixed length, where the volt- 
age to ground will not rise much above 
two times normal due to the limiting ac- 
tion of the gap. 

Figure 11 is the oscillogram obtained 
during test 4 of Table III for which an 
enclosed self-lengthening gap was used. 
The oscillogram shows that the arcing 
ground persisted for only a fraction of 
each cycle of power frequency, but that 
each strike produced a highly damped 
train of oscillations having a frequency 
of about 1,140 cycles per second. Table 
I shows that the lowest natural frequency 
for any equipment on the unenergized bus 
is 1,600 cycles per second, which is for the 
waterwheel generator with no field ex- 
citation. It is probable that the lower 
natural frequency obtained under arcing 
conditions is due to generator field ex- 
citation, which changes the inductance 
of the generator windings. 

In test 4 the arc struck only 11 times 
because of the small size (number 30) of 
the fusible electrode used in the gap; 
the behavior is typical except that the 
are struck more frequently during the 
other tests of this group. 

The highest instantaneous value of 


Figure 12. Test with capacitors connected to 
bus 


Oscillogram from test 5, Table III 
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arc current recorded on the oscillogram of 
Figure 11 is 44 amperes, which occurred 
during the next to last arc strike. 

The frequency of oscillations in the 
are current and in the several recorded 
voltages was mostly between 1,080 and 
1,200 cycles per second, sometimes 
around 1,600 cycles per second. In test 5, 
Table III, a capacitance of 2.3 micro- 
farads was added between each phase 
conductor and ground. During this test 
the oscillations had four distinct fre- 
quencies, being about 460, 2,700, 4,200 
and 6,780 cycles per second. Figure 12 
is the oscillogram obtained during this 
vests 


Discussion 


Figure 11 shows the characteristic be- 
havior of the 60-cycle voltages to ground 
after the arc remained extinguished: the 
almost completely displaced wave, pro- 
ducing a recovery voltage two times nor- 
mal, and its slow return to normal. The 
phenomenon is caused by the relatively 
slow re-establishment of normal charge 
distribution on the three bus capacitances 
to ground shown in Figure 1. It is the 
retention of charge by these capacitances, 
added to the dynamic power voltages, 
that causes the recovery voltage wave to 
be two times normal by being completely 
displaced. Theoretically this can pro- 
duce overvoltages to ground on the un- 
faulted phases as high as 2.73 times nor- 
mal, because at the time of arc extinction, 
the unfaulted phase capacitances can re- 
main charged to 1.73 times the normal 
phase-to-neutral voltage, to which may 
add the generated system phase-to-neu- 
tral voltage. By comparison, in the tests 
with the fixed length gaps, the recovery 
voltage across the arc gap was always 
limited to the normal crest phase-to-neu- 
tral value or less and the voltages meas- 
ured on the unfaulted phases did not 
greatly exceed 1.73 times normal phase- 
to-neutral voltage. 
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Figure 13. Arc 
strikes on only one 
polarity of voltage 
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Superimposed on the power frequency 
effects just described are the natural fre- 
quency transients, of which those shown 
in Figure 11 are typical. In addition to 
raising the B phase to ground voltage, 
they also raised the phase-to-phase volt- 
age as shown in the bottom record of 
Figure 11. In this case the A-phase to B- 
phase voltage was raised a maximum of 
1.56 times its normal value. 

Figure 13 is a section of the oscillogram 
obtained during test 2 of Table III. It 
shows a very interesting phenomenon. 
The arc was quite unsteady, missing a 
few cycles occasionally as shown in 
Figure 13, then it restruck regularly on 
only one polarity of voltage. The single 
polarity arcing continued for 51 cycles, 
then missed a cycle and finally struck 
one more time. This phenomenon might 
have been caused by the rounded shape 
of one electrode of the arc gap and pointed 
form of the other. However, this ex- 
planation is not entirely satisfactory be- 
cause none of the other tests with the self- 
lengthening gaps exhibited this effect 
even though the electrode shapes were 
practically the same in all tests. Re- 
peated restriking of an arcing ground on 
only one polarity of voltage has not 
been previously reported in any of the 
technical literature consulted, although 
P. A. Jeanne? has reported a similar 
phenomenon of a few cycles of arcing at 
one polarity, changing to a few cycles of 
arcing at opposite polarity. 


In the arc current record of Figure 12 


there is evidence of arc extinction and re- 


striking at the lowest natural frequency . 


of the system, about 460 cycles per 
second. However, it is significant that 
the voltage across the are gap did not 
rise appreciably prior to each restrike, ap- 
parently due to the short time available 
for deionization, It is doubtful if an arc- 
ing ground, either open or confined, on 
an actual bus will be subjected to high 
speed deionization, because highly arti- 
ficial means, such as air or oil blast, must 
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be employed for high speed circuit inter- 
ruption. It thus appears that restriking 
of an arcing ground at progressively 
higher voltages and at resonant frequency 
is highly improbable on an actual bus 
system. 

Within the frequency limitations of the 
electromagnetic oscillograph, that is, for 
voltages having a frequency less than 
about 3,500 cycles per second, the oscillo- 
graph is a more accurate instrument 
than the klydonograph. The klydono- 
graph excels where the voltages are of 
high frequency or steep wave front. It 
will be noted in Tables II and III that 
the oscillograph usually indicated a 
higher overvoltage than did the klydono- 
graph. This is interpreted to mean that 
steep-front surge voltages and voltages 
with a frequency above 3,500 cycles per 
second play no appreciable part in the 
production of overvoltage under the test 
conditions. 

The klydonograph measurements in 
Tables II and III show that the maximum 
voltage to ground on the two unfaulted 
phases of the bus consistently are not 
equal when an arcing ground exists. 
The reason for this is indicated on the 
oscillogram of Figure 11, which can be 
taken as typical, where the arcing persists 
at most for only a third of a 60-cycle half 
wave. In this figure and also in the 
bottom trace of Figure 18, it will be seen 
that the voltage oscillations produced 
by the arc begin before or at the peak of 
A-phase to B-phase voltage. When A 


phase is grounded by an arc, the A-phase 


to B-phase voltage is the same as B-phase 
to ground voltage except for the are drop, 
which is comparatively small. Figure 2 
shows the phase relationships when A- 
phase bus conductor is grounded. With 
respect to the grounded conductor (A 
phase), voltage E4gz leads Ege by 60°. 
Figure 14 shows the appearance of two 
sinusoidal half waves of power voltage 
having this relationship. If the arcing 
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Figure 14. Period during which arcing tran- 
sients begin on the phase-to-ground voltages of 
the unfaulted phases 


Current and voltage relations when A-phase 
bus is grounded 
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transient occurs anywhere in the range 
indicated on Figure 14, it will be super- 
imposed simultaneously on an instan- 
taneous value of E4, higher than the cor- 
responding instantaneous value of Eyg. 
This usually makes the voltage to ground 
on B-phase conductor higher than that on 
C phase, although erratic arc strikes at 
other phase positions may alter this re- 
lationship. Such an unusual condition 
occurred in test 2 (Table III), where the 
highest transient voltages during the 
test occurred when the arc struck for 
voltages of only one polarity. 


Summary and Conclusions 


As stated previously, the following 
apply only to arcing grounds on nor- 
mally ungrounded station busses and not 
to switching phenomena or effects of 
surges on extensive systems. 


1. Arcing grounds on the tested station bus 
did not produce voltages to ground exceed- 
ing three times the normal crest phase-to- 
neutral voltage. Higher overvoltages did 
not materialize even though conditions in 
some of the tests were as severe as any 
likely to occur under operating conditions. 


2. It has been shown in previously pub- 
lished literature that extremely high volt- 
ages can be produced by arcing grounds 
when the arcs quench and restrike at pro- 
gressively higher voltages and at system 
natural frequency. It has been suggested 
that a ground fault in a pothead, cable, or 
other arc confining piece of equipment might 
provide especially favorable conditions.” 
As far as is known, build-up of voltage in 
excess of about three times the normal phase- 


Eca 


to-neutral value has yet to be measured on 
an actual bus system operating at 13 kv or 
less. The study of are gaps described in this 
report and operating experience published 
elsewhere, show that very rapid quenching of 
an arcing ground is not likely to be accom- 
plished by any combination of circumstances 
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which might occur on a station bus and as- 
sociated equipment. 


3. The maximum voltages to ground on the 
unfaulted phases of a three-phase bus are not 
equal under most arcing ground conditions. 


4. Arcing grounds occur sometimes on only 
one polarity of voltage. 


5. The tests revealed arcing transients 
which raise the phase-to-phase bus voltages 
as high as 1.74 times normal. The frequency 
of these transients was found to be as high 
as 6,780 cycles per second. Transients of 
this character may cause abnormal voltage 
stresses on the turn insulation of machines. 


6. The faults of April 1942 on the un- 
grounded Holtwood bus very probably were 
caused by failure of defective porcelain in- 
sulators in quick succession because very 
careful inspection of the bus after the dis- 
turbance disclosed a number of them with 
minute cracks in the porcelain. It is prob- 
able that the trouble was initiated by the 
failure of one porcelain insulator, causing bus 
voltages to ground on the other phases be- 
tween 1.73 and 3 times normal. This over- 
voltage then probably caused failure of one 
or more additional defective insulators. On 
an ungrounded bus system, it is particularly 
important that the insulation of the bus and 
of associated equipment be maintained at 
its initial strength and be tested periodically 
with the most sensitive means available for 
detecting defects. It is believed that many 
insulation breakdowns on ungrounded busses 
which have been attributed to voltage build- 
up, were probably caused by reduced insula- 
tion which might have been found by mod- 
ern testing means. 


7. Insulation should be provided on un- 
grounded busses and connected equipment 
capable of withstanding voltages to ground 
in excess of three times the normal phase-to- 
neutral value. Also, the turn insulation on 


Figure 15. Vector 
relation between 
voltage across fault 
E, and generator 
neutral voltage to 
ground E,, for three 
ratios of R,/X, 


Eas 


machine windings must withstand high 
frequency voltages which accompany arcing 
grounds. How severe these latter voltages 
are, has not been determined. With these 
conditions met, advantage can be taken of 
the operating features which an ungrounded 
bus provides, and it is believed that no great 


Allen, Waldorf—Arcing Ground Tests 


concern need be felt that unlimited high 
voltages will be produced by an occasional 
ground fault. 


8. A device for warning of impaired insula- 
tion on an ungrounded bus system and 
operated by the appearance of neutral-to- 
ground voltage is often inoperative until the 
insulation is broken down completely. In 
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Figure 16. Variation of voltage across fault 
E, for various ratios of R,/X, 


spite of this limitation, the device has proved 
useful in operation. A method is included 
in the paper for easily determining the sen- 
sitivity of a neutral voltage ground detector 
in any given installation. 


Appendix |. Determination of 


‘Phase-to-Ground Capacitance of 


an Ungrounded 3-Phase Bus 


The equivalent circuit of an ungrounded 
bus and connected apparatus is shown in 
Figure 1. Each item of equipment con- 
nected to the bus system, whether trans- 
former, cable, bus, or rotating machine, con- 
tributes its share to the admittance of each 
phase conductor to ground. When insula- 
tiou is unimpaired, the corresponding im- 
pedances are almost pure capacitive react- 
ances which can be taken as lumped con- 
stants for purposes of analysis. 

The capacitive reactances to ground of 
the bus system can be measured in the field 
by solidly grounding one phase of the sys- 
tem through an ammeter. When this is 
done, one of the bus-to-ground capacitances 
is short-circuited and the two ungrounded 
capacitances pass current through the am- 
meter as shown in Figure 3. With the di- 
rections of current flow as assumed in Fig- 
ure 3, the vector relations of the currents 
are as shown in Figure 2B. 


Ip =I cos 80°+J¢ cos 30° 


The charging currents of phase-B and 
phase-C bus conductors are numerically 
equal: 


Ing =Ip=I¢ 
Therefore 

Ip=TInze cos 80° +TIz¢ cos 80° 
= 20 ne X 0.866 = 1.73I zc 


or 


In 


j& = 
ESE 


The capacitive reactance of one phase con- 
ductor to ground is found from the phase- 
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to-phase voltage E and the grounding am- 
meter reading I: 


1.73E 


The capacitance can then be found by 
solving for C in the equation 


1 1 


Xe gg —=—— C = 
Def Go af XK: 


where f is the power system frequency. 


Appendix Il. Effect of Ground 
Fault Resistance on the Neutral- 


to-Ground Voltage of an 
Ungrounded 3-Phase Bus 


Fault detection with a generator neutral 
potential transformer requires a shift in the 
neutral potential for its indications. An 
impairment of bus or equipment insulation 
to ground is equivalent to a shunt across the 
capacitance-to-ground of the phase conduc- 
tor affected. A ground fault with a given 
resistance will have more effect on neutral 
potential shift if the capacitance to ground 
is small than if it is large. Or expressed in a 
more practical way, because the capacitive, 
reactance is the quantity determined directly 
from a grounding ammeter test, the greater 
the capacitive reactance to ground of a 
system, the more effect a given value of fault 
resistance will have on neutral shift. The 
analysis has been made on a unit basis to 
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Figure 17. Variation of generator neutral 
voltage to ground E,, for various ratios of R;/X¢ 


make the results applicable to any field 
condition where the capacitive reactance to 
ground of the bus can be measured. The 
steps in the analysis are as follows: 


(a). The currents and voltages in Figures 2 and 3 
are directly proportional to the system phase-to- 
phase voltage. In the calculations, 1,000 volts was 
used as the unit base for this voltage. Under these 
conditions, the phase-to-neutral voltage is 1,000/- 
1.73 = 577 volts. 


(b). On a unit basis, the capacitive reactance to 
ground of each phase conductor was taken as X; = 
1,000 ohms. 


(c). A bus insulation fault is equivalent to a re- 
sistance shunting the capacitive reactance to ground 
of the faulted phase conductor. Different values 
of fault resistance Ry were assumed in succession, 
ranging from one megohmtozero. This gave ratios 
of Ry/X¢ ranging from 1,000 to zero. Each of the 
following steps was carried through separately for 
each assumed value of Ry faulting the phase-A bus 
conductor. 


(d). The parallel circuit of the fault resistance Ry 
shunting the phase-to-ground capacitive reactance 
Xe was transformed into its equivalent series cir- 
cuit, giving Z., 
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(e). The current through the X- of each unfaulted 
phase is the corresponding phase voltage divided by 
Xe + Ze, giving Ip and Ic, calculated separately. 


(f). The current in the circuit composed of the 
faulted phase capacitance and fault resistance in 
parallelis77 = Jp+Ic. 


(g). The voltage across the fault is Hy = ITZ, 
(Figures 15, 16). 


(h). The generator neutral voltage to ground, En, 
is the phase-to-neutral voltage of the faulted phase 
minus the fault voltage or 


E,=Eoa—Ey (Figures 15, 17) 


(i). The power dissipated in the fault is 


The results of the calculations are sum- 
marized in Figures 15, 16, and 17. The 
computations were checked in the labora- 
tory with equivalent circuits having several 
values of X,. The effect of the generator 
neutral potential transformers and their 
secondary burdens has been neglected in 
the computation because the impedance of 
each is quite high, varying from one to two 
megohms, depending upon the applied 
voltage. 


Discussion 


To avoid forced outages and interruption 
of central station electric service, it is very 
desirable to obtain notice of any bus insula- 
tion defect as soon as possible. At Holt- 
wood the neutral voltage ground detector 
shown in Figure 1 is used. The alarm did 
not operate before the flashovers of April 
1942 occurred. However, the relay targets 
were found to have operated after the trou- 
ble. Because the alarm did not give an 
indication until the trouble occurred, the 
foregoing analysis was made to determine 
how low the resistance of a fault must be to 
operate the alarm. 

The capacitive reactance to ground of one 
phase of the Holtwood station bus is about 
2,500 ohms. The relay connected to the 
secondary of a neutral potential transformer 
must be set to operate at no less than about 
80 per cent of the phase-to-neutral voltage 
to avoid false indications during normal 
switching. By referring to Figure 17, it is 
found that about 30 per cent of phase-to- 
neutral voltage is obtained when the ratio of 
fault resistance to the phase-to-ground 
capacitive reactance is unity. For the Holt- 
wood bus, this voltage is obtained when the 
fault resistance is 2,500 ohms. Before the 
fault resistance falls to 2,500 ohms, it can be 
seen in Figure 18 that considerable power is 
dissipated in the fault. The power is 
sufficient to cause noticeable heating of any 
of the usual types of incipient faults. For 
instance, when the fault resistance is 0.25 
megohm, the power in the fault is 230 watts. 
The relatively large power dissipation leads 
to extremely rapid heating of the fault and 
consequent rapid lowering of fault resist- 
ance. The very rapid transition from high 
to low resistance in the fault explains the 
failure of a neutral voltage fault detector to 
give warning of impending insulation trou- 
ble, and also the general experience of rela- 
tively little burning of equipment when 
faults occur on systems with an ungrounded 
neutral. In the first case, when rapid heat- 
ing and failure of the fault begins, the 
generator neutral voltage is only a few per 
cent of the value required to trip the fault 
detector; in the second case, the extremely 
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short time required for complete breakdown 
of the fault limits the liberated energy to a 
relatively small value, even though the 
power level is high for a short interval. 
Analysis thus reveals that a neutral volt- 
age relay can detect impaired insulation in a 
large installation only when the insulation is 
broken down completely. Because its 
sensitivity to insulation resistance varies 
with the amount of equipment in service, 
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Figure 18. Variation of power dissipated in a 
fault with fault resistance for X,=2,500 ohms 


the device might warn of impaired insula- 
tion prior to complete failure on a small bus 
system if the bus capacitance to ground and 
the bus voltage were sufficiently low. It 
must be recognized that the Holtwood fault 
detecting devices, even though insensitive to 
early stages of insulation failure, have 
proved valuable in service, indicating insu- 
lation failures to ground that - otherwise 
would not have been detected promptly. 
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Air-borne Radar for Navigation and 
Obstacle Detection 


R. C. JENSEN 


NONMEMBER AIEE 


Synopsis: The grim uses of radar in war are 
giving way now to a peacetime role in navi- 
gation and obstacle detection. This article 
discusses the results obtained with military 
airborne radar as a basis for understanding 
both the possibilities and the limitations in 
the application of radar to reduce aviation 
hazards. 


ADAR has been given a great deal of 
publicity during recent months, and 
many uses for military operations have 
been disclosed in technical magazines and 
newspapers. These publications often in- 
cluded pictures obtained with cathode-ray 
tube indicators during flight over large 
American cities and also displayed pres- 
entations of enemy territory as viewed 
on bombing missions. As a result of this 
publicity and the predictions that have 
been made for the commercial use of 
radar, there is probably no single applica- 
tion that catches the public imagination 
as much as its possible use for navigational 
aid and obstacle detection in aircraft. 
Discussions and public expressions of 
opinions promoting safer navigation are 
stimulated by aviation accidents such as 
the Empire State Building disaster and 
others that have occurred during attempts 
to land under conditions of obscured vi- 
sion. Possibly these accidents could have 
been averted by proper utilization of radar 
equipment designed to meet obstacle de- 
tection requirements. However, there are 
limitations to present radar performance 
in that it fails to give the pilot an ideal 
picture of the area being scanned in its 
true perspective. But in spite of these 
limitations, if capable technical effort is 
applied to the engineering problems in- 
volved and these problems are based upon 
realistic operating requirements and per- 
formance, there is every reason to feel 
that radar will contribute toward safer 
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aircraft navigation and justify the weight 
of the equipment to be carried. 


Basic Radar Concepts 


The simplest kind of blind navigation 
system has long been used by pilots of 
boats operating in rivers and harbors, for 
they have achieved some measure of suc- 
cess in obstacle detection by using a series 
of short whistle blasts and then listening 
for the direction and timing of the echoes. 


Energy reflected from a smooth 
surface 


Figure 1. 


Figure 2. Energy return from a shore line 


This example in the detection of reflected 
energy illustrates the basic principle of 
radar. For the benefit of the reader who 
is not familiar with radar, a brief outline 
of the fundamentals may be helpful. 

The purpose of radar is to transmit 
radio-frequency energy in pulses of high 
intensity and then to measure the round 
trip travel time of the reflected energy 
with sufficient accuracy to establish the 
range to the obstacle. Following each 
pulse the transmitter is idle for a rela- 
tively long time while a receiving unit is 
ready to receive the echoes from the pre- 
ceding pulse. Generally the same antenna 
is used both for transmission and recep- 
tion. The finite velocity of electromag- 
netic waves makes it possible to measure 
the elapsed time from the transmitted 
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pulse to the received echo as a direct 
measure of range. This elapsed time is 
approximately six microseconds for each 
1,000 yards of range. 

The measurement of range is only a 
part of the information obtainable with a 
radar system. Azimuth and elevation 
angles also can be determined for complete 
location of atarget. This is accomplished 
by using an antenna that directs the 
pulsed energy in a narrow beam which 
may be five degrees wide or less at the 
half-power points. The position of the 
target then is determined by the direc- 
tion of the antenna beam. In the cases 
where only the bearing angle is of impor- 
tance, the pattern is narrow in the hori- 
zontal plane but broad in the vertical 
plane for wider angle coverage. 

The received signals are displayed on a 
cathode-ray tube whose sweep is timed 
from the transmitted pulse, and targets 
appear as deflections of the sweep or as 
intensity spots. This display is not like 
television where an actual picture appears, 
but the results are interpretable to a 
trained operator. 

To illustrate the types of echo responses 
from ground targets, consider a source of 
radio frequency energy radiated in a nar- 
row beam from an aircraft as shown in 
Figures 1 through 4. If the beam is di- 
rected toward the ground at a forward 
angle, the reflection will be a function of 
the aspect of the target. The energy 
which strikes the smooth surface of the 
lake is reflected away from the source and 
leaves a dark region on the indicator 
tube. A shore line, buildings, and normal 
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Figure 4. Altitude determination by normal 
incidence 
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incidence on the terrain directly below the 
plane will each provide a strong target 
echo. A wide beam of uniform intensity 
directed from the aircraft results in ground 
illumination and echo response as shown 


MILES 


Illumination of generalized topog- 
raphy 


Figure 5. 


in Figures 5 and 6 respectively. These 
figures also illustrate how it is possible to 
correlate a radar picture with a relief 
map of the area. 


Navigation Systems 


Navigation systems require that large 
ground areas be scanned, so antenna pat- 
terns of the shape shown in Figure 7 are 
used to an advantage. Note that the 
beam is narrow in the horizontal plane in 
order to obtain azimuth accuracy, while 
in the vertical plane the beam is broadened 
to sweep a large area but with a corre- 
sponding loss in elevation accuracy. The 
beam intensity is purposely decreased at 
angles below the main lobe to obtain uni- 
form signal return at the aircraft for 
equivalent targets for all ranges to be 
covered. The shape of the beam is de- 
signed to compensate for the inverse 
square law decrease of the power density 
for both the incident and reflected energy. 
This type of antenna beam is known as a 
cosecant squared pattern because it 
simulates a plot of this function. One 
method of obtaining such a radiation pat- 
tern is to modify a conventional parabolic 
reflector so that part of the radiated 
energy is directed downward below the 
axis of the major lobe. In practice such 
patterns were obtained only after con- 
siderable experimentation with reflector 
shapes and types of antenna feeds. An 
actual plot of a cosecant squared pattern 
is shown in Figure 8, which indicates that 
with the peak of the beam tilted down 2.5 
degrees and the aircraft at 6,500 feet, the 
radar coverage for uniform signal return 
extends from 2 to 20 miles. 

All the material so far presented serves 
to show the character of ground echoes 
and the method of getting uniform ground 
illumination. If the beam is rotated or 
sector scanned and also synchronized 
with the cathode-ray tube trace of an in- 
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dicator, a map of the ground relief is 
presented on the fluorescent screen. 
Rivers, lakes, shore line, valleys, and 
mountains will appear in relative direc- 
tion and range with respect to the air- 
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craft. This type of presentation was used 
to good advantage during the war on 
bombing missions when such targets as 
ships, bridges, and industrial areas were 
located and destroyed entirely with radar 
navigation. An example of this type of 
presentation can be observed in Figure 9, 
in which the coastal outline and promon- 
tories of land are spotted easily. Note 
how readily this picture can be correlated 
with the aeronautical chart of the same 
area shown in Figure 10. The L-shaped 
promontory at Plymouth is identified 
clearly, and the tip of Cape Cod is ap- 
pearing just at the right. The circular 
rings are 2-mile range marks, and the in- 
ner bright ring is the start of the radial 
sweeps on the scope. The second bright 
ring is the signal return from the bay di- 
rectly below and so indicates the height of 
the plane. If targets appear within the 
altitude ring, it indicates the presence of 
aircraft at ranges less than the height of 
the plane. For aircraft beyond the range 
of the altitude ring, the return signals are 
obscured fairly well by ground echoes 
except possibly over water, though even 
water may have a serious masking effect. 
A point of importance here is that an il- 
lumination and display which is suitable 
for navigation would have very little use 
for obstacle detection. 


Figure 10 was taken with the aid of a 
lightweight low power radar system 
known as AN/APS-10. The essential 
units of this system are shown in Figure 
11, and Figure 12 is a suggested arrange- 
ment for installation in a transport plane. 
The antenna with its parabolic reflector 
is mounted in a protective housing below 
the skin-line of the plane to permit com- 
plete vision. This housing is built of low 
loss materials designed for maximum 
transparency to microwave radio fre- 
quencies. 

Higher power systems are used to get 
greater ranges and improved coverage as 
illustrated by Figures 13 and 14. Inthe 
latter figure, the circles are 100-mile 
marks, and the inlaid map indicates how 
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faithfully the topography is portrayed. 
Note the shaded portion along the Hud- 
son River caused by the screening hills, 
and the strong response from the moun- 
tainous region beyond. 


Figure 6. Energy return from ground targets 


The technical characteristics of radar 
sets vary over a wide range depending 
upon the application. The following 
tabulation has been prepared to indicate 
the order of magnitude of the operating 
characteristics employed in systems such 
as those used to obtain the preceding 
scope photographs: 


Carrier frequency...... 3,000-10,000 mega- 
cycles 
Pealsenow etre sere cesce. 10-1,000 kw 
Pulse frequency........ 300-1,000 cycles per 
second 
Pulse widthe- ea... 0.25-2 microsec- 
onds 
Diutyacy cles. see ee 0.0001—0.001 
Maxiniiim rancenss ee 50-200 miles 
Range acctiracy....... - 40-4,000 yards 
Range resolution....... 75-400 yards 
Azimuth accuracy......0.5-1 degree 
Azimuth resolution. ....3—-6 degrees 
Receiver >.:cche cma Hace Superheterodyne 
Intermediate fre- 
quency ....080 megacycles 
Intermediate-fre- 
quency band 
width )).2.e0- a oeee 0.5-5 megacycles 
Minimum detectable 
SIptially. weeny 1-10 micromicro- 
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It has been stated that a cosecant- 
squared pattern is unsatisfactory for dif- 
ferentiating between aircraft and ground 
reflections. This difficulty arises because 


HORIZONTAL 


VERTICAL 


GROUND 


Figure 7. Conventional antenna pattern for 
navigation radar 
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Figure 8. Actual antenna pattern for naviga- 
tion radar 


all targets at equivalent range and bearing 
appear at the same spot in the display 
whether at ground level or above. The 
display shows slant ranges from the 
plane, not actual ground range. Further- 
more, the necessarily wide lobe in the 
vertical direction fails to indicate eleva- 
tion even though a plane appears in the 
beam. There is no way for determining 
elevation unless the beam pattern has 
essentially the same configuration in the 
vertical plane as indicated in Figure 7 for 
the horizontal plane. This requirement 
demands considerably more performance 
from the antenna scanning system if the 
same solid angle is to be illuminated in a 
given interval of time. The cosecant 
squared antenna for a system such as 
AN/APS-10 rotates at 30 rpm, while a 
uniform lobe antenna must scan at many 
times that speed and simultaneously nod 


Figure 9. Radar map of Cape Cod area 
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in the vertical plane in order to illuminate 
the same area, Such systems have been 
used to obtain a crude television picture 
of 10 or 12 lines on an indicator that pre- 
sents azimuth and elevation information. 
As the antenna rotates, the cathode-ray 
tube trace sweeps horizontally and also 
progresses vertically in synchronism with 
the antenna position. 

A second method for scanning a large 
area with a narrow beam is known as the 
Palmer Scan. This system employs a 
pattern which is narrow in both planes. 
The axis of the reflector is moved in a 
rectangular path, for example, through a 
horizontal angle of 75 degrees and a 
vertical angle of 45 degrees. During this 
motion the lobe is made to rotate in a 
rapid conical sweep such that the apex 
cone angle formed by the axis of the beam 
is as many as eight times the beam width. 
This results in illuminating a circular shell 
around a blank center region, but as the 
antenna system moves in its rectangular 
path, the entire area is filled in. A 6- 
degree beam which scans 21 degrees off 
the axis of the reflector thus can cover an 
area of 120 degrees by 90 degrees, while 
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the axis of the reflector follows the borders 
of a rectangle 45 degrees by 75 degrees. 
A third design for wide angle viewing 
utilizes a spiraling motion of the antenna 
beam. The angle of advance for the spiral 
is small enough so that no blank regions 
appear in the over-all illumination. A 
solid angle of coverage may be as much as 
120 degrees with a lobe width of 5 degrees. 


Present Limitations 


These various types of antennas have 
been discussed briefly to indicate the 
problems associated with the require- 
ment that enables the system to spot air- 
craft targets or tall structures and also 
cover a large area of scanning. They are 
mechanically complex and require driving 
mechanisms to spin or slew them at rapid 
rates so that the scanned area is covered 
in a few seconds. This is essential if the 
pilot is to receive scope information com- 
parable with the speed of modern aircraft 
and avoid collisions. Furthermore, the 
complexity and fast scanning rates con- 
tribute materially toward increased 
weight of the equipment. In addition, it 
has been found that beam widths in the 
order of five degrees are too wide to obtain 
satisfactory resolution. Lobes of one and 
two degrees or less are necessary. This 
demands even faster scanning to cover a 
given area in a selected interval of time. 
The point may then be reached where the 
beam remains on the target for an in- 
sufficient length of time to get adequate 
signal return, and the object is not ob- 
served on the indicator. This limit is 
accepted generally as five pulses on the 
target during the time of one beam-width 


Figure 10. Chart of Cape Cod area 
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Figure 11. A\ir-borne radar system 


1. Antenna Assembly (AS-154/APS-10). 

The antenna or “‘spinner’’ may be mounted in 

a nacelle on the belly of the plane where it 

revolves in operation to give 360-degree 

scanning. It can be tilted up and down for 
critical coverage 


2. Transmitter-Receiver (RT-69/APS-10). 
This sealed can is the heart of AN/APS-10. 
In it are the complete self-contained trans- 
mitter and receiver. It is pressurized for 
operation at altitudes up to 30,000 feet 


3. Rectifier Power Unit (PP-111/APS-10). 
This compact box is usually mounted out of 
the way. It converts 115 volts to six different 
levels of voltage for various functions. They 
vary from 4,000 volts down to less than 7 volts 


4. Trim Control] Box (C-226/APS-10). This 

mechanical unit is always mounted near the 

radar operator. As its name suggests, it is 

used to adjust the trim of the antenna to com- 

pensate for change in the flight altitude of the 
plane 


5. Indicator (/D-99/APS-10). Here is 
where the radar information appears. The 
indicator (PPI) is mounted where it can be 
studied easily and adjusted quickly. Another 
one showing identical information may be 
mounted with the pilot or elsewhere 


6. Synchronizer (SN-17/APS-10). This 
small box has most of the manual controls for 
operation of AN/APS-10. It is one of three 
components in the set which are always 
mounted within easy reach of the operator 
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scan. Increasing the pulse rate is the 


The alternative requirement is to re- 


obvious solution, but the pulse repetition duce the scanned area, thus confining 
rate is dependent upon the maximum observation to small angles for continuous 
operating range, since the return signals rapid coverage with the option of selecting 
should be received before the next pulse is other directions for intermittent viewing. 
transmitted. Otherwise there would be The normal operating position would be 
a confusing indication of targets on the about the center line of the nose of the 


osilloscope. Thereisalso the important airplane. 
consideration of increased average power 
as pulse rates are accelerated because of 
the resultant increase in weight with 
greater power requirements. radar 
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Figure 12. Typical installation of air-borne 
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An example of the type of indication 
that is achieved with a rapid vertical scan 
antenna using a narrow beam is shown in 
Figure 15, which plots range against ele- 
vationangle. The vertical lines are 2- and 
10-mile range marks, while the heavy 
horizontal trace is an electronic height 
marker which may be moved by means of 
a control to line up with a target to indi- 
cate elevation. This picture is not indica- 
tive of air-borne system performance be- 
cause it was taken from a high power 
ground radar; however, it does illustrate 
the means of presenting target information 


Figure 14. 
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Inlaid radar map of Northeastern States 


Correlation of radar map with 
chart 


Figure 13. 


to obtain height indications. Several air- 
craft are visible: two at 17 miles and 
16,000 feet, very close in range, andasingle 
plane at about 40 miles and 5,000 feet. 
Two more planes can be observed at about 
26 miles. Ifthe picture had been obtained 
from an air-borne system, the usable range 
would be reduced considerably because 
of lower power output. Instead of dis- 
playing 50 miles, possibly 20 miles might 
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be the full-scale indication and the ground 
clutter undoubtedly would extend to the 
fullrange. Azimuth information must be 
read, of course, from a second scope that 
plots range and azimuth angle, or from 
a selsyn system that indicates the azimuth 
position of the antenna. The position of 
each target would be fixed then with re- 
spect to the aircraft. 

An interesting photograph that con- 


Figure 15. Radar indication of range versus 


elevation angle 
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7 


Figure 16. Radar presentation with polar 
plot, sector polar plot, and range elevation 
angle 


tains both azimuth and elevation infor- 
mation for the same targets is shown in 
Figure 16. In addition to spotting air- 
craft, this picture demonstrates the ability 
of radar to give warning of storm areas. 
It is apparent that a storm cloud appears 
at the right and below the target plane in 
the elevation scope picture, and also can 
be located in the azimuth presentation. 

It should be pointed out that a system 
which scans only a small sector in the di- 
rection of travel to avoid collisions also 
could obtain navigational information 
from supplementary land-based equip- 
ment. An example of this supplementary 
equipment is a radar beacon which con- 
sists of a transmitter that radiates a 
coded pulse when properly interrogated 
by an airborne system. This coded pulse 
appearing on the radar indicator enables 
range and bearing to be determined to the 
known location of the beacon. Such a 
system has a decided advantage when 
navigating over water where recognizable 
targets on a radar map are scarce. Fur- 
thermore, it aids in extending the operat- 
ing range of the equipment beyond the 
target-response indication because of the 
higher power signals from the beacon. 
Since the high frequencies involved propa- 
gate only in straight lines, the range gen- 
erally is limited to line of sight conditions. 


Future | 
Developments 


The elevation scope pictures illustrate 
the performance that is obtainable now 
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with ground radar equipment, and in 
time, equivalent resolution and satis- 
factory ranges will be achieved with light- 
weight air-bornesystems. However, there 
are many engineering problems, both elec- 
trical and mechanical, to be overcome 
before an ideal design is evolved that 
meets the strict limitations imposed upon 
air-borne apparatus. Not the least of 
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these is the problem of presenting the ® 


radar information in a manner that re- 
quires little effort on the part of the ob- 
server for quick interpretation. Azimuth 
and elevation data should be combined to 
provide the pilot with continuous infor- 


Figure 17. Radar map of Greater New York 
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mation on all obstacles within the danger 
area, 

The photograph in Figure 17 illustrates 
_ the definition obtainable when using a 
very narrow beam system. The indi- 
vidual docks on the Manhattan water 
front, the bridges across the East River, 
and the railroad tracks in Jersey City are 
clearly visible. It may well be that even- 
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tually radar will approach the equivalent 
of visual or television presentation in 
a scope picture so that a similar view of 
New York City and adjacent areas will en- 
able the pilot to perceive the height of ob- 
jects with the same resolution that can be 
observed here for range and bearing. This 
goal may not be achieved for some time, 
if ever, but in the meantime, useful radar 
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systems can be designed which will re- 
move many of the hazards of modern air 
travel. 
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Differential Leakage of a 
Fractional-Slot Winding 


M. M. LIWSCHITZ 


MEMBER AIEE 


N a previous paper,! the differential 

(harmonic) leakage of an integral-slot 
winding and squirrel cage winding was 
treated. It was shown that a squirrel 
cage rotor reduces the harmonics and 
thus the differential leakage of the stator. 
The influence of the number of stator and 
rotor slots, as well as of the pitch factor of 
the stator winding on the damping of the 
stator harmonics, was discussed. Also, it 
was shown that skewing of the rotor re- 
duces the damping of the stator harmon- 
ics and, therefore increases the differen- 


tial leakage of the stator. The investiga-. 


tion was made under the following as- 
sumptions: 

1. The saturation of the leakage paths is 
negligible. 


2. The influence of slot-openings for all 
harmonics is the same as for the synchronous 
wave. That is, all harmonic fluxes are 
reduced by the slot-openings in the ratio 
of one to K,, where K, is the total Carter 
factor. 


3. The magnetomotive force curve has a 
stepped shape. 


The saturation of the leakage paths 
will be neglected in this paper also. The 
influence of slot-openings on the indi- 
vidual harmonics and the influence of the 
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shape of the magnetomotive force curve 
on the differential leakage are treated in 
appendixes I and II. It follows from 
these appendixes that the assumptions 
made with respect tothe slot-openings and 
the shape of the magnetomotive force 
curve are not entirely correct, but they 
are justified by the simplification of cal- 
culation of the differential leakage to 
which they lead. 


Actual Harmonics of Fractional-Slot 
3-Phase Winding: Their 
Distribution Factors and Pitch 
Factors 


If the number of slots per pole per phase 
of the fractional-slot winding is written 


N 
ae 1) 
ce; ( 
where N and 8 have no common divisor, 
the actual harmonics of a 3-phase winding 
are (for symbols see Nomenclature): 


2 

patel Do aD ee ne (2) 
B 

when @ is an even number, and 

Bis E OM spall: eee (3) 


when @ is an odd number. 

For the synchronous wave, vy, = 6/2 
when @ is an even number, or v,= 8 when 
8 isan odd number. The number of sub- 
harmonics is equal to (8@—2)/2 when £ is 
an even number or to (8—1)/2 when £ is 
an odd number (including those which are 
a multiple of three and usually do not 
exist in a 3-phase machine). 

The absolute value of the distribution 
factor of the n’-th harmonic is 


0.5 
ken = 
a N sin an /2 (4) 


If P is the smallest integer which makes 
d an integer in the equation, 


wey heat 


any 6) 


then it is true that when @ is an even 
number 


Qn =2dany+180 (6) 
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and when @ is an odd number 

an =danpy 

if P is an even number and 

an =dany+180 (7) 


if P is an odd number where 


180 
SeateeY eg (8) 
The pitch factor of the 2’-th harmonic 
is 
W 180 ; 
Ron = sin (7 ——— ») (9a) 
me fe 
when @ is an even number and 
. {W180 
Ron = sin (2 2B ’) (9b) 


when £ is an odd number. 


Harmonic Leakage Reactance of 
3-Phase Winding 


First the case will be considered where 
there is no damping, that is, the stator 
winding of a wound rotor induction motor 
or the stator winding of a salient pole 
synchronous machine without a damper 
winding. 

The amplitude of the magnetomotive 
force of the wave with the length 287 is 


y 
ry mNnkappl (10) 


and therefore the amplitude of the funda- 
mental wave with the length 27 is 


2 
Ra? mNndbanl Xe (11) 


The amplitude of the n’-th harmonic of 
the magnetomotive force is thus 


D Rapne 
Fy = 2" = Nn & 2 I 12 
n Baa z MINN ¢ a. (12) 
If the assumption is made that all 
harmonics are reduced by the slot-open- 
ings in the ratio of one to K,, then the 
amplitude of the 2’-th field harmonic is 


3.19 


B = eee 
- gk (Kg 


Pry (13) 


and the flux produced by the n’-th field 
harmonic is 


2 
Dy, ces TaliBry (14) 
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Figure 2. Factors K,: and K,, as functions of 
ratio between slot opening and slot pitch 


ie) 2 4 6 8 10 


Figure 3. Factor 6 as function of ratio between 
slot opening and air gap 


The flux interlinkage caused by the flux 
®,, is 


Vn — Dy Nonk dpn’ (1 5) 


Hence, the harmonic leakage reactance 


1 
x, =2rf1 = YX 10-® ohms/phase 


/ 21 


4 
Xn Fae mp pr? 


th; 


pgk Ks 


10m x< 


[2x (Shan | ohms/phase (16) 


UF n 


Tn = F; 


Therefore, corresponding to equations 2 
and 3, 


2 Tn! 6? Rapn’ 3 

6 y, 135.7 \\ > BEE LLS 

T ( wee ) 4 “Bp ( v 
v5 


v=1,2,4,5,7.... (17) 


when £ is an even number and 


Tn! Rk nm! 2 
p sD (= Hay = 0° (Fax) 
T n 


vAB v 
p=, 5,7, 1b22. (18) 


when @ is an odd number. 

The evaluation of the sums of equa- 
tion 17 and equation 18 is not as simple 
as for an integral-slot winding. The re- 
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actance equation based upon the magnetic 


energy in the gap and used for the cal- 
culation of the harmonic leakage of the 
integral-slot winding also can be applied 
here, but the Goerges diagram of the 
magnetomotive forces of a fractional-slot 
winding becomes complicated, and the 
derivation of general formulas becomes 
tedious, 

For this reason the direct summation 
of the terms (Rapn/v)? has been used in 
order to determine the sum of equations 
17 and 18. As for the integral-slot wind- 
ings, only a part of the harmonics of 
order lower than the slot harmonics of 
first order, and all slot harmonics, have to 
be taken into account. 

The slot harmonics are: 


n' y= =kQO+p (19) 
Thus 

, 
v=) (* 6kq+1) (20) 


when £ is an even number 
sy = B(* 6kg+1) (21) 


when @ is an odd number. 

When k> 2, the term +1 in the paren- 
theses of equations 20 and 21 can be neg- 
lected. Then 


hap \?_4,, la 
2B y JF Mewes (=e 
] 1 


(6q-F1)** (12g 41) 


1 0.786 
ate | Sar 


when 8 is an even number and 


“arn 1 
ps —— =— k2 De x 
oy z B? dp(n' = p) 


1 1 1 
ot dagen at 


+ 


(—69-F 1?) -(6¢e=t-1)3 (= 12¢+-1)? 
1 0.786 
ata | (23) 
(12g+1)? (6g) 
when 6 is an odd number. Here is 
k = sin 30° 
d(n' =p) = 2 30° (24) 
N sin — 
N 
and 
Zt Z 
Ro(n' = p) = sin — 5= sin — 80° (25) 
p(n! = p) mq D q 


Z is the coil width in slot pitches. 

For the harmonics of lower order than 
the slot harmonics of first order, formulas 
4 to 7 and also Calvert’s Tables* have 
been used. 

The results for the more frequently 
used numbers of slots per pole per phase 
are given in Table I. The third column 
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does not include the subharmonics; how- 
ever, the fourth column does. 

It has been shown that the harmonics 
of lower order are damped by a squirrel 
cage more than the harmonics of higher 
order. This is especially true of the sub- 
harmonics; a squirrel cage winding in 
the induction motor or a damper winding 
in the synchronous machine damps out 
these harmonics practically entirely. Be- 
cause of the high speed of the subhar- 
monics, they are damped considerably by 
parasitic currents even when there is no 
squirrel cage or damper winding in the 
rotor. For the calculation of the har- 
monic leakage reactance, the subhar- 
monics therefore can be omitted. This is 
also in agreement with the tests. 

Figure 1 gives the sums of equations 17 
and 18 without the subharmonics as func- 
tion of the throw W/r. The values for 
q=2, 3, and 4 are taken from Figure 1 of 
reference 1. It can be seen that the curves 
for fractional-slot windings have the same 
characteristics as those for integral-slot 
windings. The ratio between the sums 
for the same value of W/7 approximately 
is equal to the inverse ratio of the square 
of g, and so Figure 1 of reference 1 can 
be used in order to determine the sum 
for fractional-slot windings with g > 31/». 


Damping of Harmonics by 
Squirrel Cage Winding 


The case of an induction motor with 
squirrel cage rotor or of a salient pole 
synchronous machine with damper wind- 
ing will be considered now. Here the 
rotor harmonics which correspond to 
K2,=0 (see reference 1) damp the corre- 
sponding stator harmonics, thus reducing 
the leakage reactance. It has been shown 
there that the damping factor of the n’-th 
harmonic is 
: ISn!X mn’ 


DD 26) 
k Yan! +5Sn!X mn! (1+Ten’) ( 


or 

Dn! =1—Cy'/8 (27) 
where 

Cy = 


V [(Sn’X mn’)?(1 + ren!) ]?+ (Sn! X mn'fan!)? 
Tenl?+ [sy 2Gn nil +72n')] 3 
(28) 
and 


Ton’ 
(iin QS = (29) 
Sn! X mn! (1+ 727’) ° 


The absolute value of D,’ is 


Dn! =V(1—Cy’ cos 6)2+(Cy’ sin 6)2 (30) 


TRANSACTIONS 315 


A comparison between the last two col- 


Table | 
aes umns shows that the slot leakage and the 
end-winding leakage cannot be neglected 
eae Se oie ee despite the fact that the harmonic leak- 
3 { o bo" ° . 
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It has been shown in reference 1 that 

there will not be a sensible error when 

equation 30 is used instead of equation 26. 
When 72,’ can be neglected, 


1 


D s=]— 
a 1+72n! 


(31) 


and when, besides fron’, the slot leakage 
and the end-winding leakage also can be 
neglected comparatively with harmonic 
leakage, 


Dy! =1— (Ean’n2n’)? ” (32) 


where &,’ is the coupling factor of the 
rotor with respect to the ’-th harmonic 
and on’ is the skew factor. 

As an example, a 350-horsepower 60- 
cycle, 3-phase synchronous motor with 
28 poles will be considered. Q,=144, 


m=15/7, Q2=5X28=140, W/r=0.788. 
The damper winding consists of five 
round bars per pole, three of them of 
copper, two of bronze with the resistivity 
two. The poles are not skewed. The 
motor will be considered at standstill 
(s=s,'=1) and running with normal 
speed (s=0, 5S,’= variable). 

Table II gives the values of the rotor 
constants as well as of C,’, tan 6, and D,, 
for standstill (s,,=1). Table II gives the 
same values for synchronous speed (s,’ 
variable). The skin-effect has been neg- 
lected and thus both tables have the same 
values for ron? and T(s+¢)n’- 

The examination of the tables shows 
that they have the same character as 
those for integral slot windings! and that 
the influence of the resistance is small. 


factors D,’, from Tables II and III have 
been used. For higher slot harmonics, it 
has been assumed that D,’ equals one and 
equations 22 and 23 have been applied. 

The motor in question has a throw 


equal to 0.788. The factor D, has been 


determined for the throw 0.972 also and 
has been found to be practically the same 
as for the throw 0.788. This is in accord- 
ance with the results obtained for the 
integral-slot windings with g=2. Also, 
there the chording has little influence on 
the damping. 


Influence of Slot Openings and 
Shape of Magnetomotive Force 
Curve on Harmonic Leakage 


The previous considerations are based 
upon the assumption that the slot-open- 
ings reduce all field harmonics in the 
ratio of one to K,. It is shown in Appen- 
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dix I that this assumption is not true of 
the slot-harmonics. Depending upon the 
number of slots per pole and the coil 
pitch, one of the slot-harmonics of first or 
second order may be increased by the 
slot-openings while the other slot-har- 
monic of the same pair is decreased. It 
is even possible that both slot-har- 
monics of the first or second order are in- 
creased by the slot-openings. Further, 
the influence of the slot-openings on the 
slot-harmonics of higher order than two 
is negligible. This shows that the division 
of all harmonics by the Carter factor 
(equation 13) leads to too small a value 
of the harmonic leakage, the error being 
larger the larger the ratio of slot-opening 
to slot pitch and of slot-opening to air 
gap, that is, the error being larger for 
open slots than for semiopen slots. 

On the other hand, it is shown in Ap- 
pendix II that the calculation with the 
stepped magnetomotive force curve, based 
upon the assumption that the ampere 
conductors of each slot are concentrated 
in the middle of the slot, leads to too 
large amplitudes of the slot-harmonics 
and, therefore, to a too large value of the 
harmonic leakage, the error being again 
larger the larger the slot-opening. 

The error caused by the division of all 
harmonics by the Carter factor and the 
error caused by the assumption of the 
stepped shape for the magnetomotive 
force curve are thus of opposite sense, one 
decreasing the slot harmonics and the har- 
monic leakage, the other increasing them. 


Conclusion 


Experience shows that Figure 1 (as 
well as Figure 1 of reference 1) yields good 
practical results for the differential (har- 
monic) leakage, that is, results which 
agree with tests. Since these figures do 
not take into account the damping of the 
harmonics by the rotor and are based 


that the magnetomotive force curve has 
a stepped shape, their good agreement 
with tests means that the error caused by 
the division of all harmonics by the Carter 
factor is approximately equal and oppo- 
site to the errors caused by the neglect 
of damping and the assumption of the 
stepped magnetomotive force curve. 

Since the differential (harmonic) leak- 
age constitutes only a part of the total 
leakage, the use of a simple, although not 
entirely exact method of calculation of 
this leakage, is justified. 


Appendix |. Influence of the 
Slot Openings on the Differential 
Leakage 


The stator of an induction motor will be 
considered. The results obtained apply also 
to the rotor. 

The n’-th harmonic of the magneto- 
motive force curve is 


frat =F! sin (ot—n'—x) (35) 
pr 
9 Rann! 
pean aed (36) 


The n’-th field harmonic has been derived 
from this (see equation 13) by multiplying 
with 


3.19 
gKakeks 


where the Carter factors K., and K have to 
take care of the influence of the slot-open- 
ings of stator and rotor. This yields for. 
n'-th field harmonic 


3.19 


wv 
[it em Ji SSE (o-n =x) (37) 
‘ gKak ks ‘ pr 
In order to determine more accurately the 
influence of the slot-openings, the gap per- 
meance will be introduced‘ in accordance 
with the assumption that the fundamental 


has two poles, as 


() =f 1600s O.—-«x+ xX 
S/eyr & br 


The n’-th field harmonic becomes 


s 


3.19 
b,/= aK Fy sin («t-w2) S 
Tv wv 
Ee cos (i- x + cos 20:;—x+.... 
pr br 
With the abbreviation 


3.19 
gks 


Fry =An! (40) 


there is 


by’ =A’ sin («i Wns tAw ex 


¢=152;3..- 


cos( co 2) xs ( t n=) 
= sin | wt—n’— 
‘pr pr 


by’ =Axy’ sin vtmn' Ze) Awd oe 
pr 2 
c=1,2,3.. 


| sin [a+ (ca—nn =x | 


sin [ (cortny Zs | (41) 


Thus, because of the slot-openings of the 
stator, the n’-th stator harmonic produces a 
series of pairs of traveling waves. One wave 
of each pair travels in the direction of rota- 
tion, the other in opposite direction. Their 
respective velocities with regard to the 
stator are 


or 


Pik 
COitn' a 


G— Nene 
(42) 


T 
=H, 


and 
CO; —n' wv 


These slot-opening waves may influence 
considerably those field harmonics with re- 
spect to which they are at standstill. Their 
influence on all other harmonics will be 
relatively small and can be taken care of by 
introducing the Carter factor, that is, by 
introducing in the denominator of equation 
40 the factor Ka. 

The latter statement applies also to the 
influence of the rotor slot-openings on the 
stator harmonics, since the waves produced 


upon the assumptions that the slot-open- cos 20;—x-+ (38) | by them move with respect to the stator har- 
ings reduce equally all harmonics and pr monics. Therefore, considering the stator 
Table Ill. Synchronous Speed 
Dn: for 
Dn’ ren/ =O and 
e n’ Sn’ Xmnr T2n/ T(ste)n’/ Tho’ T2n’ tan 0 Cn Do for ren7=0 X(g+e)n/ =O 
eect eo eis +10 So Tne as 1,304 < 10 lssye ORO, 58 0.0082 0.005 0.0132....0.0079....0.986....0.016...... OXOL28 ene 0.005 
Bee —elOm ib 7ibtn. ) O2: PEIE6G ame) ake, OO s65%5 O02 ONOONS NN OF O17 ler OVOlb ae OUOSSer nace OK0SS7 eee 0.0196 
Leo he eee Tem 100726 alr. Ash ae ree 0.332 0.047 OFS79in ee ONAT.G ONTO Ter OMe 1Oneeaee OR275 enone 0.045 
1m oe OG nN OrS6) sear ten OSs cic dea Be ese 0.46 0.064 (O45 24g O14) Wy ONG5 4 ee 0. S64 ane Ono sdaeee eee 0.060 
ogo Ries ae a Ac Oe, 1830> Sees. ea: On%85m. lan Op Titian nO S9Gbe eK O0467 nO; 530 hee OLA 75am OWAT2 eee 0.10 
10 ee 88). ea L728 hee — cde ASS Pay Goctat 00751 ee Onis Gn Lolo lace Oml05 een OPA 70Neee Ol SS omer re Wee arels Nodes 0.135 
23...— 46....4+ 4.29 PIE PN 3 eee 1eS8y @. vaseee Ey tks OP1964 0 e126) 900406 On S7ine ey OL 624 ome OBO. ooasae: 0.164 
Pic) UAE ui Debye LON souge ISSi pee Le GE 0.235 TODS ee OR OSD nONS45 sey 0) GDS nee OBS voe oon ne 0.191 
35...— 70....+ 6.0 OG Ramee ss E875 Meenas S585 acces 0.535 Bee eye OMIMES, OM ooo dees 35.0 07.0 dle 0.359 
49...+ 98....— 6.0 OxSAlgere ene Ry ae eae eae CWS Boose 1.47 UAB. 2 O ONE oso OB no OG atosc 0: 889=.5 Aer: 0.595 
65...—130....+10.3 O1S07en teS15 Gl eet OY a one 4.55 15h 07M ORO25 Te a0 Onsen OLO4 teenie OVO eee 0.82 
75...+150....—-10.3 ONCOSme dere. ASS. at fon 16-925 Sere ss 17.86 SANT Senn OLS 2h ONOLSHeeOnO Ul mee OLO71IR Ae, seer 0.947 
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€1 POSITIVE 
€2 NEGATIVE - 


4% EVEN 


Figure 4. Determination of the signs of & 
and € for g=even number 


harmonics, the factor Ke has to be intro- 
duced in equation 40. 

Now the stator field harmonics have to 
be determined, the velocities of which are 
given by equation 42. These stator field 
harmonics will be increased or reduced con- 
siderably by the slot-opening waves. 

The n’-th stator harmonic has with re- 
spect to the stator the speed 


(43) 


Since the order of the stator slot-harmonics 
is given by the equation 
n' y= FRAP (44) 
it follows that the slot-opening waves pro- 
duced by the synchronous wave (n’=)) are 
at standstill with respect to the slot-har- 
monics and these are the only waves which 
are at standstill with respect to each other. 
It follows further from equations 42 and 44 
that the slot-opening wave of the order c=1 
is at standstill with respect to the slot- 
harmonic of first order (k=1), that the slot- 
opening wave of the order c=2 is at stand- 
still with respect to the slot-harmonic of 
second order (k=2), and so on. 

Usually only the slot-opening waves of 
the orders c=1 and c=2 have to be taken 
into account. From equation 41 


Cat. 
b's9=A (=) sn| wt (Ore) e—v | 


(45) 
and 


ce Vie, 
Os AG i ; snl at (cQ, -2Ze+0 | 
(46) 


where Jp is the magnetizing current. 
An’ =>) is proportional to the primary cur- 
rent J;. The factor Im/J, takes into account 
the fact that the amplitude of the slot-open- 
ing waves is proportional to the resultant 
synchronous wave, that is, to the synchro- 
nous wave produced by the primary and 
secondary magnetomotive force together 
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(Im). The angle has to be introduced be- 
cause I is not in phase with . 
The slot harmonics are 


b’ 52 =A (n’= cQitp) sin E oe (Ort = | 
(47) 


2 v 
b"y=A (n’=—cQit+p) Sin wt+(cQr Bt) 
(48) 
The ratio between the amplitudes of the two 
waves which travel in the direction of rota- 
tion is 
A (n! =p) 
A (n’ = cortp) th 2 


-| Ra(n’ =p) i] Rp(n! =p) |x 

Ra(n! =cartp) ILRp(n’ =caitp) 
COit+p Im € 
ie Soe he 


yj we Im €c 


(49) 


and the ratio between the amplitudes of the 
two waves which travel opposite to the direc- 


’ tion of rotation is 


Aas A (n=) Im €c 


Wie —caitp) i 2 


-| Ra(n' =) i kp(n’ =p) |x 
Ra(n! = —caitp) Ro(n’ = —caitp) 


CQ-b Im € 
pws lipo 
The ratio I/I, as well as the angle y 


depend on the speed of the machine. For 
the induction motor it is approximately 


r 


(50) 


Im 
“™ _ 9 08to0.2 
ye My 


at standstill (51) 


Y=15° to 25° 


1 
— =(0.22t00.6 
I; 


at high speed (52) 


W=78° to 55° 

The first value refers to machines with a low 
number of poles, the second to machines 
with a high number of poles. For the syn- 
chronous motor, I/I;30.35 at standstill 
and Im/I30.8 to 1.1 at high speed; y is 
for both cases approximately 25 degrees. 

Further, for integral-slot windings 


Ra(n’ =p) Sale=d) 
ka(n= +cQi+p) +1(c=2) 


when g is even 


(53) 
kan’'=n) ___ +1(c=1) 
ka(n’ = +cqitp)  +1(c=2) 
when gq is odd 
and for fractional-slot windings? 
Ra(n’ =) eiaic=l) 
Ra(n’ = =cQit+p) —1(c=2) 
when P is even 
a(n’ =p) hie =1) 
Ra(n’= +cat) +1(c=2) (54) 
when P is odd and 8 is even 
_hawn'p=n) _ _ —1(c=1) 


Ra(n’ = +cQi+p) ie +1(c=2) 
when P is odd and 8 is odd 
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For the ratio of the pitch factors, 


Ro(n’ =p) 
Ro(n! = *cqitp) 


(55) 


= ==) or 


that is, when one slot-harmonic has the plus 
sign, the other slot-harmonic of the same 
pair has the minus sign. 

The magnitude of €, depends upon the 
ratio between slot-opening and slot pitch 
and upon the ratio between slot-opening 
and gap. There is® 
€=KviK, (50) 
The factor Ky takes into account the ratio 
between slot-opening and slot pitch; its 
value for c=1 and c=2 is given in Figure 2. 
6 takes into account the ratio between slot- 
opening and air gap; its value is given in 
Figure 3. K,=KgK@ is the Carter factor. 
For open slots, €&=0.5 to 0.7 and &€ is 
negligible; for semi-open slots €&,=0.05 to 
0.25 and €.=0.05 to 0.15. 

In order to find the sign of € with respect 
to the synchronous wave, consider Figures 
4 and 5, which relate to integral-slot wind- 
ings withg=2andq=3. Itcan beseen that 
€, is positive for even and negative for odd 
values of g, while € is negative for even as 
well as odd values of g. 

Because of the slot-opening waves pro- 
duced by the synchronous wave (n’=), 
one slot-harmonic of a pair may be decreased 
and the other increased, or both slot-har- 
monics of the pair may be decreased or in- 
creased. Whether the harmonic is de- 
creased or increased depends upon the num- 
ber of slots per pole and upon the coil 
pitch, that is, upon the sign of the pitch 
factor. 

Equations 51 and 52 show further that the 
influence of the slot-openings depends upon 
the speed of the machine. The harmonic 
(differential) leakage is therefore not a con- 
stant; it changes with the speed of the 
machine. 

As example the stator harmonics of an 
800-horsepower 8-pole induction motor with 
open slots will be considered. 

For this machine 


b 4 

Bib a: ln 

g 0.055 

bs 0.415 

ee OT, 

Ts 0.789 : 

From Figures 2 and 3, 

Ky, =1.06 Ky,=0.14 6=0.37 


The Carter factor is equal to 1.46. There- 
fore, 


5 = 1.060.37X1.46X0.5=0.286 
Further, 


I 
ef = 0.239 at full speed 


1 

Ihe, : 
— =0.06 at standstill 
qi 


For the machine under consideration, 


4 
g=5 —=0.788 
T 
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iia 


— 


Hence, 
Ra(n’ =) ey 
kan’ = +q+7) 
and 
Rp (n’ =p) ste Rp (n! =p) 


=+1 


Rp(n’ = a+) Ro(n’ = — a+) 


It follows from equations 39 and 40 for the 
slot harmonics of first order, 


r’=(+1)(- ie “¥*X0.239X (—0.286) = 


+2.12 at full speed 


r”=(+1) aus 4 0.239 x (— 0.286) = 
—1.98 at an speed 


0.0 
r’=+2. 2 = =+0.582 at standstill 


0.06 
ee COS () : 
r 0.239 0.497 at standstill 


From the two waves of first order produced 
by the slot-openings, one, which travels 
with the rotation, has a sign opposite to the 
corresponding slot-harmonic, while the 
other, which travels opposite to the direction 
of rotation, has the same sign as the cor- 
responding slot-harmonic. At standstill, 
the slot-harmonic that has the same direc- 
tion of rotation as the synchronous wave is 
reduced by approximately 50 per cent while 


‘the other slot-harmonic is increased by ap- 


proximately the same amount. The in- 
fluence of the slot-openings on the slot- 
harmonics of second order is small here be- 
cause of the open slots. It should be noted 
that the influence of the slot-openings on 
the slot-harmonics of first order is much 
smaller than in the considered example when 
the slots are semi-closed. However, in this 
case the slot-harmonics of second order are 
more influenced than in the case of open 
slots. 

In the calculation of the harmonic (dif- 
ferential) leakage (equation 13), the in- 
fluence of the slot-openings has been taken 
care of by dividing the amplitudes of the 
harmonics by the Carter factor, that is, by 
calculating with an increased gap. It fol- 
lows from the results obtained above that 
the division by the Carter factor is correct 
only for the harmonics of lower order but 
not for the slot-harmonics. 


Appendix li. Influence of the 
Shape of the Magnetomotive 
Force Curve 


The foregoing considerations are based on 
the assumption that the magnetomotive 
force has the stepped shape, that is, that the 
magnetomotive force of a single coil is a 
rectangle and that the magnetomotive force 
changes in the center of each slot abruptly. 
This assumption is not correct. Flux maps 
indicate that it would be more corréct to 
assume that, because of the slot-opening, 
the magnetomotive force of each single coil 
is not a rectangle but a trapezoid, as shown 
in Figure 6. This yields for the n’-th har- 
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Figure 5. Deter- 


mination of signs of 
€, and € for q= odd 


number 


€, negative 


€, negative 


Figure 6. Shape of the magnetomotive force 
of a single coil in open slots 


monic of an unchorded 8-phase integral- 
slot winding* 


34/2 


fan’ sin 2'a/2 


*=— JV. 
fn 7 on I n° n'a/2 
sin (at n=) (57) 
pr 
where 
b 
a re (58) 


For the rectangular shape (equations 35 
and 36) 


3 k 
pe Non i sin (a1+n'Zx) (59) 
i i 


Thus, the assumption of a trapezoidal shape 
introduces the factor 


sin n’a/2 


n'a/2 9) 


= 


Since a is a small angle, this factor will not 
influence the harmonics of lower order, but 
it will reduce the slot harmonics consider- 
ably, especially those of higher order. .The 
harmonic (differential) leakage reactance 
that is built up by the sum of the leakage 
teactances of all harmonics, therefore, will 
be reduced also. The reduction caused by 
the trapezoid shape of the magnetomotive 
force will be larger the smaller the number of 
slots per pole per phase gq, since m’a increases 
with decreasing gq. 
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On the basis of equation 57, the harmonic 
leakage reactance of an unchorded 3-phase 
integral-slot winding becomes 


4 k 
y= — Non pfil X 10 (ie “ax me 


g 
h{ n’ 61 
o (+ ef) fe 


For the rectangular shape of the magneto- 
motive force 


sin sin n'a/2 


9 pa/2- 


V2 Ran! 2 
10-7 e(= 62 
= >( 2 ) (62) 


ae None 

ag a i Ms K 
While the evaluation of the sum in equation 
61 is very tedious, the sum in equation 62 
can be expressed by a simple formula. For 
this reason the calculation with the step- 
shaped magnetomotive force is preferred. 

In the specific case of equation 61, that is, 


for unchorded 3-phase integral-slot windings, 
the following approximate formula applies: 


= 44q 
b,6.5—0.6q 
=4.0N2* 10-7 —(0.6 ea) 
Be eet a0 reales 
(63) 


g’ is equal to the gap, g, times the Carter 
factor of the opposite slot. 

The results obtained from equations 62 
and 63 will be compared for two machines 
with different numbers of slots per pole per 
phase. 

1. Six-hundred-horsepower induction 
motor considered in Appendix I: For this 
machine 


m=3 Np=80 p=4 fi=60 7=11.81 

l=11 i=10 =0.789  b,=0.415 

g=0.055 Ka=1.464 Kq=1.047 
k 

Ksal1.05 q=5 >(% =0.0059 


WwW 
(or —— 1) 
tr . 
It follows from equation 62 


4 80? 
x, = 78, 60 Xx10X 
wr? 4 


11.81 
0.055 X 1.464 X 1.047 X 1.05 


0.0059 X 10-7 =0.0873 ohm/phase 


x 
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and from equation 63 


81 
181 acs 
= 4259 5011 00x LOMT . 
area! 1,000 
0.374 6.5—0.6X5 
O Gi ee Nios 
( 6+ 0789 5-12 ) 


=0.098 ohm/phase 


2. Twelve-hundred-horsepower 26-pole 
induction motor with open slots: For this 
motor 


m=3 Nyn=195 p=138 fi: =60 7r=8.12 
1=24 1,=21 75s=0.901 b,=0.47 g=0.065 
Ka=1.447  Ke=1.025 KsAl1.05 g=3 


2 W 
>(‘#) = 0.0120( for —= :) 
n it 


It follows from equation 62 


A fe 1502 
ee 13 


60X21X 
8.12 Y 
0.065 X 1.447 X 1.025 X1.05 
0.0129 X 10-7=0.275 ohm/phase 


and from equation 63 


cua 
1502 0.065 X1.025 
66 Coie 
13 1,000 


0.431 6.5—0.6X3 
i. Nat 
( +9901 3-12 )xo 


= (0.247 ohm/phase 


x,=4 


The values of the harmonic leakage obtained 
from equation 62, that is, on the basis of 
the stepped shape of the magnetomotive 
force curve, are about 10 to 15 per cent 
higher than those obtained from equation 63, 
that is, on the basis of the trapezoidal shape 
of the magnetomotive force curve. In the 
considered examples, g is equal to three and 
five, respectively. The difference between 
the results yielded by equations 62 and 63 
becomes larger for values of g smaller than 
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three; further, it is smaller for semi-open 


slots than for open slots; but in all cases the \ 


harmonic leakage obtained on the basis of 
the stepped shape of the magnetomotive 
force curve is larger than its real value. 


Nomenclature 


bs =slot width at the gap 
b,=tooth width at the gap 
c=order of the slot-opening wave 
D=damping factor 

fi=line frequency 


f=magnetomotive force, instantaneous 
value 

F=magnetomotive force, amplitude 

g=air gap 

J=current 


kqg=distribution factor 

k»y=pitch factor 

K,= Carter factor 

K,=saturation factor 

k=order of the slot-harmonic 

1,=ideal core length 

1=total core length 

m=number of phases 

n'=order of stator harmonics with respect 
to a fundamental whose wave length 
is equal to the circumference of the 
armature 


n' . . 
(» = =) =order of the stator harmonic with 


respect to the synchronous wave 
n'=order of the slot harmonics 
N,=number of conductors in series per slot 
N=numerator of the fraction g= N/8, that 

is, number of slots per phase in 8 poles 
Non or Ni, =number of turns per phase 
p=number of pole pairs 
P=smallest integer which makes d in the 

equation d=(3NP+1)/8 an integer 
Q=total number of slots 


< ; 
(« -*) =number of slots per phase per pole 


r2=resistance of the rotor per bar 
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s=slip of the rotor with respect to the syn- 
chronous wave 

Sn/= slip of the rotor with respect to the 
n’'-th stator harmonic 

W =coil width (in units of the pole pitch) 

Xm=reactance due to the main flux 

X,=differential (harmonic) leakage react- 
ance per phase 

Z=coil width in slot pitches 

8 =denominator of the fraction g= N/8 

€=amplitude of the slot-opening wave 

n = skew factor 

£=coupling factor of the squirrel cage rotor 

t=pole pitch of the synchronous wave 

Tn! =pole pitch of the n’-th harmonic 

T,=slot pitch 

7,=total leakage coefficient of the rotor 

T(s+e) =Slot and end-winding leakage coeffi- 
cient of the rotor 

Tn=differential leakage coefficient of the 
rotor 

w=2nfi 
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The Polyphase Commutator Regulator 
for Speed Control 
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Synopsis: This paper presents an explana- 
tion of the theory and explains the character- 
istics of an a-c adjustable-speed drive ob- 
tained by using a polyphase commutator 
regulator mechanically coupled to the shaft 
of a wound-rotor induction motor and 
electrically connected to its slip rings. The 
theoretical loci of the system current vectors 
with respect to the voltage vectors of the 
induction motor are developed in terms of 
the constants of the machines and the ap- 
plied voltage. A method of determining the 
characteristics of the drive from no-load 
tests or from design data is presented. The 
characteristics predicted on these bases are 
in excellent agreement with those obtained 
experimentally, 


EVERAL methods have been em- 

ployed to provide an a-c drive of 
large capacity with suitable adjustable- 
speed characteristics. The choice of the 
method used usually is dependent on the 
characteristics required by the load. One 
of the most satisfactory of these systems 
from the standpoint of speed control is 
obtained by supplying the primary of 
an induction motor from a balanced poly- 
phase system and connecting its slip rings 
to a shunt-connected polyphase commu- 
tator regulator (see Figure 1). 

The electrical circuit of the rotor of this 
regulating machine is similar to that of a 
d-c armature. It usually is designed for 
low voltage in order to obtain good com- 
mutation of the alternating currents sup- 
plied to it from the brushes. The spacing 
of the brushes on the commutator is de- 
termined by the number of phases on the 
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motor rotor, that is on a 3-phase machine 
the angle between brushes is 120 elec- 
trical degrees. The stator or field wind- 
ing of the regulator may be a normal dis- 
tributed polyphase winding such as that 
found on a polyphase induction motor. 
However, for good commutation the main 
field windings usually are placed on 
salient poles between which interpoles 
can be provided. A compensating wind- 
ing usually is placed on the stator and 
connected in series with the rotor or 
armature. The field may be designed for 
operation either in series or in shunt with 
the armature. The drive using the shunt 
connection is the more common and is the 
one which is discussed here. This con- 
nection is shown diagrammatically in 
Figure 1. A transformer bank normally 
is provided to control the voltage applied 
to the field winding and thereby control 
the speed. Excellent speed regulation 
can be obtained when shunt excitation of 
the regulator is employed. This drive is a 
constant horsepower device. For a given 
power input the torque available at the 
shaft is increased as the speed is adjusted 
to lower values. 
The object of this paper is 


(a). To develop the theory of operation of 
the adjustable-speed drive consisting of a 


3 PHASE 
SUPPLY 


Figure 1. Com- 
plete circuit dia- 
gram of adjustable- 
speed drive nels 0R ROTOR 


Conrad, Brooks, Fellers—Polyphase Commutator Regulator 


wound-rotor induction motor and a shunt- 
connected polyphase commutator regula- 
tor. 


(b). To obtain the expression for the pri- 
marty current of the induction motor as a 
function of the phase voltage, the machine 
constants, and the slip. 


(c). To present a method of predicting the 
characteristics of the drive from no-load 
readings taken experimentally on the ma- 
chines, or from the design data of the ma- 
chines employed. 


Theory 


When the stator, or field, winding of 
the polyphase commutator regulator is 
connected to a balanced polyphase supply, 
a rotating magnetic field is set up which 
induces a voltage in this winding which is 
essentially equal and opposite to the ap- 
plied voltage. A voltage is induced in the 
conductors of the rotor also, unless it is 
rotating at synchronous speed in the 
same direction as the magnetic field. If 
the rotor is stationary the voltages in 
these conductors can be measured be- 
tween brushes placed on the commutator. 
By proper distribution of these brushes on 
the commutator, these voltages can be 
made to form a balanced polyphase sys- 
tem of any desired number of phases. If 
the brushes are all shifted in one direction 
in unison, the voltages between them are 
unchanged in magnitude, but the time 
phase of these voltages with respect to 
the field voltage will be changed. In this 


way the time phase of the brush voltages 
may be so shifted that they directly 
oppose the voltages supplying the field, 
or the voltages normally supplied to the 
brushes. 


This is referred to as the zero 
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brush position. If the effective turns 
ratio between the field and the armature 
is unity, that is, a given value of flux in- 
duces voltages of equal magnitude in both 
field and armature, and if the brushes are 
in the zero position, the voltage which 
appears at the brushes is equal and oppo- 
site to the voltage on the induction motor 
slip rings at standstill, which is the volt- 
age applied to the stator winding of the 
commutator machine. 


If the stator of the regulator is supplied 
with balanced alternating voltages, and 
the armature is rotated at some speed, NV, 
with the brushes not connected to the line, 
the voltage appearing between them is 
still of the frequency applied to the field. 
The armature is divided into groups of 
conductors between adjacent brushes. 
Although at different instants different 
conductors may comprise these groups 
due to the rotation of the armature, 
nevertheless, the group as a unit is sta- 
tionary, and the frequency which appears 
at the brushes is the frequency of the 
rotating field, regardless of the speed or 
direction of rotation of the armature. 


This is the same as the operation of a 
d-c machine if an alternating voltage is 
applied to the shunt field. The voltage 
at the brushes would vary at the same 
frequency as the voltage applied to the 
field, independent of the rotation of the 
armature or the magnitude of the induced 
voltage. The magnitude of the electro- 
motive force induced in the regulator 
armature is, however, proportional to the 
relative velocity of rotation of its syn- 
chronously revolving field and the rotor 
conductors. When the speed of the rotat- 
ing field is V, and the machine is rotating 
at a speed, NV, in the same direction as the 
revolving field this voltage is (V,; — N)+ 
N, multiplied by the voltage induced in 
the armature at standstill. On the other 
hand, if the armature is rotating in the 
direction opposite to that of the revolv- 
ing field, the voltage at the terminals is 
(N,; + N)/N, multiplied by the induced 
voltage at standstill. 


In order to minimize the armature 
reactance of the regulating machine, a 
compensating winding is so placed on the 
stator that the magnetomotive force 
which it produces directly opposes that 
of the armature. The armature and the 
compensating winding carry the same 
current and if the effective number of 
turns of the two windings is the same, 
maximum compensation is accomplished. 
The only flux produced by the armature 
current is a leakage flux which may be 
interpreted as producing a reactance drop 
in the usual manner. It is this condition 
of compensation which will be considered 
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henceforth. The magnetomotive force 
produced by the armature current is 
rotating at constant velocity, regardless 
of the armature speed. Likewise, the 
compensating winding produces a mag- 
netomotive force which rotates in the 
same direction and at the same velocity 
as the armature magnetomotive force, 
but is directly opposed to it. For best 
compensation these two magnetomotive 
forces should be equal and opposite. 

The compensating winding and arma- 
ture are so connected that the voltages 
induced in them by the field flux are di- 
rectly opposed. Since the two windings 
have the same effective number of turns, 
the voltages induced in them at standstill 
are equal and opposite. At any other 
speed the voltage induced in the com- 
pensating winding is the same, but that 
generated in the armature is changed as 
explained above. Let ¢ be the magnitude 
of the air-gap flux of the commutator ma- 
chine and & be a constant involving num- 
ber of turns, type of winding, and other 
quantities, and assume the armature to 
be rotating at speed N in the direction 
opposite to that of the rotating field. 
The voltage induced in the armature is 
then 


N+Ns3 


N; ig 


That induced in the compensating wind- 
ing is kd, and the voltage appearing at the 
terminals of the armature and compen- 
sating winding together is 

N+N. ko 


8 
kp —ko = N— 
iN kp—ko N, 


E,= 


This shows that the electromotive force 
E, appearing at the terminals of the ar- 
matureand compensating winding together 
is directly proportional to the speed. 

Since the machine is compensated, cur- 
rent flowing through the armature and 
compensating windings produces only 
leakage flux. Therefore the armature 
current induces no electromotive force in 
the field circuit. Then, with constant 
applied voltage and frequency the field 
current is the small, constant, exciting 
current, regardless of speed, load, or 
armature current of the machine. 

The equivalent circuit of a single phase 
of the induction motor secondary and the 
regulator is illustrated in Figure 2. In 
this diagram and throughout this paper 
R, and X2 represent the resistance and 
leakage reactance of one phase of the in- 
duction-motor secondary winding at 
standstill, R, and X, represent the corre- 
sponding quantities for the circuit com- 
prising the armature and compensating 
winding of the regulating machine, and 


Conrad, Brooks, Fellers—Polyphase Commutator Regulator 


Zo=Rot jsXo lo pear seve 


lo> 


a:l 
ARMATURE 


ADJUSTING 
TRANSFORMER 


STATOR 
WINDING 
sko 


Figure 2. Equivalent circuit of a single phase 
of the drive 


Locus of load component of 
secondary current of induction motor accord- 
ing to the exact theory 


Figure 3. 
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Figure 4. Loci of components of secondary 
current of induction motor 
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E, represents the voltage induced in one 
phase of the secondary of the induction 
motor. E, is the voltage induced in one 
phase of the regulator field winding and 
it is proportional to the value of flux in the 
air gap and the frequency of the applied 
voltage. This applied voltage is of slip 
frequency, since it is the slip-ring voltage 
of the induction motor. Therefore, E, = 
kos, where s is the slip of the induction 
motor, ¢ is the air-gap flux of the poly- 
phase commutator regulator, and k is a 
constant involving the number of turns, 
winding, and other factors, of the com- 
mutator regulator. The same flux gene- 
rates the voltage in the armature, and if 
the armature is assumed to possess the 
same number of turns as the shunt field, 
the only difference between the expres- 
sion for E,, the armature circuit induced 
voltage, and E, is in the manner in which 
slip occurs. It has been mentioned pre- 
viously that the voltage appearing at the 
armature terminals is directly propor- 
tional to the speed of the machine, and 
therefore, E, = kd(1 — s). 

By neglecting the effect of exciting cur- 
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Figure 5. Reflection 
of component cur- 
rents of induction- 
motor secondary cur- 
rent to primary 


rent of the commutator machine flowing 
through the induction-motor secondary, 
making Z, = Rp + jsXo, Z, = Ra + 
jsXq, and letting a be the turns ratio of 
the transformer in the field circuit, the 
following circuit equations are obtained: 


Ex - bse Zee. (1) 
Eo—-ThZ, =askd (2) 


If the voltage induced in one phase of the 
induction-motor rotor at standstill is E, 
then E, is equal to sE and: 


eS ODER Sse. 
* (G1) sZ5— LOZ, 


(3) 


If the load component of the secondary 
current of the induction motor is cal- 
culated according to equation 3 for differ- 
ent values of slip, the locus of the ex- 
tremity of the current vector with respect 
to the voltage E is of the form indicated 
by the curve in Figure 3. The operating 
range as a motor is indicated by the seg- 
ment 0b of the inner loop, where o repre- 
sents the no-load point and 6 the stand- 
still point. Although theoretically cor- 
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' rect, this locus possesses the disadvan- 


tage that all of the constants of both the 
induction motor and the commutator 
machine must be known in order to cal- 
culate it, and this computation must be 
carried out point by point as the locus is 
not a simple geometric figure. 

If the voltage drop caused by the cur- 
rent flowing through the resistance of the 
secondary circuit of the induction motor 
is neglected when setting up the voltage 
equation for the stator circuit of the 
regulating machine, a circle locus defining 
the vector J, may be obtained which is a 
very good approximation of the theoreti- 
cal curve in the operating range. When 
this assumption is made the voltage equa- 
tions for the motor secondary take the 
following form: 


E,—1(Z.+Z,) =(—s)k¢ (4) 
E,—jhsX2=asko (S) 
When sE is substituted for E, and the 


two equations are solved for Iz, the fol- 
lowing result is obtained: 
“I (a+1)sE-E 
a RoR.) ise Ca) sks = 
(6) 


a (Re Sr R,) 
Then 


I, 


For convenience, let R3; = 
and X3 = a(X_. + X,) + Xo. 


SG tiEse 
~ Rs+j(sX3—X2) 


2 


By making use of the principle of super- 
position, the following component cur- 
rents are obtained: 


=1,+1, (7) 
In which 


__ S@+UE 
Ge RT (SNe 


and 


Gee hc Cee 
> R3+j(sX3—X2) 


The currents J, and J, are always in 
time phase opposition. They may be con- 
sidered as currents flowing in the imped- 
ance, R; + 7(sX3 — X2), caused by volt- 
ages s(a + 1) E and —E which are in 
time phase opposition. The locus of the 
extremity of the current vector I, re- 
ferred to the voltage E for varying slip 
is a circle as shown in Figure 4A. Its 
diameter is vertical and has a magnitude 
E/R;. The locus of the extremity of the 
current vector J, is also a circle as indi- 
cated in Figure 4A. Its diameter is 


(Q+1)E VW Re+X22 
X 3 R; 


at an angle tan —!(R3/X2) with the volt- 
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age vector E. The derivation of magni- 
tude and position of these circles is given 
in Appendix I. The locus of the extrem- 
ity of the vector J; obtained from equa- 
tion 7 also is found to be a circle as illus- 
trated in Figure 4B. The proof that it 
has a circle locus is presented in Appendix 
bs 


All of this analysis has been carried out 
neglecting the exciting current of the 
polyphase commutator regulator and its 
associated transformer, which flows in 
the induction-motor secondary. This 
exciting current is directly proportional 
to the voltage applied to the field winding 
and inversely proportional to the fre- 
quency of this voltage. As the machines 
slow down due to increase in load, the slip 
increases and the frequency of the voltage 
applied to the regulator field increases 
proportionally. The voltage across the 
field winding increases also, though to a 
lesser degree because of the voltage drop 
I,Z2 in the secondary of the induction 
motor. Since the speed changes only 
slightly with load, the voltage and fre- 
quency applied to the field of the com- 
mutator machine are essentially wun- 
changed. The changes which do occur 
produce tendencies in opposite directions. 
Therefore, for a given setting of the 
regulating transformer, the exciting cur- 
rent of the commutator machine remains 
substantially constant. It is assumed to 
remain entirely so in the analysis pre- 
sented here. 


The total secondary current of the in- 
duction motor is made up of the exciting 
current and the current J, just obtained. 
The magnitude and direction of the cur- 
rent in the primary winding of the in- 
duction motor resulting from these two 
secondary currents can be determined by 
reflecting them separately as vectors to 
the primary vector diagram. This pro- 
cedure is indicated in Figure 5. The ex- 
citing current is reflected first and com- 
bined with the exciting current of the in- 
duction motor itself to give the total ex- 
citing current of the drive as shown in 
Figure 5B. The load component h, of the 
secondary current when reflected to the 
primary winding produces a primary 
load component of current having a circle 
locus differing in magnitude from the 
secondary circle locus by the turns ratio 
of the motor as indicated in Figure 5C. 
Thus the primary current is the sum of the 
three components and is defined by a 
circle locus also. This is illustrated in 
Figures 5D and 6. 

The characteristics of the drive may be 
predicted from the circle diagram of the 
input current. 

The speed of the drive can be obtained 
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from relations of slip to the current J, in 
the following equation in which the re- 
sistance and leakage reactance of the in- 
duction motor primary are included. 


te V 
0 Ra RE fee 
Riv yee to aly a ee 
(8) 
For the sake of convenience, let 
R3 Xe 
(a+1) = Ro, (a4) =.Gy, and 
X3 
ie be 
Lit GED 4 
Then 
4 
sae (9) 


R 1X 
ath +jX4 — 


The slip can now be obtained as follows. 
For a given current oe, as represented on 
Figure 7, the phase angle with respect to 
the voltage is 


(sX4—X0) 


tan! @= 
(sRi+Ro) 


For infinite slip tan 6 = X4/R,. An 
arbitrary point on the vertical axis, such 
as a in Figure 7 is selected. The line ab 
is drawn at the angle y with the hori- 
zontal such that tan y = Ri/X,4. The J, 
vector is tangent to its circle for the condi- 
tion of zero slip. This line is extended to 
give the point d, and the standstill value 
of I, is also extended until it intersects ab 
at f. The length dd is then directly pro- 
portional to the slip. The line segment 
df is divided into 100 parts. Slip cor- 
responding to any load current may be 
obtained by extending the corresponding 
I, vector until it intersects this line and 
reading the slip directly. Proof of the 
validity of this procedure is found in 
Appendix ITI. 

The power loss associated with the no- 
load current is assumed to remain con- 
stant for all values of load, just as is done 
in the treatment of the 2-element induc- 
tion motor. This power loss is repre- 
sented by the product of the in-phase 
component of the no-load current and 
the phase voltage. 

Having determined the slip and the 
corresponding speed from the construc- 
tion shown in Figure 7, the other char- 
acteristics may be determined by con- 
structing the diagram for the motor shown 
in Figure 6. In this diagram (Figure 6) 


‘the load component of primary current is 


ob, and the copper loss for the current 
ob = (loss for oc)(ob/oc)?, where oc is the 
load component of primary current for 
the blocked rotor condition. If the loss 
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Figure 6. Locus of primary current 
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Figure 7. Determination of speed from circle 
diagram 


for oc is known, the copper loss of the 
drive can be evaluated for all values of the 
load component of the current i, and the 
curve ohc constructed such that the cur- 
rent dh when multiplied by the voltage, 
V, gives the copper loss caused by the 
current ob. Similarly other points on the 
curve can be obtained for different values 
of input current. 

The different quantities for the drive 
now can be obtained corresponding to 
any value of current h. 


1. Input =(be)V watts per phase 
2. Output=(b/2)V watts per phase 
8. Iron loss, friction, and windage =(de)V 
watts per phase 
4. Copper loss = (hd)V watts per phase 

bh 
5. Efficiency = vi) X100 per cent 

(be) 

(be) 


6. Power factor =——-X100 per cent 
(pb) 


All of these letters refer to Figure 6. The 
slip may be obtained from Figure 7. 
db 


%. Slip= (2) X100 per cent 
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Input current loci of the drive 
according to both exact and approximate 
theories, and experimental points 


Figure 9. 


db 
8. Speed= (: -*) Xsynchronous speed 


33,000 
2rN 


9. Torque= (horsepower output) X 


On the basis of these expressions a com- 
plete set of characteristics can be pre- 
dicted. 


Experimental Results 


In order to verify the theory thus far 
presented a complete set of tests was 
made upon a drive consisting of a 4-pole 
5-horsepower wound-rotor induction mo- 
tor and a polyphase commutator regu- 
lator of approximately 2-horsepower rat- 
ing. The brushes of the regulator were so 
adjusted that the voltage appearing be- 
tween them was directly opposed to the 
voltage applied to the primary of the ad- 
justable transformer in its field circuit. 

The method employed to. obtain the 
locus of primary current involves a deter- 
mination of (a) no-load voltage, current, 
and power input to the induction motor, 
(6) the blocked-rotor current, voltage, 
and input power taken both in the pri- 
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Figure 10. Operating characteristics of the 
adjustable-speed drive 


mary of the induction motor and in the 
armature circuit of the commutator ma- 
chine, and (c) the determination of the 
voltage ratio a. Reduced voltages can 
be used to obtain data for determining 
blocked-rotor inputs at rated voltage. 
By making use of equation 7 for the 
standstill condition, and the experi- 
mentally determined value of a, the 
blocked-rotor current om of the I, circle 
may be calculated from the blocked-rotor 
current oc of the primary current locus 
(see Figure 8). Likewise the blocked- 
rotor current o/ of the J, circle is deter- 
mined. 

The slip for which the component cur- 
rents I, and I, are equal in magnitude can 
be obtained from equation 7. This value 
is found to be 


Substituting this value of slip into the ex- 
pression for J,, it is then found that these 
two currents are equal when 


Ce Ea eel 
Ret 5G 
aA ar 2 


Substituting the real value for X3 (see list 
of symbols), it is found that this current 
has a power factor angle \ with respect 
to the stator voltage E such that 


I,= 


aX, 
tan \=———_*— 


(a+ 1)R; 


Since the diameter of J, circle is deter- 
mined in direction and the point / is now 
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Figure 11. 


known, the J, circle can be constructed. 
The diameter of this circle is E/R; in 
length. The resistance R3 is equal to E 
divided by the current oy. The value of 
X, is obtained from the blocked-rotor 
readings taken on the regulator. These 
values can be used to determine the angle 
X. This angle and the J, circle determine 
the direction and magnitude of the cur- 
rent on which was specified as being equal 
to and opposite to a current vector oq 
having its extremity on the J, circle. The 
points 0, g, and m determine the J, circle. 
The intersection of the I, circle with the 
horizontal axis at x is a point on the 
circle. The points 0, c, and x determine 
the location of the J, circle. 

The theoretically accurate locus, the 
approximate circle, and the experimental 
points are shown in Figure 9. Complete 
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characteristics were predicted on the 
basis of this circle, making use of the 
method devised in the discussion of the 
theory. These calculated results were in 
quite good agreement with the experi- 
mentally measured points. Character- 
istics are shown in Figure 10. 


Conclusions 


From the current loci it is evident that 
the power factor of experimental points is 
slightly higher than that of the theoreti- 
cal locus. The explanation for this is as 
follows. It was assumed that the exciting 
current of the commutator machine was 
constant. Actually, it decreases with load 
because the frequency of the voltage im- 
pressed on the regulator field increases, 
thereby increasing the field reactance as 
the drive slows down. The field voltage, 
however, was found to be substantially 
constant with change in speed because of 
the effect of the voltage drop due to the 
impedance in the induction-motor second- 
ary winding. This would cause the excit- 
ing current of the regulator to be slightly 
smaller than was originally assumed. 

Reference to equations 3 and 7 shows 
that the impedance used in the approxi- 
mate theory has a slightly higher power 
factor than that of the exact expression. 
This explains why the theoretically less 
accurate curve is in better agreement with 
experimental results than that obtained 
from the more exact theory. 

Other errors present in the theory here 
presented are the statements that the loss 
associated with the no-load current is con- 
stant, regardless of load, and that the ma- 
chine impedances are constant, independ- 
ent of current. Both of these errors are 
inherent in normal induction motor 
theory. 

The polyphase commutator regulator 
was of considerably lower power rating 
than the induction motor and hence pos- 
sessed a higher armature resistance than 
was desirable. In order to load the in- 
duction motor fully, it was necessary to 
send currents through the armature of 
this machine considerably in excess of its 
normal current capacity. This resulted in 
abnormally high copper loss and the corre- 
spondingly low efficiencies observed. 

It will be observed that the voltage im- 
pressed on the commutator machine is 
only a fraction of the voltage rating of the 
induction motor secondary, this fraction 
being the per cent slip at full load. The 
current capacity of the regulator, how- 
ever, should be equal to that of the in- 
duction motor secondary winding, and 
therefore its kilovolt-ampere rating is the 
product of full-load slip and the rating of 
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the induction motor. A drive designed to 
operate between synchronous speed and 
50 per cent slip would require a commu- 
tator machine twice as large as one oper- 
ating between synchronous speed and 25 
per cent slip. For this reason the drive 
normally employed is a double-range sys- 
tem operating between plus 25 per cent 
slip and minus 25 per cent slip, rather 
than between synchronous speed and plus 
50 per cent slip. This requires an ohmic 
drop exciter for passing through syn- 
chronism. 

The excellent agreement of experi- 
mental results with those based on the 
theory presented in this paper indicates 
the theory to be sound. The method pre- 
sented here may be used to obtain from 
no-load tests or design data the operating 
characteristics of the drive employing the 
polyphase commutator regulator. Re- 
sults have shown the accuracy achieved 
to be high, 


Appendix |. Derivation of 

Position and Magnitude of the 

Circle Locus of I, for the Compen- 
sated Commutator Machine 


se s@Qt1I)E | s(a+1)E 
: Rst+j(sXs—X2) WRs?+(sX3—X2)? 


This is readily recognized as the equation 
of a circle when it is written 


See LUE 


eR x 
S4i(x%-2 
AY AY 


The diameter of the circle is the maximum 
value which J, attains. In order to obtain 
the value of slip for which J; is a maximum, 
this expression is differentiated with respect 
to s and equated to zero. 


ds 
Peveeesme ere | 
E[Rs?+ (sX,—X2)*]~'/"(sX3—X0) X35 
Rs?-+(sX3— Xz)? 


Multiplying through by 
[Rs?+ (sXs—X2)?]”? 
and clearing fractions gives 
R3?+ (sX3—X2)?—sX3(sX3— Xe) =0 
Simplifying and solving for s yields 
oi Re+X? 
X3X2 
Substitute this in the expression for J,. 


Re+ Xo” (a+1)E 
XaXe Neo ee z 
Xe 


Multiply through by X»2 and simplify. 


Max I, = 
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(@+DE VRE+K? 
X3 R; 
The tangent of the angle which the diam- 


eter makes with the voltage is obtained 
from the following expression : 


Max I[,= 


sX3—Xe 
R; 


Substitute in the value of s for maxi- 
mum T,. 


tan y= 


Appendix Il. Proof That the 
Combination of the |, and |, 
Circles Is Also a Circle 


Employ a as the horizontal. co-ordinate 
and b as the vertical co-ordinate in Figure 11. 

Point P is obtained by extending the 
chord ov of the /, circle until it intersects 
the I, circle at u. The distance wo=x is 
laid off from v along ov to obtain P. The 
locus of P is to be proved a circle. 


a=angle which diameter of I, circle makes 
with horizontal 

r=radius of I, circle 

R=radius of J, circle 

d=diameter of J, circle 

D=diameter of I, circle 


From the figure for point P: 


a=(y—x) sin 

b=(y—x) cos 8 

x=d cos 6 

y=D (sin 6 cos a+ cos @ sin a) 
y—x=D sin 6 cos a+ cos @(D sin a—d) 


Substitute in the expression for a and b 
the value of y—x. This yields: 


a=Dsin?6@cos a+ sin @ cos 0(D sin a—d) 


(10) 
b=D sin @ cos @ cos a+ cos? 6(D sin a—d) 
(11) 
Let: 
D sin a—d=m 
From equation 10 
f a—D sin? 6 cos @ 
Sih COS. ———— 
m 
Substitute this into equation 11. 
Da D2 fl 
b=— cos a——cos? a sin? 6+ m cos? 0 
m m 
Now 
cos? @=1— sin? @ 
Da D* cos? m> 
b=— cos ~—(Petetn) sin? 6-+-m 
m m 
Da cos a 
——— +m=b 
F m 
sin? @= ——__—___——_ = 7}? 
D? cos* a (12) 
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VOR 


letting m=sin 0. 
gives 


Rewriting equation 10 


a=D sin? 6 cos a+m sin 6 4/1— sin? 6 


Substitute 1 =sin @. 


a=Dn? cos atnm V1—n? 


a—Dn?cosa a Dn 
Nl a ee GS 
mn mn m 


Eliminate the square root. 


a? 
Om ne (lan*) a= D nx 
n 
cos? a—2aD cos a 
Substitute for n? from equation 12. 


Da cos a 

——_ +m—b 
m 

- D* cos? a 


m 
Then | 


‘D* cos?a Dacosa 


m m 
aa? a 


D? cos? a 


m 
m 


D? cos? a 

SSS 
m 

a 

Da cos a 

——___ +m—o 
m 


Da cos 
D? cos? @ ( acosa 


eae +m-0) 
Soh bee ee 


D? cos? a 
= ——_ +H J 
m 


2aD cos a=0 
And — 
eon cos? a+aDm? cos a—bmi+ | 


aD? costa+ D2m?2 cos? a—bD*m cos? a 
caaale 


D? cos? a+m? 
a?D? cos? a+a*m? 


aD cos a+m?—bm 


—2aD cos a=0 


Clear fractions: 


a2D?m? cos? a—abDm' cos a+a?D1X 
cos‘ a—abD%m cos* ataDm'*xX 
cos a—bm®>+aD*m? cos? a—bD?*m3 Xx 
cos? a—abDm? cos a+b?m*—abD*m X 
cos? a+b2D?m? cos? a+a?2D*X 
cost a+a?2D?m? cos? a+a*D?*m? Xx 
cos? a+a?m!—2a2D! cost a—2aD*m? X 
cos’ a+2abD*m cos* a—2a*2D*m? XK 
cos? a—2aDm? cos a+2abDm* X 
cos a=0 


a?(D2m2cos? a+ m*) —a(D?m?cos'a+ Dm! xX 
cos a)+62(D?m? cos? a+m'*)—bX 
(D?m3 cos? a+m>) =0 


pres E cos a(D? cos? vee 


D? cos? atm? 


D2? cos? stm |-0 


ee 
dex? E cos? a+m? 
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D?. 
(crop cos CSTE cos? a)+ 


b2—b m?* D? ; m? 
—bm+— )=—cos? pare 
m 4 4 OS a+ 4 


D 2 2 De 2 2 
ae cos a) tl pa \ a cost tm 
2 2 4 


This is the equation of a circle with center at 
D cos a/2, m/2. 


Appendix Ill. Proof That the 


Line db of Figure 7 Is Proportional 
to Slip 


The line ab of Figure 7 is drawn at an 
angle y with the horizontal such that 
tan y=Ri/X4. Point 6 is the intersection 
of the J, vector with the line making the 
angle y with the horizontal. Using the 
notation of Figure 7, the following equality 
may be written: 

By the law of sines 


ab ao 


sin 0 


sin ay, 


as abo 

B=< oab 

ai = 180° — (B+) 

sin [180°—(8+6)] = sin (8+6) 


ao sin 6 ao sin 0 


Ab= ae A Te ee ee 
sin (8+@) sin @cos B+ cos @sin B 
Divide through by cos @ 


1 


LLOQ? 
tan @cos 6+ sin B 


Now 
cos 8B = —sin y, sin B = cosy 
1 


O30) ——— SSS 
—tan @sin y + cos y 


The functions of theta and gamma are 


eee 
Cee § Ry 
tan 0= Sey ea 
ra VRY+X# 
t ae ——— 
SS COSiy == 
tego SESE, 


When these values are substituted in the 
expression for ab, the following result is 
obtained: 


XS 
X,-— 
b=ao z x 
a R, 
Ri+— 
s 
1 
Xo 
X4——— Ee 
s (—R) Xs, 


Ree REA ARES 


Conrad, Brooks, Fellers—Polyphase Commutator Regulator 


Clearing fractions yields 


2 2 
ab=ao0(sX4—X 9) VRO+KE 
RX ot XaRy 
At zero slip ob of Figure 7 is tangent to the 
I, circle. Under these conditions ab is 
equal to ad. The magnitude of ab for zero 
slip is 


Ri+X,2 
Pane ae ee 
TR Xp ates ale 
Now 
VREEX? 
db=ab-+da=a0(sXa~Xot Xd) pv Ty R, 
RP+X? 
db =a0(sX4) pees 
RX ot X4Ry 


The length db, then, is directly proportional 
to the slip. 


Appendix IV. List of Symbols 


a=ratio of number of turns in primary to 
number of turns in secondary of ad- 
justing transformer in field circuit of 
polyphase commutator regulator 

E=the voltage induced in one phase of the 
induction motor secondary by the 
mutual flux at standstill 

E, =the voltage induced in one phase of the 
armature winding of the compensated 
commutator regulator by the mutual 
flux 

E,=the voltage induced in one phase of the 
induction motor secondary by the 
mutual flux. It is sE where s is the 
slip 

E,=the effective generated voltage per 
phase appearing at the terminals of 
the armature and compensating 
winding together for the compen- 
sated commutator machine. It is 
E,—E,=k¢(1—s) 

E,=the voltage induced in one phase of the 
compensating winding of the com- 
mutator machine by the mutual flux 

E,=the voltage induced in one phase of the 
stator winding of the commutator 
machine by the mutual flux. E,= 
kos 

I, =total primary current of induction motor 

I,=total load component of secondary cur- 
rent of induction motor 

I,=armature current of polyphase commu- 
tator regulator 

T._ = exciting current of polyphase commu- 
tator regulator 

I, =no-load current of induction motor alone 

I,,=component of J, due to s(a+1)E for the 
compensated drive 

I,=component of I; due to —E for the 
compensated drive 

N=speed of drive in revolutions per minute 

N,=no-load speed of drive in revolutions 
per minute 

N;=synchronous speed of drive in revolu- 
tions per minute 
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Formulas for the Inductance of Coaxial 


Busses Comprised of Square 
Tubular Conductors 


HENRY PETER MESSINGER 


ASSOCIATE AIEE 


Y virtue of its axial symmetric geom- 

etry, the coaxial tubular bus pos- 
sesses certain very desirable electrical and 
mechanical characteristics. Low induct- 
ance contributes to good voltage regula- 
tion. Reduced skin and proximity ef- 
fects minimize line losses and average 
temperature rise under load. Axial-sym- 
metric distribution of skin and proximity 
effects reduces current density distortion 
and attendant hot-spot concentrations, 
hence enables a greater current rating for 
a specified maximum copper tempera- 
ture. As electromagnetic forces between 
conductors are eliminated largely, me- 
chanical bracing against short-circuit 
forces correspondingly can be reduced. 
The nested conductors require less space 
for installation and a smaller supporting 
structure than they would if arranged 
side by side. 

Yet, despite these desirable character- 
istics, the paucity of published descrip- 
tions of actual installations!:?,* indicates 
that few coaxial busses have been con- 
structed to date. However, until recently 
factory distribution loads at frequencies 


THOMAS JAMES HIGGINS 


ASSOCIATE AIEE 


greater than 60 cycles were uncommon. 
Again, most heavy 60-cycle loads were 
supplied over relatively short distances. 
As these conditions are such that satis- 
factory 60-cycle operation can be ob- 
tained with the more conventional, 
though less electrically effective, construc- 
tion of conductors placed side by side, 
this limited use of coaxial busses is not 
surprising. Now, however, by virtue of 
manufacturing procedures and tech- 
niques developed during the war, the bus 
designer is faced with the necessity of 
designing heavy distribution busses which 
are not only long but also are to operate 
at frequencies of several hundred cycles 
and higher. But, the electrical character- 
istics of the coaxial bus are such that it is 
especially suited to satisfactory operation 
under either or both of these conditions. 
Hence it is to be expected that in the near 
future coaxial busses will find greater use 
than they have hitherto. 

At present, coaxial busses are con- 
structed of circular tubular conductor, of 
square tubular conductor, and of struc- 
tural tubular conductor comprised of two 


TIE 


R,=primary resistance per phase of induc- 


tion motor 

R;,=secondary resistance per phase of induc- 
tion motor 

R3=a(R2+ Ra) 

Ro= ee 

(a+1) 

s=slip measured from zero at synchronous 

speed 


Xi=primary leakage reactance per phase of 
induction motor at standstill 
X2=secondary leakage reactance per phase 
of induction motor at standstill 

X3=a(X2+-Xq) +Xe 


X3 
x a 
; ape: 


Xq=leakage reactance per phase of arma- 
ture of polyphase commutator regu- 
lator with drive at standstill 
Xe 


Xo= 
(+1) 
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V=applied voltage per phase of induction 
motor 
Z2=impedance per phase of induction motor 
secondary 
Zq=impedance per phase of armature of 
polyphase commutator regulator 
a=angle which line tangent to J, circle at 
origin makes with voltage vector 
x. 
B=tan} _— 
Ri 
Ri 
y=tan7~!— 
X4 
¢=total air-gap flux of polyphase commu- 
tator regulator 
y =angle which the diameter of the I, circle 
makes with the voltage vector= 


Rs 

tan7!— 

Xo 
I ee 
(a+1)Rs 
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slightly separated channels or angles 
placed flange to flange. To predetermine 
the operating characteristics of these 
busses requires knowledge of the a-c re- 
sistance, the a-c inductance, the copper 
temperature under load, and the mechan- 
ical forces exerted during short-circuit. 
Formulas! for calculating all four of these 
quantities are available for busses com- 
prised of a circular tubular conductor. 
But for a square or structural tubular 
conductor, though formulas are available 
for calculating the a-c resistance,®* the 
copper temperature, ° and the short-circuit 
forces,4 formulas for calculating the a-c 
inductance, often the determining factor 
in the design of the bus, are not available. 
Such formulas are derived in this 
paper, it being assumed that the conduc- 
tors are nonmagnetic, of such lengths 
that end effects are negligible, of uniform 
thickness, right-cornered, and carry cur- 
rents distributed uniformly over their 
cross sections. Of these five conditions, 
the first three are satisfied in practice. 
The fourth, however, though essential to 
tractable analysis, is usually not true in 
practice. Square tubes, channels, and 
angles, drawn, rolled, bent, or otherwise 
formed in one piece, have rounded edges, 
but the error introduced by neglecting the 
rounded edges is small. Commonly, the 
result obtained, though a bit low, is yet 
sufficiently accurate for the work in 
hand. In any case, the incremental in- 
ductance associated with the rounded 
edges can be approximated closely by a 
simple semi-empirical formula derived by 
Dwight and Wang.? Finally, though 
skin and proximity effects render the cur- 
rent density over the cross sections of 
the conductors slightly nonuniform, the 
analysis in ‘Corrections for Rounded 
Edges and for Skin and Proximity Ef- 
fects,” later in this paper, indicates that 
at power frequencies the a-c inductance is 
practically identical with the d-c induct- 
ance. : 
Inasmuch as these five postulates are 
granted as consistent with practice, 
derivations of the desired formulas, 
though lengthy, are not difficult. The 
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conductor cross sections can be con- 
sidered in various fashions as combina- 
tions of parallel-sided square areas. By 
virtue of geometric inean distance theory, 
the inductance can be expressed in terms 
of the self and mutual geometric mean 
distances of these square areas. These 
geometric mean distances can be calcu- 
lated from known formulas. Accordingly, 
determination of the inductance as a func- 
tion of the parameters defining the ge- 
ometry of the bus reduces, essentially, to 
specific determination of the geometric 
mean distances involved and substitution 
of them in the general equation for the 
inductance. 

The general formula comprises © 36 
terms. A simple approximate formula 
similarly derived, but on the assumption 
that the conductors can be considered as 
being indefinitely thin and hence having 
cross sections comprised of line segments, 
affords values sufficiently accurate for 
many design purposes. As a further con- 
venience to numerical computation, this 
formula is epitomized in a single curve. 
Conductors which are indefinitely thin 
are limiting cases of conductors of finite 
thickness, a physical consideration which 
indicates that the approximate formula 
can be considered as a limiting case of the 
general formula. Analytical confirma- 
tion of this deduction provides a simul- 
taneous check of the correctness of the 
general and approximate formulas. 

The desired formulas, having been ob- 
tained and checked, are used as illus- 
trated by calculation of the inductance of 
typical busses constructed of square 
tubular conductors. Changes in induc- 
tance resulting from rounded corners on 
the conductors and from skin and proxim- 
ity effects are discussed in detail. Pro- 
cedures for calculating the inductance of 
coaxial busses, constructed of channels or 
angles, are advanced. Illustratively, the 
inductance of a bus constructed of chan- 
nels is calculated and found to be in good 
agreement with the experimentally deter- 
mined value. Finally, procedure for cal- 
culating the inductance of polyphase co- 
axial busses, comprised of square tubular 
conductors, is outlined. 


General Relationships 


From well-known theory,®® the induc- 
tance of a bus comprised of two long 
parallel cylindrical nonmagnetic conduc- 
tors, each of an arbitrary cross section, is 


L =2 log Dgp?/DagD pp abhenrys per centi- 
meter of bus length (1) 


where Dz, and Dy, are the self geometric 
mean distances, and D,, is the mutual 


June 1946, VoLUME 65 


geometric mean distance of the conductor 
cross sections. 

If each of the two conductors is con- 
structed of several subconductors con- 
nected in parallel, m composing the con- 
ductor of a cross section S, and that of a 
cross section S,, equation 1 can be written 


mtn mtn 


L=—(2/I) ¥. D> waw;S:Sjlog Diy (2) 


1=1j=1 


where J is the bus current; w; the cur- 
rent density in the zth subconductor of 
the sectional area S;, taken positive for 
current flow in one direction and negative 
for current flow in the opposite direction; 
and Dy=Dy is the geometric mean dis- 
tance between areas S; and S,. 

If S;=RS and S;=R’'S’ are two arbi- 
trarily located parallel-sided rectangular 
areas (Figure 1), the mutual geometric 
mean distance is 


S45; log Dyy= —(25/12)S,5;— (1/24) X 


4 4 
Do Datei? HK (45, BD 3) 


p=l qg=1 


where 


K(Ap,Bq) =(Ap'—6Ap*B 2+ B,') X 
log (Ap?+B,?)'/?—4A,BeX 
tan~1 (Ap/B,) —4Ay°By tan“! (By/Ap) (4) 


and 


Ai=|D+R+R’|, 42=|D+R,| 
As=|D|, Au=|D+R’| (5) 


Bi=|(P+S45'\, B= |P+-S\, 
Bs=|P|, Bo=|P+S’| (6) 


Derivation of the General Formula 


Consider a bus comprised of two co- 
axial square tubular conductors (Fig- 
ure 2). Each of the conductors can be 
considered as constructed of two subcon- 
ductors: one of a full square cross section 
wherein current exists in the same direc- 
tion as in the tubular conductor, the other 
of a smaller full square cross section hav- 
ing current in the opposite direction. 
Hence m=n=4, and from equation 2 


4 4 


L= — (2/7) Ne SY ww ;SiS; log Di (7) 


i=1 j=1 


By definition, Dy==Dy, By inspection 
of Figure 2, wm=—w,=J/(a*—b?) and 
w3= —w4= —I/(c?—d?). Utilizing these 
relationships in equation 7 yields 


L= [—2/(a?—b?)?] [Si? log Dy +S? log D2»- 
251S2 log Dy] +[ —2/(c? —d?)?] X 
[.S3? log Dgg+S4? log Dsg—2,S3S4X 
log Dss] + [4/(a?—b?) (c?—d?)] X 
[SiS3 log Dy3— S1S4 log Dyy— S283 X% 
log Dogt S254 log Dea] (8) 
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R/ 


Figure 1 


Determining the ten geometric mean 
distances in the right-hand member of 
equation 8 by use of equations 3 to 6, 
substituting appropriately in equation 8, 
and collecting terms (a detailed analysis 
appears in Appendix I) yields 


L= {[—1/6(a?—b?)?] [12a log a+12b*X 
log b—(a—b)* log (ac—b) —(a+b)*X 
log (a+b) + (a4—6a%?2-+b4) X 
log (a?+b?)+10(a!+54) log 2+-8abX 
(a?—b?) tan-! (a—b)/(a@+b)+7X 
(a?—b?) (a —b)?]} +{[ —1/6(c? —d?)?] X 
[12c4 log c+12d4 log d—(c—d)*X 
log (c—d) —(c+d)* log (¢+d)+ 
(c4—6c?d?+d4) log (c?+d?)+ 
10(c4+-d*) log 2+8cd(c?—d*) X 
tan-! (c—d)/(c+d)+2(c?—d?) X 
(c—d)*1} + {[—1/6(a?—b%) x 
(c?—d?)}[(a—d)* log (a—d) + 
(a+d)4 log (a+d) —(at—6a*d?+d*) X 
log (a?+d?) —(b—d)! log (b—d) — 
(b+d)! log (b+d) + (b4—6b7d?+d"*) X 
log (b?+d?) —(a—c)* log (a—c) — 
(a+c)* log (a+c)+(a*—6a2c?+-c4) X 
log (a?+c?)+(b—c)* log (b-—c)+ 
(b-+c)* log (b-+c) — (b*—6b2c? +4) X 
log (b?-++-c?) —8ad(a?—d*) X 
tan—1 (a—d)/(a+d)+8bd(b?—d?) X 
tan! (b—d)/(b+d)+8ac(a?—c*) X 
tan! (a—c)/(a+c) —8bc(b?—c?) X 
tan-! (6—c)/(b+c) —7(a?—d?) X 
(a —d)*?+2(b2—d?) (b—d)?+ 
a(a?—c?)(a—c)?—x(b? —c*) (b—c)*]} 


(9) 


This is the desired formula for the in- 
ductance of a single phase bus. Further, 
it enables calculation of the inductance 
of a polyphase bus as outlined in “Poly- 
phase Coaxial Busses.” 


Corroboration of Equation 9 


In yet another fashion, each square 
tubular conductor can be assumed as 
constructed of four subconductors, each 
of a rectangular cross section and having 
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Figure 2 


current in the same direction as in the 


tubular conductor (Figure 3). Hence 
m=n=8, and from equation 2 
8 8 
L=—(2/I) >> Yowiw;SiSjlog Diy (10) 
i=l Til 


By definition, Dj=Dj;. By virtue of 
the geometric symmetries apparent in 
Figure 3, Dy =D33, Da= Du, Dss5= Diz, 
Des = D3, Dy=Dy=D23= D3, Dss= Ds = 
Dei= Dis, Dy5 = D37, D= Dz, Diz = D35, 
Dog= Dag, Dig= Dig=D35= D3, and Do5= 


Do =Dsg=Daz7. Further, S;=S3, S2=Sa, 
Ss=S1, Ss=Ss3 wi =W.=W3=Ws4=1/- 
(a2—b?), and w,=we=w7=ws= —1/- 
(c2—d?). Utilizing these relationships in 


equation 10 yields 


L=4{[—1/(a?—b?)3] [Slog Diu + 
log Dy3) + So? (log Dog + log Dox) + 
4S,S_ log Dy] +[—1/(c?—d?*)?] X 
[Ss*(log Dss+ log Dsz) + S¢?(log Des-+- 
logD¢s) +4S5S6logDs5] + [2/(a? —b?) X 
(c2?—d?)| [.S1.S5(log Dys+ log Dy7z)+ 
S2S¢(log Dog+ log Dog) +2.51S5X 


log Dygt2S2S5 log Days] } (11) 


Determining the 16 geometric mean 
distances in the right-hand member of 
equation 11 as detailed in Appendix II, 
substituting appropriately in equation 11, 
and collecting terms yields, corrobora- 
tively, equation 9. 

Obviously, this corroboration can be 
interpreted as a check of the correctness 
of the expressions, derived in Appendixes 
I and II, for the geometric mean distances 
indicated in equations 8 and 11. 


Approximations to General Formula 


The general formula for the inductance 
comprises 36 terms: 22 logarithmic, 6 
arctangentic, and 8 algebraic. But by use 
of the proper tools (an electric calculating 
machine and the 15-place Work Projects 
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Administration tables!® of natural loga- 
rithms and arctangents), the computation 
incident to the calculation of the induc- 
tance of a given bus can be effected with- 
out difficulty. The computation,however, 
will be fairly lengthy. For this reason it 
is most desirable to have approximate 
formulas which enable rapid determina- 
tion of values accurate enough for much 
(in some instances, all) of the computa- 
tion incident to the final design of a bus. 

A means of deriving such formulas 
stems from an earlier investigation of 
the inductance of a coplanar bus com- 
prised of rectangular tubular conductors. 
Therein, values of inductance calculated 
from the general formula were found to be 
in excellent agreement with values of 
inductance calculated from much simpler 
formulas derived by Dwight and Wang,’ 
on the basis that the conductors are in- 
definitely thin. That is, they have cross 
sections comprised of line segments. 

Consider, then, the cross section of each 
conductor as constructed of four line 
segments (Figure 4). Hence m=n=8, 
and from equation 8 


8 8 


hs = (2/1?) es ay WiW 7 SpS; log Di, 


oa) 


(12) 


By definition, Dj=Dy. By virtue of 
the geometric symmetries apparent in 
Figure 4, Diy =D 99 = D33= Ds, Ds5= Deg= 
D7z= Ds, Dy = Dy = Dos = D3, Ds = Ds3= 
Dez= Dis, Dig = D2, Ds7 =D 58, D3= Doe = 
D3, = Das, Diz = Dox = D35= Ds, and Dig= 
Dyg= Dos = Do7 = D3p = Dg = Dis = Daz. Fur; 


ther, Sia Sy SSyy Sue Sea 
W, =W.=W3=w4=1/4a, and w5=we=wW1= 
wg= —I/4c. Utilizing these relationships 


in equation 12 yields 


L=(—1/2) [log Di +2 log Dy+ log Dis] + 
(—1/2)[log D3s+2 log Dss+ 
log Ds7] + [log Dis+2 log Dis + 


log Diz] (13) 


Determining the nine geometric mean 
distances in the right-hand member of 
equation 13 as detailed in Appendix ITI, 
substituting appropriately in equation 13, 
and collecting terms yields 


L=([(a+c)?/2ac] log (a+c) —[(a—c)?/2ac] X 
log (a—c) — log [(ac)?/(a?+c?)] — 
[(a?—c?) fac] tan~} [(a—¢)/(a+c)] + 

m(a?—c?)/4ac—3log2 (14) 

Simple algebraic manipulation of the 

logarithmic terms of equation 14 yields 

alternative formulas especially convenient 
to numerical computation. Thus 

L=log [rary 1) 2 rae 

logi (=) A1-Fr) =. nex 

[r/4—tan~! (1—r)/(1+7)] —3 log 2 

(15) 
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Figure 4 


where r=c/a. Again 


L=log (1+ A?) —2 log (1—A?)—(1/2r) X 
(1—r)?log A+(r7!—1r) X 


(x/4—tan-!A) (16) 


where A =(1—r7)/(1+7). 

For purposes of computation, these ap- 
proximate formulas possess considerable 
advantage over the general formula. 
The latter comprises 36 terms, the former 
only a few terms. Moreover, the coef- 
ficients and arguments of these few terms 
are quite simple. Therefore, by virtue of 
the fewness and simplicity of the terms 
comprising the approximate formulas, 
they afford rapid computation. In fact, 
slide rule calculation is quite feasible; 
commonly, a 20-inch rule will afford 
values correct to a number of digits suffi- 
cient for most design work. But even 
slide rule calculation can be dispensed 
with in much work. The curves of Fig- 
ure 5, plotted from equation 16, afford suf- 
ficiently accurate values. For actual use, 
of course, Figure 5 is too small, but the 
designer can plot his own curves from the 
co-ordinates tabulated in Appendix IV. 

For use in “Corrections for Rounded 
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Edges and for Skin and Proximity Ef- 
fects” in this paper, Figure 5 illustrates 
curves for the inductance of busses, com- 
prised of indefinitely thin circular tubular 
conductor. It is interesting to note that 
these curves evidence the inductance of a 
bus comprised of thin square tubular con- 
ductors to be less than that of a bus com- 
prised of thin circular tubular conductors 
having diameters equal to the sides of the 
corresponding square conductors. 


Corroboration of the 
Approximate Equation 


As a minor check on the correctness of 
equation 14, we note that if a=c the con- 
ductors of Figure 4 are superimposed. 
As they carry equal currents in opposite 
directions, the bus vanishes electrically. 


Corroboratively, it is evident that lim 
a—>c 


of the right-hand member of equation 14 
is zero. A major simultaneous check on 
both equations 9 and 14 stems from not- 
ing that if in Figure 2 b—<a and d—c, we 
obtain a line-segment cross section as in 
Figure 4. Corroboratively, as detailed in 
Appendix V, lim lim of the right-hand 


d—>c b—>a 
member of equation 9 yields the right- 
hand member of equation 14. 

Inasmuch as the arguments and coef- 
ficients of the terms of right-hand mem- 
bers of equations 9, 14, 15, and 16 are 
without dimension, we note that in sub- 
stituting in these equations, a, b, c, and d 
can be expressed in any like unit of length. 
But otherwise, the units of all quantities 
mentioned to this point are in the abso- 
lute system: bus dimensions in centi- 
meters, current Jin abamperes, and induc- 
tance L in abhenrys per centimeter of bus 
length. Multiplying abhenrys per centi- 
meter by 3.048X10~® yields millihenrys 
per foot of bus length; multiplying by 
11.48X10~® yields 60-cycle reactance in 
ohms per foot of bus length. 


Some Illustrative Examples 


To illustrate the use of the general 
formula and to gain knowledge of the ac- 
curacy to be expected of values calcu- 
lated with the approximate formulas, we 
consider the following examples. 

In example 1, the problem is to calcu- 
late the inductance of a coaxial bus com- 
prised of two square tubular copper con- 
ductors: outer conductor, 6 inches 
square and 1/8 inch thick; inner conduc- 
tor, 4 inches square and 3/16 inch thick. 

Thus a=6, b=23/4, c=4, and d=29/8 
inches. Substituting these values in equa- 
tion 9, collecting and rearranging terms, 
obtaining values of the logarithmic and 
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arctangentic terms from the Work 
Projects Administration tables, and ef- 
fecting all calculations on a 10-row elec- 
tric calculating machine yields* 


L=0.75846 abhenry per centimeter of bus 
length (17) 


Obviously, as by virtue of the assump- 
tions underlying derivation of the general 
formula, it is unlikely that L represents 
the inductance of the bus to more than 
plus or minus several in the third decimal 


performed on a 10-row electric calculating 
machine, the added labor is negligible, 
and there is no uncertainty as to the ef- 
fect of cumulative errors on the accuracy 
of the first several digits of L. 

In example 2, the problem is to calcu- 
late the inductance of a bus comprised of 
line-segment conductors having (1) the 
external, (2) the mean, and (3) the in- 
ternal dimensions of the conductors of 
example 1: 


1. a=6.0 inches, c=4.0 inches, c/a =0.667 


A B 
1.50r- 6 soi f 
Ere rs a 
eb a N easy] 7 iO 
ie a Pes 
BEN \ 
1.00F 4 
O.75— 3 
0.50- 2 
0.25F 3 
abo ie ie ee ee 
te) 0.! 0.2 0.3 0.4 0.5 0.6 0.7 0.8 
RATIO C/a 
Figure 5 2. a=47/8 inches, c=61/16 inches, c/a= 
0.648 
place, the last several digits have no 38. @=23/4 inches, c=29/8 inches, c/a= 


physical significance. They are given to 
emphasize that, insofar as the numerical 
computation is concerned, the value of L 
is correct to the number of places indi- 
cated. For all logarithmic and arctan- 
gentic terms were taken to nine decimal 
places; values stemming from conse- 
quent arithmetic manipulations were held 
to the same number of decimals. 
Inasmuch as the value given in the pre- 
ceding equation stems from a final alge- 
braic addition of some 32 terms, the larg- 
est of which approximates 300,000,000 
and the smallest 89, it is essential that 
some such degree of preciseness be held. 
But, since the resulting value of L is 
significant to only two or three decimal 
places, it is not unlikely that a study of 
the nuinber of decimal places to be held 
in the various stages of computation 
would reveal that a smaller number than 
actually used still would be satisfactory. 
However, inasmuch, as 15-place tables 
were employed and the calculation was 
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0.631 


For these values of c/a, we obtain from 
Figure 5: 


1. L,=0.74 abhenry per centimeter of bus 
length. 


2. Lm=0.80 abhenry per centimeter of bus 
length. 


3. L;=0.85 abhenry per centimeter of bus 
length. 


We note that the value 0.74, corre- 
sponding to the use of the external di- 
mensions, and the value 0.758, calculated 
in example 1 by the use of the general 
formula, differ by only 2.4 per cent. This 
close agreement indicates that for the 
conditions which occur in practice (small 
conductor thicknesses, and ratio c/a not 
too near one) values of inductance suffi- 
ciently accurate for most design work can 
be calculated from the approximate 
formula by use of the external dimensions 
of the conductors. But since the ap- 
proximate formula is epitomized in the 
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Figure 6 


curves of Figure 5, from it we may ob- 
tain the inductance we need, only having 
to calculate the ratio c/a from the speci- 
fied bus dimensions. 

In consequence, considerable advantage 
with respect to time and labor accrues to 
the designer. To calculate the inductance 
from the curves of Figure 5 requires only 
several minutes, whereas several hours 
would be required to calculate the induc- 
tance from equation 9. Again, the values 
of example 2 indicate that small changes 
in bus dimensions result in relatively 
large changes in bus inductance. In 
that minimum inductance (hence mini- 
mum reactance and correspondingly bet- 
ter voltage regulation) is a desideratum of 
design, it behooves the designer to in- 
vestigate all possible combinations of 
conductors (that are otherwise satisfac- 
tory) for the purpose of selecting that 
combination which possesses minimum 
inductance. But if the inductances of 
very many combinations had to be cal- 
culated from equation 9, the time, labor, 
and tedium involved would be consider- 
able; on the other hand, the curves of 
Figure 5 enable evaluation in almost as 
many minutes as there are combinations 
to study. 


Corrections for Rounded Edges and 
for Skin and Proximity Effects 


ROUNDED EDGES 


To eliminate excessive edge heating 
caused by skin effect, square tubular con- 
ductors of commercial manufacture have 
rounded edges. Thus square tubular con- 
ductors of the sizes specified in example 1 
have rounded edges of outer, inner, and 
mean radius indicated as follows:}” 


a=6 inches; t=a—b=1/8 inch; r,=3/4 
inch, r;=5/8 inch, rm=11/16 inch. 


c=4 inches; t’/=c—d=8/16 inch; r,=1/2 
inch, 7¢=5/16 inch, 7m =13/32 inch. 
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Dwight and Wang’ have derived, semi- 
empirically, that the approximate in- 
crease in inductance AL caused by round- 
ing the edges of a conductor of square 
cross section is 


AL =2[k? log k-!+0.716k?+0.5k5+ . . All 
abhenrys per centimeter of conduc- 
tor length (18) 


where k=0.463r/s, r is the mean radius 
of the rounded edge, s the mean side of 
the square cross section, and r is small 
compared with s, the accuracy increasing 


as r/s—0. 
For the outer conductor, s=a—t=47/8 
inches, and r=11/16 inch. Hence 


k=0.0542, and AL=0.022. For the in- 
ner conductor, s=c—t/=61/16 inches, 
and 7=13/32 inch. Hence k=0.0494, 
and AL=0.018. Accordingly, the in- 
crease in bus inductance because of the 
rounded edges is 0.04 abhenry per centi- 
meter of buslength. The corrected value, 
then, is 0.798 abhenry per centimeter of 
bus length. 

The facts that rounding the corners will 
result in an increase of inductance and 
that the increase just calculated from 
equation 18 is of the correct order of 


Figure 7 


Com 
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magnitude are confirmed by the following 
consideration of the coaxial bus with a. 
cross section as shown in Figure 6. As 
derived in Appendix VI, the d-c induct- 
ance of this bus is 


L= { (132-3142) /2(1s?—14?) + [2ra' / (1s? — 
r2)2] log r3/ra} + { (722-31?) /2X 
(r42— 10? ) + [2r14/ (11? — 172?) ?] X 
log 11 / ro} + [2 log 72/73] abhenrys per 
centimeter of bus length (19) 


where the first and second braced 
terms stem, respectively, from the flux- 
current linkages in the regions ra<r<ra; 
and r<r<r, (hence they are the so- 
called internal inductances of the inner 
and outer conductors) and the third 
braced term stems from the flux-cur- 
rent linkages in the region r<r<rz 
(hence it is the so-called intra-inductance 
of the conductors). Let the conductors 
have (1) the same thicknesses and (2) 
external diameters equal to the external 
dimensions of the corresponding conduc- 
tors of example 1. Thus 7,=3 inches, 
r2=23/8 inches, r3=2 inches, and 
74=29/16 inches. Substituting these 
values in equation 19 and performing the 
indicated computation yields 


L=0.062+0.029-++0.726 
=(0.817 abhenry per centimeter of bus 
length (20) 
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This value is a bit greater than the cor- 
rected value of 0.798 for rounded square 
conductors, which is to be expected. For 
as the radii of rounding increase, the co- 
axial square tubular bus approaches the 
coaxial circular tubular bus as a geo- 
metrical limit. Again, the magnitudes of 
the corrections for rounding increase with 
the radii of rounding. Hence it follows 
that the inductance of the square tubular 
bus approaches the inductance of the 
circular tubular bus as a limit and that 
the approach is from below. 

In conclusion, it is to be noted that 
rounding of the edges, even if consider- 
able, results in a relatively small in- 
crease in inductance, no matter what the 
sizes may be of the conductors comprising 
the bus. Fora circular tubular conductor 
can be considered as the extreme case of 
a rounded square tubular conductor, its 
side being equal to the diameter of the 
circular conductor. Yet for all values of 
the independent variable of Figure 5, 
corresponding ordinates of the curves for 
the square and circular conductors differ 
by only a few per cent. 


SKIN AND PROXIMITY EFFECTS 


As the frequency increases from zero 
to a specified value, the currents in the 
inner and outer conductors of a coaxial 
circular tubular conductor tend to con- 
centrate in thin surface strata on the ad- 
jacent surfaces of the two conductors. 
This phenomenon results in a decrease of 
the flux-current linkages in the regions 
rasr<rz, and re<r<m. The flux-cur- 
rent linkages in the region 73<r<r, are, 
however, unchanged. The net result of 
the decrease in the internal inductances 
and of the constancy of the intra-induct- 
ance of the conductors is a decrease in 
the sum of the three, the total inductance 
of the bus. But, as in practical busses, 
the sum of the d-c internal inductances 
is, as evidenced in equation 20, only a 
few per cent of the total inductance, 
and as at 60-cycles the decrease in the 
internal inductances is only a fraction 
of one per cent of their d-c values, it fol- 
lows that the actual change in total in- 
ductance caused by 60-cycle skin and 
proximity effects is negligible. Con- 
firmatively, the authors have calculated 
the actual 60-cycle inductance of the cir- 
cular tubular bus in a foregoing section 
(‘Rounded Edges’) and find it to be 
identical (to several places of decimals) 
with the d-c value cited in equation 20. 

In view of the negligible change in the 
inductance of this coaxial circular tubular 
bus, the small two-per-cent difference be- 
tween the inductance of this bus and the 
one of the coaxial rounded square tubular 
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bus of example 1, and the general geo- 
metric similarity between these two 
busses, we conclude that in the bus of 
example 1, and in practical dimensioned 
rounded square tubular busses in general, 
60-cycle skin and proximity effects are 
negligible insofar as the inductance of the 
bus is concerned. This conclusion is in 
accord with the results of analytic and 
experimental investigations of the induct- 
ance of coplanar busses comprised of 
square’ tubular or rectangular! conduc- 
tor. 


Busses Comprised of 
Structural Tubular Conductor 


A conductor comprised of two slightly 
separated channels or angles, placed 
flange to flange, usually is not of a square 
cross section. If, however, the cross sec- 
tion does not differ too greatly from a 
square cross section, and commonly this 
is the case in practice, it is to be expected 
that a fairly good approximation to the 
actual inductance of the bus can be ef- 
fected by judicious use of the formulas for 
the square cross section. Thus for the 
bus dimensioned? * as in Figure 7, consider 
an equivalent square tubular bus with 
conductors having the same external 
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Figure 8 


perimeters (rounded edges aside) as the 
ones in Figure 7. Then, as detailed in Ap- 
pendix VII, the inductance of this 
equivalent bus is 0.755 abhenry per centi- 
meter of bus length. Against this value 
we have the inductance, calculated (in 
Appendix VII) from the measured load 
impedance, as 0.837 abhenry per centi- 
meter of bus length. The difference in 
the two values is approximately 10 per 
cent of the measured value. On the other 
hand, if we assume an equivalent bus 
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having square conductors with sides equal 
to the webs of the given conductors, we 
obtain an inductance of 0.849 abhenry 
per centimeter of bus length. This value 
differs from the measured value by only 
1.4 per cent. In general, we infer that 
selecting an equivalent bus on one or the 
other of the bases mentioned will yield an 
approximate value of inductance within a 
few per cent of the actual value, which is 
all that is required for most design pur- 
poses. 


Polyphase Coaxial Busses 


To calculate the performance of poly- 
phase busses requires knowledge of the 
reactance drops on the individual conduc- 
tors. The general equations for deter- 
mining these reactance drops have been 
developed elsewhere.® It suffices here to 
mention that these equations express the 
reactance drops in terms of the self and 
mutual geometric mean distances of the 
cross sections of the square tubular con- 
ductors comprising the bus, and that 
these geometric mean distances are 
furnished by equation 8. For, as a com- 
parison of equations 1 and 8 makes clear, 
in the right-hand member of equation 8 
the first term is minus twice the logarithm 


Figure 9 


of the self geometric mean distance of the 
outer hollow square of Figure 2, the second 
is minus twice the logarithm of the self 
geometric mean distance of the inner hol- 
low square, and the third is four times the 
logarithm of the mutual geometric mean 
distance of the two hollow squares. 
Hence as a, b, c, and d are arbitrary, we 
have general formulas for the self and 
mutual geometric mean distances of two 
concentric parallel-sided hollow rectangles 
of arbitrary dimensions. In essence, 
therefore, calculation of the reactance 
drops on the conductors of a specified 
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polyphase bus reduces to determination 
of the numerical values of the required 
geometric mean distances from the just- 
mentioned formulas and substitution of 
these values in the general equations 
(which are typified by equation 28 of 
reference 8). 


Appendix | 


The geometric mean distances indicated 
in equation 8 follow from equation 3 by sub- 
stitution therein of the following values of 
the parameters A, and B,, these values being 
obtained from equations 5 and 6 through in- 
spection of Figure 2: 


log Du: A1=A3;=Bi=B3=a; 
A,=A,=B,=B,=0 

log Doz: A,=A3;=B,=B;=); 
A,=A,=B,=B,=0 

log D333: A,=A;=B,=B3=c; 
A,=As=B2,=B,i=0 

log Du: A1=A3=Bi=B;=d; 
A, =As=B,=B,=0 

log Dy: A1=A3=B,=Bs= (a+b) /2; 
A, =As=B,=B,=(a—b)/2 

log Dis: A1=A3=Bi=B3=(at+c)/2; 
A,=As=B,=B,=(a—c)/2 

log D3: A, =A;=B,=B;3=(a+d)/2; 
A,=As=B,=Bi=(a—d)/2 

log Dy: A,=A;=B,=B;=(6-+c)/2; 

_ Ap=As=Be=By= (b—c)/2 

log Da: A,:=A;=Bi=B;=(6+d)/2; 
A, =A4=B2=B,=(b—d)/2 

log Dss: A,=A3=B,=B;=(c+d)/2; 
A2=A4=B2=By=(c—d)/2 


Utilizing these parameters in equation 3 
yields 


Sv log Du = — (25/12) Si2— (1/6) [K(a,a) + 
K(0,0)-2K(a,0)] (21) 
{K[(a+b)/2, (a+b) /2]+K[(a—6)/2, 
(a—b)/2] -2K|(a+b)/2, (a—b)/2)} 
(22) 


and similar obvious equations are obtained 
for the other eight geometric mean distances. 

Substituting appropriately in equation 8 
and collecting corresponding terms in K 
yield 


L=[—1/3(a?—b*)*] {2K[(a+6)/2, 
(a+b)/2]+2K[(a—b)/2, (a—b)/2] — 
4K[(a+b)/2, (a—b) /2] —K(a,a) — 
K(b,b) +2K (a,0) +2K (b,0)} + 
[—1/3(c?—d?)*] {2K[(c+d)/2, 
(c+d)/2]+2K[(c—d)/2, (c—d) /2] — 
4K[(c+d)/2, (c—d)/2] —K(¢,c) — 

K (d,d) +2K (c,0) +2 (d,0)} + 
[2/3(a?—b*) (c?—d*)]{ K[(¢+d)/2, 
(a+d)/2)+K|(a—d)/2, (a@—d) /2] — 
2K[(a-+d)/2, (a—d)/2] — 
K[(6+4)/2, (b+d)/2|-—K[(6—d)/2, 
(6—d)/2)+2K|(6+4) /2, (6—d) /2] — 
Kl (a+c¢)/2, (@+e)/2] —K[(a—c)/2, 
(a—c)/2]+2K[(a+c)/2, (a@—c)/2]+ 
K[(6+¢)/2, (6+¢)/2]+K[(o—c)/2, 
(6—c)/2] —2K[(b+c)/2, (b—c)/2]} 
(23) 
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Evaluating the various terms through the 
use of equation 4 yields equation 9. 

As already discussed in an earlier part of 
this paper (‘Polyphase Coaxial Busses’), the 
terms of the right-hand members of equation 
9, and thus of equation 23, can be interpreted 
in terms of the self and mutual geometric 
mean distances of the two hollow rectangles 
of Figure 2. 


Appendix II 


The geometric mean distances indicated 
in equation 11 follow from equation 3 by 
substitution therein of the following values 
of the parameters A, and Bg, these values 
being obtained from equations 5 and 6 
through inspection of Figure 3: 


log Du: 41=A;=a, Az=As=0; 
B,=B;=(a—b) /2, B.=B,=0 

log Dz: A,=A3=(a—b)/2, A,=A,4=0; 
J — Joo), B= be 0) 

log Dss: A1=A3=c, Az=As=0; 
B,=B;=(c—d)/2, Bo=Bs=0 

log Deg: Ai = 3=(c—d)/2, Az,=A,=0; 
B,=B;=d, B,=B,=0 

log Dy: Ai=(a—b)/2, A2=0, As=a, 
A,y=(a+b)/2; Bi=(a+b)/2, Bo=6, 
By=0, By=(a—b)/2 

log Dis: A,=A3=a, A g=A,=0; Bi=a, 
B,=B,=(a+6)/2, Bs=b 

log D5: A,=A;3=(a+c)/2, AA 
(a—c)/2; Bi=(a—d)/2, Bo= 
(6—d)/2, Bs=(b—c)/2, Bs=(a—c)/2 

log Dy¢: A,=(a—d)/2, A,=(a+d)/2, 
A3;=(a+c)/2, As=(a—c)/2; 
B,=(a+d)/2, B,=(b+d)/2, 
B;=(b—d)/2, Bs=(a—d)/2 

log Dy7: A,=A3=(a+c)/2, A2>=A,= 
(a—c) /2; By =(a+c)/2, B,=(b+c)/2, 
Bs=(b+d)/2, Bs=(a+d)/2 

log Dy: A,=a, A2=A,=(a+d)/2, 
A3;=6b; B,=B;=b, B,=B,=0 

log Dos: Ay=(a+c)/2, A2=(b+c)/2, 
A3=(b—c)/2, As=(a—c)/2; 
By, = (b—d)/2, B,=(b+d)/2, 
Bs =(b+6¢)/2, By=(b—c)/2 

log Dog: Ay =(a—d)/2, Az=(b—d)/2, 
Az= (b—c)/2, Ay=(a—c)/2; 
B,=B;3=(b+d)/2, By, =By=(b—d)/2 

log Deg: A1=(a+c)/2, A2=(b+c)/2, 
As;=(b+d)/2, As=(a+d)/2; 
B,=B;=(b+d)/2, By, =By=(b—d) /2 

log Dsg: A1=(c—d)/2, A2=(c+d)/2, 
A3=c, As=0; Bi=(c+d)/2, 
B.=d, B;=0, B,(c—d)/2 

log Ds7: AieAg=e, A,=A,=0; Bio 
B.=B,=(c+d)/2, B3=d 

log Des: A;=¢, A,=A,4=(c+d)/2, 
A,=d; B,=B;=d, By=Bs=0 


Substituting these parameters in equation 
3 yields, in terms of K, the desired expres- 
sions for the geometric mean distances 
(which have been omitted here because of 
the space required). Substituting these ex- 
pressions in equation 11 and collecting like 
terms yields equation 23 and hence, cor- 
roboratively, equation 9. 
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The geometric mean distance between two 
line segments, located as illustrated in Fig- 
ure 8, is given by equation 11 of reference 9: 


Ss log D=(1/2) {—[x?—(S+y)?]X 
log [x?+(S+y)?]+ (~?—y”) X 
log (x?-+y?) +4«(S+y) X 
tan~4 [(S4-y)/*#]—409 xX 


tan—1(y/x) 35s} (24) 


The geometric mean distance between two 
line segments, located as illustrated in 
Figure 9, is given by equation 15 of refer- 
ence 9: 


Rs log D=1I(R+x,5—y) —I(x,s—y) + 
I(R+x,y) —I(x,y) -3Rs/2 (25) 


wherein, typically, 


I (x,y) = (1/2) [xy log (x? +”) +x? X 
tan! (y/x)+y? tan—! (x/y)] 


The geometric mean distances indicated 
in equation 13 are obtained by substitution 
in equation 24 of the first six, and in equa- 
tion 25 of the last three, of the following sets 
of values of the parameters x, y, R, and S, 
these values being obtained by inspection 
of Figures 4, 8, and 9: 


(26) 


log Du: x=0, y=0, S=s=a 

log Ds: x=0, y=0, S=s=c 

log Di3: x=a, y=0, S=s=a 

log Ds7: x=c, y=0, S=s=c 

log Dis: x=y=(a—c)/2, S=c, s=a 

log Diz: x=(a+c)/2, y=(a—c)/2, 
S=¢, s=a 

log Diz: x=0, y=0, R=s=a 

log Dss: x=0, y=0, R= S=ce 

log Dig: x= (a—c)/2, y=(atc)/2 
R=c, s=a 


Utilizing these parameters in equations 
24 and 25 as stated yields 


log Dy, =log a—3/2 
log D:s= log c—3/2 
log Diz= log a+(1/2) log 2+7/4—3/2 
log Dss= log c+ (1/2) log 2+7/4—3/2 
log Di3= log a+7/2—3/2 
log Ds7= log c+7/2—3/2 
log Dis = (1/2) {log (a+?) + [(a?—c?) /ac] X 
tan~1 [(a+c)/(a—c)]— 
m(a—c)?/4ac—3} 
log Dis= (1/4) { [(a+c)2/ac] log (ate) — 
[(a—c)?/ac] log (a—c) — 
2 log 2+7—6} 
log Diz = (1/2)1{ og (a?+-c?) — [(a®—c?) /ac] X 
tan~! [(a—c)/(a+e)]+ 
m(at+c)?/4ac— log 2—3} 


Appendix IV 


The co-ordinates used for plotting the - 
curves of Figure 5 for the square tubular 
conductors are obtained by substituting the 
indicated values of A in equation 16, ob- 
taining the values of the logarithmic and 
arctangentic terms from the Work Projects 
Administration tables, and performing all 
computation on a 10-row electric calculating 
machine. To avoid cumulative errors all 
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computation was effected to eight signifi- 
cant figures. For actual plotting, however, 
the inductance need only be known to the 
three or four significant figures given in 
Table I. 


Table | 
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The inductance of a coaxial bus com- 
prised of indefinitely thin circular tubular 
conductors, dimensioned as in shape 1 of 
Figure 5, is L=—2 log (c/a). Hence the 
co-ordinates of the curves of Figure 5 for 
shape 1 are as shown in Table II. 


Table Il 
c/a G c/a L c/a L 
Oks tetecs © 0.4 1.833 0.8...0.373 
0.1 4.605 0.5 1.386 0.9...0.193 
0.2 3.219 0.6 1.022 10. ...0 
0.3 2.408 Date 0.728 


Appendix V 


Equation 23 for the inductance of a bus, 
with a cross section as illustrated in Figure 2 
is valid for conductors of arbitrary thickness. 
Accordingly, the inductance of a bus with a 
cross section comprised of line segments as 
shown in Figure 4 can be obtained by deter- 
mining the limit of the inductance of the bus 
in Figure 2 as the thicknesses of the conduc- 
tors comprising the bus approach zero. 

To effect this determination, we require, 
as will be seen below, knowledge of the fol- 
lowing derivatives: 0?K(u,u)/0x?, O?K- 
(v,v)/Oy?, 2K (u,v)/Oxdy, wherein u= 
(x+y) /2, and v=(x—y)/2. From equation 
4 we have 


K(u,u) = —4u4 log u—2u4 log 2—2u4r (27) 


Substituting from equation 27 into the 
identity 

OK (u,u) oO ok ou | ou 
oy ox ~ dul_du dx_] dy 


(28) 
and performing the indicated differentiations 
yield 


OK (u,u) / 0y0x = — u?(12 log u+6 log 2+ 
6r-+7) (29) 


Hence 


OK [(x+y)/2, (x+y) /2]/ oy ox 
= — [(x+y)?/4] [12 log (x+y) — 


6 log 2+67+7] (30) 
Similarly, 
°K [(x—y)/2, (x—y)/2]/ Oy ox 
= [(w—y)?/4] [12 log (w9—y) — 
6 log 2+67r+7] (31) 


June 1946, VOLUME 65 


To evaluate 0?K (u,v) /OxOy we note that 
the real part of the complex function 


W(w)=W (u+iv) = U(u,v) +1V (u,v) 


=w'logw (32) 


is 
Re(W) = U(u,v) = K (u,v) + 2ruv? (33) 


This identity is easily established by sepa- 
rating w‘ log w into its real and imaginary 
parts and using the identity tan~! u/v+ 
tan—! v/u=7/2. Now 


OU o2?U Ou Ou 07U Ov Ov 


oa] Shes ou fi 
Oudv_Ox Oy Ox OY 


OUMLOZU. OU FOr (34) 
Ou Oxdy Ov OxXOY 
Inasmuch as 
dW /dw? = 0?U/ 0u?+10?V/ ou? 
= — 0?U/0v?—10?V/ dv? (35) 


we have 02U/0u?=— 0?U/0dv?=Re(d?W/- 
dw*). Accordingly, substituting appropri- 
ately in equation 34 and performing the in- 
dicated differentiations with respect to x 
and y gives 


o2U/ dx dy= (1/4) [Re(d?W/dw?) + 
Re(d?W/dw*) +0+0+0] 


=1/,Re(d2?W/dw?) (36) 


Substituting from equation 32 in equation 36 
and performing the indicated differentiation 
yields 


02?U/ 0x Oy = Re(6w? log w+7w?/2) 
= Re[6(u2—v?+ 2iuv) log (u+iv)+ 
7(u2—v?+2iuv) /2] 
=3(u?—v?) log (u?+v?) —12uy X 
tan~!y/u+7(u2—v?)/2 (37) 


Since, from equation 33, 


02K / 0x dy = 0?U/ 0x Oy— 2 0? (uv®) / Ox OY 
(38) 


we obtain, on substitution in equation 38 
from equation 37 and expressing wu and v in 
terms of x and y, 


PK [(x+y)/2, (w«—y)/2]/Ox dy =3xyX 
log (x?+- y?) —3xy log 2—3(x?—y?) X 

tan—! [(«—y)/(x+y)]+7xy/2+ 
3r(x?—y?)/4 (39) 


With these identities obtained, we are 
prepared to consider the limiting process. 
For convenience, equation 9 is written in 
the form 


L=(—1/8)Li(a,b)/(a?—b?)?— (1/3) Le X 
(c,d) /(c? -d*)? + (2/3) L3(a,6,¢,d) + 
(a?—b?)(c?—d*) (40) 
First, let ba. In the limit the outer con- 
ductor of Figure 2 is comprised of line seg- 


ments. The inductance of the resulting bus 
is 


lim L=(—1/8) lim Li(a,b)/(a?—6?)?— 
b—a 


b—a 
(1/3) L2(c,d) /(c? —d?)*+ 
(2/3) lim L3(a,b,c,d) /(a?—b?) X 
d 


= (?—d*) (41) 
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Now [Li(a,b)/(a?—6*)*]y =a =0/0; similarly 
[L3(a,b,c,d) /(a*—b?) (c?—d*)]o =a=0/0. Ac- 
cordingly, the limits in the right-hand mem- 
ber of equation 41 are to be determined by 
applying L’Hospital’s rule for evaluating 
indeterminate expressions of the form 0/0. 
Applying this rule to the first limit yields 


lim L,(a,b) /(a?—b?)? = { [0°L1(a,b) /0?b] + 
b—a 
[02(a2—b?)/O7b]},=a (42) 


A second differentiation of numerator and 
denominator is necessary because the ratio 
of the first derivatives (for b=a) is also 
of the form 0/0. Performing the differentia- 
tions and substitutions indicated gives 


(1/3) lim L,(a,b)/(a?—b?)? =2 log a+ 
b—a 
(1/2) log 2+7/2+7/6 (43) 
For the second limit, L’Hospital’s rule yields 
lim L;(a,b,c,d) /(a2?—b?) (c?—d?) 
b—a 


= { [0Ls(a,b,c,d) / Ob ]/[0(a?—b?) X 
(c?—d?)/Ob]}o—a (44) 


Effecting the differentiations and substi- 
tutions indicated gives 


lim L;(a,b,c,d) /(a?—b?) (c?—d?) 


b—a =L'3(a,¢,d) /(—2a) (c?—d?) (45) 


wherein 


L’3(a,c,d) = [0{ —K[(a+d)/2, (a+d)/2]— 
K{(a—d)/2, (a—d)/2)+ 
2K [(a+d)/2, (a—d)/2}+ 
K{(at+e)/2, (a+c)/2]+ K [(@—¢)/2, 
‘(a—c)/2\—2K [(at+c)/2, 
(a—c)/2)}/ blo =a 


Secondly, let dc. In the limit the inner 
conductor of Figure 2 is comprised of line 
segments, hence the cross section is now that 
of Figure 4. From equations 41, 43, and 
45, the inductance of this line segment bus is 


(46) 


lim lim L=-— [2 loga+(1/2) log 2+ 
d—>c a—>d 
r/2+7/6|—(1/8) lim L2(c,d) + 
d—c 
(c2?—d?)?+ (2/8) lim L’3(a,c,d) + 
d—>c 


(—2a)(c?—d?) (47) 


Except for the interchange of a and } with 
c and d, the second term in the right-hand 
member of equation 47 is identical with the 
first term in the right-hand member of equa- 
tion 41. Hence from equation 43, we have 


(1/3) lim La(c,d) /(c?—d?)? =2 log e+ 
we (1/2) log 2+7/2+7/6 (48) 

Now 

[L's(a,¢,d) /(—2a) (ce? —d?) Je =a = 0/0 

Accordingly, L’Hospital’s rule yields 

lim L’3(a,c,d) /(—2a) (c? —d?) 

es = { [0L's(a,c,d) / 0d]/[0(—2a) X 


(c?—d?*)/Od]}a=c 


=L''3(a,c)/4ac (49) 


wherein 


L'',(a,c) = [0?{ —K[(b+d)/2, (6-+d)/2\— 
K{(b—d)/2, (6—d)/2]+2K[(6+d)/2, 
(b—d)/2]}/ 0d 0b) ma (S0) 
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Performing the differentiations by use of 
equations 30, 31, and 39 and substituting as 
indicated yields 


(1/3)L!'3(a,c) /4ac = — (a/4c) log [(a—c) + 
(a+c)]—(c/4a) log [((a—c)/(a+e)]+ 
(1/2) log [(a?—c?) (a?+-c?) ]— 
[(a®?—c*) /2ac] tan~! [(a—c) + 
(a+c) ]+2(a?—c?) /8ac— 
log2+/2+7/6 (51) 


Finally, substituting from equations 48 and 
49 in equation 47 and collecting terms 
yields, corroboratively, equation 14. 


Appendix VI 


By virtue of the fundamental definition 
of the inductance of a circuit, L=W/2I’, 
wherein W is the energy in the magnetic 
field produced by the circuit current J, 
and the calculation of Z reduces to the cal- 
culation of W. Because of the circular sym- 
metry of the coaxial circular tubular bus 
with a cross section as illustrated in Figure 
6, W easily is calculated from the well- 
known relation W=1/2 (summation of the 
flux-current linkages associated with the 
circuit). Accordingly, L=(summation of 
the flux-current linkages) /J?. 

In that a circular tubular conductor pro- 
duces no field in the cylindrical space 
bounded by its internal surface, the flux 
density B, and thus the flux-current link- 
age, in the region 0=r=>7% is zero. 

In the region ™m2r2>r3, we have B= 
Qu I(r)/r, wherein I(r) =I(r? —142) /(732—174)? 
is the current in the region m>r>r. Ac- 
cordingly, the flux contained in a thin tube 
of unit length and of thickness dr is 
[2u I(r)dr/r]. Hence the total flux-current 
linkages per unit length are 


[2ul?/(re?—r2)*) f,, (2-12) /r dr = 
[2p I?/ (rs? — 14)? [(rs?— 142) X 
(732 — 374?) /4+r log (73/74) ] 


In the region r3<7<72, the flux density 
is B=2uI/r, the flux contained in a thin 
tube of unit length and of thickness dr is 
(2uI/r)dr, and the current encompassed by 
this flux is 7. Hence the total flux-current 
linkages are 


(52) 


Qul? f,.(1/r)dr =2Qul? log (r2/r2) (53) 

In the region re<r<r;, we have B= 
2uI(r)/r; hence the flux contained in a thin 
tube of unit length and of thickness dr is 
2uI(r)/dr. The current encompassed by 
this flux is I(r) =I—I(r?—71?)/(r2—132) = 
I(r2—r?)/(n?—12). Thus the total flux 
linkages are 


[2ul?/(r®—r2)2] f(r? 1°) /r]dr 
= [2ul?/ (11? — 127)? ) [(11? — 172?) X 
(ro? — 89,7) /4-+114 log (11/12) ] 


The total of the flux-current linkages is 
the sum of the right-hand members of equa- 
tions 52, 53, and 54. Dividing this sum by 
f and taking w=1 yield the right-hand 
member of equation 19. 


(54) 
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Appendix VII 


The external perimeters of the cross sec- 
tions of the outer and inner conductors of 
Figure 7 are encompassed by rectangles re- 
spectively 25.5 inches and 17 inches in pe- 
rimeter. Consider equivalent conductors of 
square cross section, of external perim- 
eters equal to these values, and of the same 
thicknesses as the given conductors. The 
external, mean, and internal ratios of c/a 
are, respectively, 0.667, 0.648, and 0.629. 
From Figure 5 we obtain, respectively, 0.74, 
0.80, and 0.855 abhenry per centimeter of 
bus length. Again, r7=0.1875 and m= 
0.368, thus ke=0.0134 and k;=0.0415. 
Hence from equation 18, we obtain respec- 
tively 0.0019 and 0.0134 abhenry per centi- 
meter of bus length as corrections for the 
rounding of the edges of the outer and inner 
conductors. Accordingly, the total induct- 
ance of the equivalent bus, depending on the 
dimensions used, is 


L.=0.755; Lm=0.815; L,=0.87 abhenry 
per centimeter of bus length (55) 


On the other hand, if we assume the 
equivalent bus to be comprised of conduc- 
tors with sides of 6.25 inches and 4 inches, 
the dimensions of the webs of the corre- 
sponding given conductors, the correspond- 
ing ratios of c/a are 0.641, 0.621, and 0.600. 
From Figure 5 we obtain respectively 0.825, 
0.885, and 0.938 abhenry per centimeter of 
bus length. Again, k,=0.0142 and k= 
0.0442, hence from equation 18 we obtain 
respectively 0.002 and 0.015 abhenry per 
centimeter of bus length as corrections for 
the rounding of the edges of the outer and 
inner conductors. Accordingly, the total 
inductance of the equivalent bus, depending 
on the dimensions used, is 


L,.=0.842; Lm=0.902; Ly=0.950 abhenry 
per centimeter of bus length (56) 


Though for comparison values of Le, 
Lm, and L; are displayed, the results in the 
previous section ‘‘Some Illustrative Ex- 
amples” indicate that the external value 
would be used for actual computation. In 
such case, calculation of edge corrections is 
simplified by use of the external rather than 
the mean dimensions indicated in equation 
18. Proceeding thus for the bus equivalent 
on the basis of webs yields 0.024 rather than 
0.017. The difference in these two values is 
negligible in comparison with the total in- 
ductance. Further, as the correction in- 
creases, the calculation is on the safe side. 

The a-c resistance of the actual bus is 


R=p(A,_1+A4;—1)K, ohms per foot of bus 
length (57) 


wherein p is the resistivity (in ohms-circu- 
lar mils per foot) of the copper at operating 
temperature, A, and A, are the areas (in 
circular mils) of the cross sections of the 
outer and inner conductors, and K; is the 
skin effect factor of the conductors. 

In the absence of stated experimental 
values, we assume conventional values of 
50 degrees centigrade for the operating 
temperature and 98 per cent conductivity 
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for the bus copper. Then the resistivity is 
p=(10.37/0.98) [1+0.00393 (50 —20)] =11.82 
ohms-circular mils per foot. The outer con- 
ductor, constructed of two rectangular 
strips bent into shape, is of area Ag= 
2(10.75 0.125) =2.69 square inches, thus 
3,430,000 circular mils. The inner conduc- 
tor, comprised of stock channels, is of area 
A =2[2(1.75 —0.463)0.2 + (4—2 X 0.463)0.2 
+1(0.463? — 0.263?) /2] =2.72 square inches, 
thus 3,460,000 circular mils. The skin- 
effect factor! for a range of square tubular 
conductors, which encompasses those ap- 
proximating the shapes of the given con- 
ductors, is K;=1.04. 

Substituting these values in equation 57 
yields a resistance of 7.18 micro-ohms per 
foot of bus length. The measured imped- 
ance is 12 micro-ohms per foot of bus length. 
From this value we find the inductance to 
be L= (144 —51.3)!/2/377=2.55 microhenrys, 
or in centimeter-gram-second units, 0.837 
abhenry per centimeter of bus length. 
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re Supervisory Control of 30,000-Kva 


Hydroelectric Plant 
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Synopsis: Ocoee 3, a 1l-unit 30,000-kva 
supervisory-controlled generating station of 
the Tennessee Valley Authority, has been 
in operation since April 30, 1943. An under- 
ground cable was selected for the control 
and telemetering channel, and neutralizing 
transformers were installed to protect against 
voltage rise resulting from transmission line 
faults. Instrumentation, controls, and sta- 
tion auxiliaries were designed particularly 
to safeguard the unattended equipment. 
Maintenance includes two or three inspec- 
tions per week. The cost of supervision, 
operation, and maintenance is as low as 
$0.101 per 1,000 kilowatt-hours. 


HE AUTOMATIC and supervisory 
control features of Ocoee 3 hydroelec- 
tric plant of the Tennessee Valley Author- 
ity are of special interest because of the 
size and importance of the equipment con- 
trolled. The 30,000-kva generator is one of 
the large units in the United States operat- 
ing completely unattended, and the out- 
door switchyard with its 74,000-kva 161/ 
69/13.8-kv tap-changing-under-loadtrans- 
former bank serves as a switching center 
for the 154- and 66-kv transmission lines 
in the area. The entire plant is super- 
visory-controlled from Ocoee 2 hydroelec- 
tric plant located five miles downstream. 
The geographical location and trans- 
mission line connections of Ocoee 3 plant 
are shown in Figure 1. The 154-kv line 
to Apalachia serves as a tie between the 
main 154-kv transmission system and the 
local 66-kv transmission system in the 
Ocoee River area. The installed generat- 
ing capacities of Ocoee 2 and Blue Ridge 
hydroelectric plants, which are connected 
to the 66-kv system, are 19,900 and 
20,000 kw respectively. 

Ocoee 3 Dam is located 2.5 miles up- 
stream from the powerhouse, and a con- 
necting tunnel terminates in a surge tank 
at the upper end of the penstock. A but- 
terfly valve is provided in the penstock 
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near the surge tank. A view of the surge 
tank, valve house, penstock, powerhouse, 
and switchyard is shown in Figure 2. 

A single-line diagram of the Ocoee 3 
main electrical connections and the prin- 
cipal metering and relaying connections 
is shown in Figure 3. No additional gen- 
erating units are to be installed in the 
future, but provision is made in the design 
for an ultimate of two 154-kv lines and 
four 66-kv lines. 

From the system operating standpoint, 
it would be preferable to have Ocoee 2 
plant supervisory-controlled from Ocoee 
3, but this was impractical because of the 
unsuitability for automatic operation of 
the equipment in Ocoee 2 plant, which 
was built in 1913. It was felt that for 
successful remote operation without un- 
due interruptions for minor troubles, all 
control features of the major equipment 
should be selected specially for non- 
attended operation, and this dictated that 
Ocoee 3 plant should be the controlled 
plant with the dispatcher’s board located 
at Ocoee 2. 


Control and Telemetering Channels 


In selecting the type of channels to be 
used for the control and metering circuits 
between Ocoee 3 and Ocoee 2, three possi- 
bilities were explored: leased wire from 
the local telephone company, carrier cur- 
rent, and an overhead or underground 
cable between the two plants. All forms 
of open-wire construction were rejected as 
not being sufficiently reliable, and this 
decision eliminated the use of leased-wire 
facilities since only open-wire lines were 
available from the local telephone com- 
pany. Carrier channels, while probably 
somewhat less expensive than an under- 
ground cable installation, were rejected 
because of the limited number of channels 
obtainable without undue complication 
and the feeling that at the present state 
of the art there would be some sacrifice 
in reliability and increase in maintenance 
with the use of carrier. The length of the 
channel, only six miles, was just short 
enough that the attractive economies of 
catrier channels over metallic wire chan- 
nels could not be realized unless the num- 
ber of channels was reduced to the abso- 
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lute minimum. Overhead armored cable 
was considered seriously but decided 
against. It would have been necessary 
to follow the highway to avoid rough 
mountain terrain, and with the highway 
route, the hazard of malicious damage, 
rock slides, and traffic accidents made this 
scheme undesirable. Underground cable 
was selected finally because it was ex- 
pected that it would provide practically 
trouble-free service with the minimum of 
maintenance and the maximum number of 
completely independent channels. 

The underground cable installed con- 
sists of a 5l-pair number 19-American- 
wire-gauge double-paper-insulated lead- 
covered tape-armored telephone cable 
with jute covering for subterranean serv- 
ice. The cable is similar to standard tele- 
phone cable except that the withstanding 
voltage from conductors to sheath is 
3,500 volts, 60 cycles for 20 seconds, this 
being approximately double the voltage 
rating ordinarily used for telephone serv- 
ice. The cable is buried along the edge 
of the state highway between the plants, 
with manholes at each splice point spaced 
approximately 3,000 feet apart. The 
cable is gas-filled and maintained under 
8-pound pressure to prevent the entrance 
of moisture. Pressure switches are in- 
stalled in the cable at every third manhole 
and connected to one of the cable pairs 
to operate an annunciator at Ocoee 2 in 
the event of a break in the cable sheath 
and consequent loss of gas pressure. The 
allocation of cable pairs is shown in 
Table I. 


Table | 
Neen eee ee 
No. of 
Pairs Service 
2....Supervisory control 
23....Metering 
4....Direct-wire control and pilot-wire relaying 
1....Printing annunciator 
8....Communication (includes TVA system 


communication other than for Ocoee 3) 
3i2e eopare ‘ 


Ola otal 


Control Cable Protection 


Experience with remote-control and 
communication cables at a number of 
TVA plants had demonstrated that ex- 
traneous voltages appear on the cable 
conductors during phase-to-ground faults 
on the transmission system. With the 
cables enclosed in metallic sheaths and 
buried underground, induced voltages are 
avoided, but serious voltages do result 
from a rise of station ground potential 
above remote ground potential. They ap- 
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Figure 1. 


pear across the cable insulation and across 
the protector gaps at the cable terminals. 
At plants where large neutral currents are 
allowed to flow, the extraneous voltages 
may become excessive and render the cir- 
cuits inoperative at a time when they are 
most needed. 

Investigation indicated that at the 
Ocoee plants, excessive voltages caused by 
the rise of station ground potential were a 
probability. Although one of the most 
effective methods of reducing the rise of 
station ground potential is to reduce the 
station ground resistance, low ground re- 
sistance was extremely difficult to obtain 
at the Ocoee plants because both plants 
are located in a mountainous region with 
deep rock formations underlying a com- 
paratively thin layer of topsoil. “The final 
tested ground resistance at Ocoee 3 was 
0.5 ohm, while at Ocoee 2 the lowest value 
which it was practicable to obtain was 
1.4 ohms. With these values of ground 
resistance, the calculated rise of station 
ground potential above remote ground for 
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Location and transmission connections 


maximum ground fault current in the 
transformer bank neutrals was consider- 
ably in excess of the rating of the protec- 
tors. Special measures therefore had to be 
taken at both plants either to limit or to 
compensate for the rise in station ground 
potential. 

At Ocoee 3 a 5.5-ohm grounding reactor 
was installed in the 66-kv neutral of the 
transformer bank to reduce the maxinium 
neutral short-circuit current. The reactor 
is of the outdoor oil-insulated type. It 
reduces the maximum 66-kv neutral fault 
current from 4,300 to 2,600 amperes, with 
a corresponding reduction in the rise of the 
Ocoee 3 ground potential. 

A similar solution could not be used at 
Ocoee 2 because the insulation of the old 
transformers at this plant is suitable for 
solidly grounded operation only. The 
protective measures adopted consisted of 
installing neutralizing transformers to 
compensate for the difference in ground 
potentials. The neutralizing transformers 
are of the 3-winding type, with the two 
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secondaries of each transformer connected. 
in the conductors of a cable pair and the 
primary connected between the cable 
sheath and ground. By keeping the cable 
sheath at remote ground potential, the 
difference in ground potential is impressed 
on the primary winding, thus introducing 
a compensating voltage in the conductors 
so that the conductors on the cable side of 
the neutralizing transformers are at re- 
mote ground or sheath potential while on 
the station side of the neutralizing trans- 
formers the conductors are at station 
ground potential. Obviously, it was neces- 
sary to keep the cable sheath and armor 
free from the influence of the Ocoee 2 
station ground potential. To accomplish 
this, it was not considered practicable to 
provide an insulating covering over the 
sheath and armor which would not be 
subject to rather rapid deterioration; 
therefore, the cable was brought out of the 
ground at a point approximately 500 feet 
from the Ocoee 2 powerhouse and run 
overhead on poles to the neutralizing 
transformers. 


The neutralizing transformers are in- 
door-type rated 4,000 volts and are in- 
stalled in a weatherproof box mounted on 
a pole structure near Ocoee 2 powerhouse. 


Supervisory Control Equipment 


The selection of a multiconductor cable 
for the control channels between the 
plants permitted an unrestricted choice of 
the several types of supervisory control 
equipment available, since it was not 
necessary to keep the number of conduc- 
tors required for the control channel to an 
absolute minimum. Had it been neces- 
sary to limit the control channel to two 
wires, the selection of supervisory control 
equipment would have been restricted to 
the type in which all operations are per- 
formed by coded impulsing. While this 
type has been successfully used in smaller 
installations on the TVA system, it was 
felt that the large amount and variety of 
complicated controls involved at Ocoee 3 
justified utilizing any simplification which 
could be obtained in the supervisory con- 
trol equipment itself. 

Accordingly, a type of supervisory sys- 
tem requiring four instead of two line 
wires was selected. This equipment is 
essentially a direct-wire system of control 
and indication with step-type selector re- 
lays which transfer the line wires from one 
circuit to another. After the transfer is 
made, all operation of the equipment is 
done directly through auxiliary relays 
without further impulsing. Two standard 
23-point units are installed, of which 30 
points are used initially and the remaining 


ELECTRICAL ENGINEERING 


Table Il Table Ill 
No. of Nenof 
Super- Trans- 
visory Type of See 
Points Service Description Re 
ceivers Type Service 
5....Control and. .13.8-, 66-, and 154-kv oil cir- 
indication cuit breaker control : 
5....Control and. .13.8-, 66-, and 154-ky 3. «Torque balance. Pama diprr eas 
indication tor- i = i 
ae Operated discon 4....Torque balance..Transformer 154- and 
necting switch control 66-k a 9 
3....Control and. .Automatic - manual selec- ans eee ile: 
wba 2 5 é 5 ilovars 
eaGication Hee zor Expmeior ct tap: 2. Torque balance. .66-kv line amperes, kilo- 
changing, generator volt- ; ay anil evil ios 
age regulator, and genera- : ata aa 
tor starting and stopping 3....Potentiometer...T cloning hia ar 
8....Control and. . Metering selection aac ee 
indication eae 
2....Control and. .Generating unit automatic aaa ee cae. 
indication start-stop and penstock : : : 
9 . 
Sites vals ph cpied 2. . Direct wire? ..5 Reena ed and 
en 1 Fy i F ie 5 i 
ESI OSS Onan MOIKeCh wite.nmie « Synchroscope, incoming 


5....Control only . .Raise-lower control for gate 
limit adjustment, trans- 
former tap-changing, gen- 
erator voltage adjusting 
rheostat, and exciter field 
rheostat and potentiome- 
ter telemetering calibra- 
tion 


2....Indication ..Lock-out relay position and 
only generator breaker trip- 
ping bus indication 
Le i inate eee Spare 
. 46....Total 


16 points are for future expansion. Allo- 
cation of the supervisory points is given 
in Table IT. 


Telemetering 


Continuously telemetered indicators 
with individual transmitters and receivers 
are provided for all important quantities 
to be metered. Intermittently  tele- 
metered indicators are provided for the 
less important quantities, with one trans- 
mitter and receiver provided for two or 
more quantities, with selection by super- 
visory control. The telemetering pro- 
vided is shown in Table ITI. 


It was recognized that fewer tele- 
metered indicators could be used, since if 
abnormal conditions should develop, 
there is little that the operator at Ocoee 2 
could do to correct the trouble, and the 
automatic protective devices would have 
to be relied upon to shut down the faulty 
equipment. It was felt, however, that the 
additional telemeters were justified be- 
cause abnormal operation of the equip- 
ment may show up on the instruments 
just before shutdown, and the informa- 
tion obtained may be of value in locating 
the trouble. 

Torque-balance-type telemeters are 
used for metering amperes, kilowatts, and 
kilovars. Individual instruments are 
provided for these quantities for the gen- 
erator and for transformer 154- and 69-kv 
amperes. A common instrument is pro- 
vided for transformer 154-kv kilowatts 
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and receiving voltage, 
and frequency 


and kilovars, transformer 69-kv kilowatts 
and kilovars, 69-kv line amperes, and 69- 
kv line kilowatts and kilovars. Selection 
between kilowatts and kilovars and be- 
tween lines can be made by supervisory 
control. 

Potentiometer-type telemetering is used 
for turbine gate position, gate limit and 
speed adjustment setting, and main trans- 
former tap position. It consists of small 
potentiometers, mechanically connected 
to the device whose position is being tele- 
metered, and milliammeter receivers with 
appropriate scales. The potentiometers 
are connected to the Ocoee 3  250-volt 
control battery. To provide calibration 
of the receivers for change in battery volt- 
age and line wire resistance, a rheostat is 
provided in one of the line wires of each 
receiver, and a supervisory point simul- 
taneously connects the three receivers 
directly to the Ocoee 3 battery supply. 


Figure 2. Surge tank, 

valve house, pen- 

stock, powerhouse, 
and switchyard 
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Generator voltmeter and synchroscope 
and associated voltmeters and frequency 
meters are operated directly over the line 
wires without telemetering transmitters, 
as is also the turbine speed indicator which 
is operated from a magneto-generator 
geared to the main unit shaft. 

A recording voltmeter with milliam- 
meter element is operated from a rectifier 
current transmitter with supervisory con- 
trol selection of the voltage to be recorded. 
A station load recorder is operated from a 
thermoverter. A reservoir level recorder 
of the impulse type is provided with float- 
operated transmitter located at the dam. 
For this latter recorder, the line wires are 
run overhead on poles between the dam 
and Ocoee 3 powerhouse and _ thence 
through the underground cable to Ocoee 2. 


Main Control Switchboards 


The main control switchboards at Ocoee 
3 are divided into three sections: the 
control and instrument board section, 
which is installed in one of the generator 
room walls and faces into the generator 
room; the relay board section, which is 
installed back-to-back to the control and 
instrument board; and the remote con- 
trol board, which faces the relay board. 
Figure 4 shows a floor plan layout of the 
generator and switchboard rooms. 

A complete set of controls and instru- 
ments is provided at Ocoee 3 for local 
control of the plant if desired for main- 
tenance and when the supervisory control 
is out of service. A view of the control 
and instrument board is shown in Figure 
5. The local controls are similar to the 
manual controls provided for other TVA 
plants except for several additional con- 
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Selector relays Es) 
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SYMBOLS: 
__Telemetering transmitter 
a Generator voltage regulator 
ee. 


_-Carrier telephone 


@ Boe Reclosing relay 
(0)-- Thermal converter 
pad Lo? ae Station load recorder 


[AS ~-Automatic synchronizing 


trol features required because of auto- 
matic and supervisory control operations. 
A switch is provided on each panel for 
transferring the controls on that panel to 
either local or supervisory control. On 
the generator panel a switch is provided 
to select either manual or automatic 
starting and synchronizing of the generat- 
ing unit. A switch also is provided for 
selecting automatic synchronizing of the 
unit for manual starting when all auxil- 
iaries are already in operation and it is 
not desired to go through the entire auto- 
matic starting sequence. 

All of the main protective and auto- 
matic control relays for the generating 
unit, main transformer bank, and trans- 
mission lines are mounted on the relay 
board. Primary relays are of the with- 
drawal type with built-in test facilities. 
Differential relays are of the percentage- 
differential induction type. An automatic 
oscillograph is installed on the relay board, 
and facilities are provided to permit con- 
necting the elements in the more impor- 
tant current and potential circuits for 
analysis of relay performance. 

The supervisory control equipment, the 
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Figure 3. Single-line diagram of main con- 
nections and the principal metering and 
relaying 


telemetering transmitters, the battery 
charger controls, and the battery distri- 
bution equipment are located on the re- 
mote control board. 


Dispatcher’s Board at Ocoee 2 


The dispatcher’s board, consisting of a 
2-panel completely enclosed cubicle, is 
installed at the left end of the Ocoee 2 
main switchboard. A view of this board 
is shown in Figure 6. The recording volt- 
meter, generator-load recorder printing 
annunciator, and water-level recorder are 
mounted on one panel, and the indicating 
telemeter receivers and supervisory con- 


trols are mounted on the other panel. 


The supervisory controls and associated 
position-indicating lamps are grouped 
according to function, and mimic busses 
are provided so as to present a single-line 
diagram arrangement. The printing 
annunciator is of the impulse type and 
automatically prints on a paper chart all 
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SAW AS ALGY! 
55,500 - 74,000 kva 
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abnormal operations of the equipment at 
Ocoee 3 and also all opening and closing 
operations of the main circuit breakers. 


Generating Unit and Governor 


The generating unit consists of a 40,000- 
horsepower 200-rpm vertical-shaft Fran- 
cis-type turbine direct-connected to a 
30,000-kva 13.8-kv 0.9-power factor gen- 
erator. The generator is totally enclosed, 
with Kingsbury-type thrust bearing lo- 
cated below the rotor and with direct- 
connected main and pilot exciters. The 
governor is of the actuator type with 
motor-driven governor head driven by a 
permanent magnet generator direct-con- 
nected to the main unit shaft. 

The control and protective features of 
the main generating unit do not differ 
materially from those customarily pro- 
vided for large manually operated units. 
The turbine guide bearing is lubricated 
normally by an a-c motor-driven oil pump 
with pressure switch control arranged to 
transfer on loss of pressure to an emer- 
gency battery-driven pump. An auto- 
matic control is provided for the wicket 
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Figure 4. Main floor plan 


gates to close and lock them in the closed 
position upon loss of governor oil pressure. 
The oil in the generator thrust bearing is 
self-circulating and no pumpsare required. 
A float switch is provided to operate an 
annunciator for low thrust-bearing oil 
level. Temperature detectors are pro- 
vided in the turbine guide bearing and 
generator thrust bearing for annunciation 
and for operation of a bearing tempera- 
ture recorder mounted on the governor 
cabinet. An overspeed switch geared to 
the main shaft is arranged to energize the 
governor shut-down solenoid and operate 
an annunciator upon overspeed of the 


Figure 5. Generator room showing genera- 
tor and main control and instrument board, 
with governor control board beyond 
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unit but does not close the butterfly valve. 
If the unit should run away, the operator 
at Ocoee 2 would be informed through the 
operation of the annunciator and the 
tachometer reading on the dispatcher’s 
board and will close the butterfly valve 
by supervisory control. 

The governor is of the conventional 
cabinet actuator type, with two motor- 
driven oil pumps and governing mecha- 
nism mounted on the sump tank. Both 
pumps are under pressure-switch control, 
and the control provides for the operation 
of one pump normally to maintain gover- 
nor oil pressure. If this pump fails to 
maintain pressure, the second pump is 
started automatically. The governor 
manual controls, the penstock, scroll case, 
and cooling-water pressure gauges, the 
bearing ‘‘thermoverters,”’ and _ the 
tachometer are mounted on the front 
of the governor cabinet. 

The synchronizing and load-limit de- 


Figure 6. 
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vices are motor-operated to permit opera- 
tion of these devices by supervisory con- 
trol and to permit automatic synchroniz- 
ing by the automatic speed-matching and 
synchronizing relays on the main switch- 
board. 

An automatic device is provided on the 
governor which, when the unit is started, 
allows the gates to open quickly to the 
speed-no-load position and then intro- 
duces a time delay to permit the governor 
flyballs to take control and the generator 
voltage to build up before the gates can 
be opened further for loading of the unit. 

Automatically operated air brakes are 
provided to stop rotation of the unit after 
shutdown. Control is by an electrically 
operated pendulum timer which, after a 
time delay to allow the speed of the unit 
to drop to approximately 50 per cent of 
normal, applies the brakes intermittently 
until the unit is stopped. The control is 
interlocked through auxiliary switches to 
allow application of the brakes only if the 
wicket gates are completely closed and 
the generator breaker is open. 


Generator Unit Protection 


Protective equipment is provided to 
prevent starting of the unit if any of the 
following abnormal conditions exist: 


Overspeed device contacts closed. 
System voltage below normal. 
Incorrect phase sequence. 


Generator thermal relay contacts closed. 


COG te sed eA 


Exciter field rheostat not at normal 
voltage no-load position. 


6. Main butterfly valve not fully epen. 
7. Generator neutral breaker not closed. 
8. Main exciter field breaker not closed. 
9 


. Lock-out relay not reset. 


The following protective devices trip 
the generator breaker and shut down and 


Dispatcher's board at left end of existing control board in 


Ocoee 2 plant 


TRANSACTIONS 341 


lock out the unit when abnormal condi- 
tions occur: 


1. Generator differential and neutral over- 
current relays. 


2. Generator thermal and phase overcur- 
rent relays. 
3. Generator a-c overvoltage relay. 


4. Generator overvoltage relay for sus- 
tained overvoltage. 


The following protective devices also 
trip and lock out the unit when abnormal 
conditions occur, but to prevent over- 
speeding, the generator breaker is not 
tripped until the wicket gates are closed 
to the no-load position. 


1. Reverse-phase and unbalanced-phase 


current relays. 
2. Field-failure relay. 


3. Flow switches for low flow of turbine 
seal water, generator bearing water, and air 
cooling water. 


4. Pressure switches for low governor oil 
pressure. 


5. Float switch for low turbine-bearing oil 
level. 


' 6. Temperature detectors for high turbine- 
and generator-bearing temperatures. 


7. Incomplete starting sequence relay. 


Station Service Supply 


Normal auxiliary power is obtained 
from a 450-kva 3-phase 13.8/460-volt 
transformer connected to the main trans- 
former delta bus through a motor- 
operated disconnecting switch. Emer- 
gency station service power is obtained 
from a 300-kva 3-winding 3-phase 69,000/ 
12,450/460-volt transformer connected to 
the 69-kv transfer bus. The 12.45-kv 
winding supplies power to the dam over a 
-2.5-mile overhead line. Both trans- 
formers normally are kept energized, and 
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automatic transfer control is provided to 
close the emergency supply 440-volt 
breaker if the normal supply fails. 

Two 10-kw diverter-pole motor genera- 
tor sets are provided for control-battery 
charging. One of the sets operates on 
floating charge at all times, and automatic 
transfer is provided to start the other set 
in the event the first set trips off for any 
reason. A selector switch is provided to 
permit selecting the set which is to operate 
normally. 


Initial Power Operation 


The operation of the reservoir for this 
plant is co-ordinated to provide storage 
in advance of floods, to fluctuate the pool 
elevations to aid in malaria control, and to 
store water on small stream flow increases 
for later use for power generation. 

During the period from November 
1942 to April 19, 1943, the sluice gates at 
the Ocoee 3 Dam were operated to regu- 
late the downstream flow for power re- 
quirements at the Ocoee 1 and 2 plants 
and to meet the need of construction ac- 
tivities at the Ocoee 3 project. The gates 
were closed initially for the impounding of 
water to fill the reservoir on April 19, 
1943. From this date on, the entire in- 
flow, except that needed for the operation 
of the downstream Ocoee plants, was 
stored. The maximum reservoir elevation 
was reached on April 24, and the plant 
went into operation on April 30. 

No attendants of any kind are stationed 
at the powerhouse or the dam. The 
necessary supervision and operation func- 
tions of the Ocoee 3 project are performed 
by the employees of the Ocoee 2 hydro- 
electric plant. A maintenance employee 
and an operating employee visit the plant 
two or three times a week to check bat- 
teries and lamps, test oil, inspect auxiliary 
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equipment, clean switchboard panels, 
lubricate equipment, and inspect water 
plant. They stay from four to eight 
hours, depending on the work involved. 

The cost of supervision, operation, and 
maintenance at Ocoee 3 for the first 20 
months of operation is shown in Table IV. 


Table IV 
First 8 Next 6 Next 6 
Months Months Months 
4/30 to 1/1 to 7/1 to 
12/31 6/30 12/31 
1943 1944 1944 
Supervision 
Waboteneccs $ 2,017.. $1,410... $ 738 
Material.... Gi2.. 384.. 168 
Operation 
Labor... 29a. 7,929... 3,288. . 4,662 
Material.... 2,152.. 612.. 528 
Maintenance 
Pabot..ose. 2,482. . 2,640.. 2,172 
Material.... 536. . 804.. 636 
Totalicost $15,728. . $9,138.. $8,904 


Gross genera- 
tion, kwhr. . 125,368,000. .90,561,000. . 83,221,000 
Cost per 


1,000 kwhr. . $0.125.. $0.101.. $0. 107 


The labor costs of supervision and 
operation are set up as 50 per cent of the 
salaries of the supervising, clerical, and 
operating employees. The material costs 
of supervision and operation and the en- 
tire cost of maintenance are charged 100 
per cent to the plant. 

Ocoee 3 is the first of the Tennessee 
Valley Authority’s generating stations to 
be operated by supervisory control. Its 
excellent performance and low operation 
cost have encouraged an extension of this 
type of operation. Supervisory control is 
expected to be used for two other generat- 
ing stations of larger capacity now under 
design and is being considered for a num- 
ber of substations. 
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Signal and Noise Levels in Magnetic 


Tape Recording 
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Synopsis: The primary object of the 
work described here was to determine what 
properties of the tape and associated mag- 
netic elements are responsible for the noise 
and signal output levels of magnetic re- 
cordings and, if possible, to display in 
specific equations the pertinent relation- 
ships connecting noise and signal levels with 
the physical properties of the tape and pole- 
pieces. In the course of the study, meth- 
ods appeared for decreasing the noise and 
increasing the useful signal reproduced from 
magnetic tape. These methods and some of 
the use that Bell Telephone Laboratories 
and Western Electric have made of them are 
mentioned in the discussion. While some 
of the work described in this paper has im- 
plications for more than one type of mag- 
netic recording process, perpendicular re- 
cording on tape! is the actual subject 
matter dealt with. In every case discussed, 
the record medium was 0.050 inch wide and 
0.0022 inch thick. Except where other- 
wise noted, a chrome-steel tape was used at 
a speed of 16 inches per second. 


Noise Levels in Magnetic 
Tape Recording 


NOISE IN DEMAGNETIZED TAPE 


N the experimental work on noise, the 
polepiece construction was as shown in 
Figure 1, where the active portion of each 
polepiece consisted of a sheet of soft mag- 
netic material (for example permalloy) 
0.0015 inch thick and 0.040 inch wide, 
held against the tape by a light spring 
tension with the narrow dimension par- 
allel to the tape travel, the two pole- 
pieces exactly aligned with each other on 
opposite sides. When a piece of tape 
from which previous recordings have been 
erased by a demagnetizing process is 
passed between such polepieces, the signal 
picked up by the coils contains energy in 
a wide band of frequencies. This sug- 
gests that the noise may be caused by a 
large number of small magnetic irregulari- 
ties in the tape. Therefore it is sensible 
to start by a quantitative consideration 
of the noise frequency spectrum that 
would be produced by such irregularities. 
For concreteness, first suppose the tape 

is completely demagnetized except for one 
inclusion of magnetized material of dimen- 
sions small compared with the polepiece 
width (0.0015 inch). As the tape moves 
along, the flux passing into the polepieces 
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must vary with time in some such way as 
that shown in Figure 2. The width of 
the flat top must be certainly less than 
the time required for the tape to travel 
one polepiece width (0.0015 inch); it may 
be substantially less than this. The por- 
tion of the tape that is so near the pole- 
pieces that an appreciable fraction of the 
flux of a magnetized inclusion gets into 
them will be called the region of influence 
of the polepieces in this paper. The 
curve of Figure 2 may be translated into 
a relative flux versus distance curve and 
plotted as in Figure 3; this curve f(x) 
may be said to have the shape of the 
region of influence.* The course with 
time of the flux that links the windings 
is then given by 


&(t) = K Mf[V(t—t)] (1) 


where V is tape speed, fo is the instant 
when the magnetized inclusion passes 
the center line of the polepieces, M is the 
magnetic moment of the inclusion, and 
K is a constant for the present considera- 
tions. 

The voltage induced in the reproducing 
coils that surround the polepiece is 

af 
e(t)=KMnV-10-8 — (2) 
dx 
where 7 is the number of turns on the 
coils. Figure 4 shows the shape of the 
voltage pulse e(¢) corresponding to the 
shape of the region of influence of Figure 
3. 

We are interested in the total power 
developed in the frequency range Av by 
the combined effects of NV voltage pulses 
such as the above scattered at random 
throughout every time interval T. This 
problem is treated in Appendix I. The 
result is shown to be 


2(Kn X1078)? NUN 
Py(v)dv= MM? S(v)2dv 
R I 


(3) 


where 


S(v) 2 Gh Waring (4) 
2 = san ap 
f ey ce Vdx 


* Dependence of f(x) on the depth of the inclusion 
in the 0,002-inch tapeistaken account of only insofar 
as the f(x) finally derived is thought of as a value 
averaged over the tape thickness. 
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R is the impedance of the reproducing 
coil circuit, which is assumed to be a pure 
resistance independent of frequency. 
(Experimentally, this condition is met by 
connecting the reproducing coils to a high 
resistance.) 

At this point it is possible to test 
whether the simple theory under investi- 
gation properly accounts for the observed 
shape of the noise frequency distribution. 
A complete test would involve computing 
f(x) from the magnetic and geometric 
properties of the system and comparing 
the shape of the resulting S(v)? curve 
with noise measurements. It is not easy 
to compute f(x) in more than an ap- 
proximate manner. Therefore the re- 
verse procedure has been employed. 
By trial and error an attempt has been 
made to draw an f(x) curve that, em- 
ployed in equation 3, leads to a noise fre- 
quency distribution that fits the observed 
facts. The result is shown in Figure 5, 
where the theoretically derived curve is 
superposed over the experimental noise 
measurements. The shape of the region 
of influence used in the derivation is 
shown in Figure 6. A study of the x- 
scale of this figure will show it to be 
reasonable for polepieces 0.0015 inch 
wide and tape 0.0022 inch thick. 

The approximate agreement between 
theory and experiment that just has been 
established justifies some confidence in 
the validity of the methods and the 
theory under test. A somewhat more 
quantitative test may be obtained by 
comparing the noise frequency distribu- 
tion and the signal frequency response 
characteristic. This method is developed 
in the following paragraphs. 

In Appendix II it is shown that the 
power that is dissipated in the output 
load R when a sine wave signal of fre- 
quency v is reproduced from the tape is 


_1(KnX1078)2 


9 R (Leah)? V2T (v)? (5) 


Ps) 


where 


_ SIC eed _ 21x 
rem ff ag 8) sin Sipe (6) 


—o 


In these equations, J, is the half-ampli- 
tude of the tape magnetization, measured 
when the tape is well away from the region 
of influence of the polepieces, while g(x) 
is the factor by which the remanent mag- 
netization of the free tape is enhanced 
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0.040” x 0.0015” 
0.050” x 0.002” 


Dimensions of active portion of 


Figure 1. 
polepieces used in noise and signal level 
studies 


FLUX 


TIME 


Figure 2. Time variation of flux in polepieces 
caused by a single small magnetized region in 
demagnetized tape 


by the partial removal of the strong de- 
magnetizing field brought about by the 
proximity of the reproducing polepieces. 
Letters a and h are the thickness of the 
tape and the polepiece height, respec- 
tively. 

This expression for the reproduced 
power depends on frequency only through 
I,? and T(v)?. Moreover, J, is practically 
independent of frequency if the same cur- 
rent is sent through the recording coils 
for all frequencies. For frequencies so 
low that the recording current remains 
substantially constant during the pas- 
sage of an element of tape through the 
region of influence of the polepieces, it is 
obvious that this should be the case. 
But even for considerably higher fre- 
quencies, wherein the recording current 
changes appreciably while a tape element 
is near the polepieces, the amplitude of 
the recorded wave remains almost un- 
changed. This is because each tape 
element ‘‘remembers”’ the highest value of 
magnetizing field to which it is sub- 
jected, and not the last or even the 
average value. Actually, simple theory 
predicts a loss in J, of two or three deci- 
bels at around 5,000 cycles, but this is 
opposed by a gain of roughly similar mag- 
nitude because of the decrease with de- 
creasing wave length of the demagnetiz- 
ing factor of perpendicular recording, 
Therefore we may take J, to be independ- 
ent of frequency and consider equation 5 
to represent the over-all record-reproduce 
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Figure 3. Qualitative shape of region of in- 
fluence of polepieces 


This curve is copied from one derived later and 

displayed in Figure 6. The sloping sides are 

actually curved, as indicated by the derivative 

curve of Figure 4. This curvature is not evident 
on such a small-scale figure 


frequency response characteristic for 
constant recording current and a high 
impedance output circuit. 

A comparison of equations 3 and 5 
shows that 


Py(v) __, Sto)? 
Ps) TO) 


where C is a constant that is of no im- 
mediate interest. Moreover, S(v) and 
T(v) will be identical if g(x) is a constant, 
that is, if the junction of the polepieces 
with the tape causes an inappreciable 
increase in the intensity of magnetiza- 
tion. Conversely, if the tape magnetiza- 
tion increases greatly because of the prox- 
imity of the polepieces, g(x) will be a 
strongly peaked function similar to f(x), 
and their product will be still more 
strongly peaked. In the first case, we 
should expect the noise and signal fre- 
quency characteristics to be the same; 
in the second case, the signal response 
should hold up to higher frequencies than 
the noise. 

The conclusions of the preceding para- 
graph are valid only if the theory of noise 
on which equation 3 was derived is true, 
that is, that the noise is caused by many 
random magnetic irregularities less than 
0.0015 inch in dimension. If the noise 
is attributable to any sort of mechanical 
vibration of the tape or polepieces, its 
frequency spectrum must be peaked at 
the vibration frequency or frequencies; 
the curve would bear little resemblance 
to that yielded by equation 3. If the 
noise is caused by many random ir- 
regularities in the tape which are not 
small in dimension compared to 0.0015 
inch, the noise spectrum must be en- 
hanced for wave lengths of the order of 
the irregularity dimensions. In such a 


(7) 
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case, the noise spectrum must have rela- 
tively less high frequency content than 
S(v) and, therefore, less than T(y), 
whether or not g(x) is nearly constant. 

On Figure 7 are replotted the noise 
measurements and the theoretical curve 
of Figure 5 together with signal output 
voltage measurements. The two sets of 
points have been shifted vertically along 
the logarithmic scale so that the low 
frequency 6-decibel-per-octave portions 
of the curves coincide. Figure 7 shows 
no concentration of noise at isolated fre- 
quencies, corresponding to vibration. 
Further, the high frequency content of the 
noise is definitely not lower than that of 
the signal response characteristic. In 
the light of the preceding discussions, this 
requires three conclusions: 


1. The noise is produced by the passage 
between the polepieces of many randomly 
distributed magnetic irregularities. 


2. The noise producing irregularities are 
smaller than 0.0015 inch in size. 


3. g(x) is not a strongly peaked function 


While the data seem adequate to justify 
these conclusions, they do not explain 
how the noise characteristic can actually 
have more high frequency content than 
the response characteristic. However, 
the simple theory given here neglects a 
number of secondary effects and should 
not pretend to high accuracy in its pre- 
dictions. 


The conclusion that has been estab- 
lished is as important because of the noise 
producing mechanisms it proves neg- 
ligible as for any positive contribution 
it may make to the theory of tape noise. 
For example, the noise cannot be caused 
by mechanical vibration of the tape or 
associated magnetic structures; it cannot 
be caused by variations in the magnetic 
properties of the tape because of mechan- 
ical eccentricities in the rolling mill; itcan- 
not be caused by any kind of inclusion or 
grain size effect unless the dimensions of 
the irregularities are less than 0.0015 
inch. 


An obvious possible source of small 
magnetic irregularities in nominally de- 
magnetized tape is found in the finite 
size of the magnetic domains that are 
believed to make up any permanent 
magnet. If a ‘“‘demagnetized” tape is. 
made up of many small magnetically 
saturated regions, oriented so as to cancel 
one another’s field, there must be local — 
imperfections in the cancellation process. 
that result at any instant in the passage 
into the polepieces of a net flux different 
from zero. Statistical variations of this. 
leakage flux along the tape must give 
rise to noise. In Appendix III a cal- 
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Figure 4. Woltage pulse corresponding to the 
region of influence shown in Figure 3 


culation is carried out which leads to an 
expression for the open-circuit mean- 
square-noise voltage that should be 
measured if the tape consisted of satu- 
rated domains of volume v, with com- 
pletely random directions of magnetiza- 
tion. The expression obtained is 


Ey?=3 X10 volt? (8) 


Now, if the domain theory of the noise 
of demagnetized tape is an adequate one, 
equation 8 should predict a noise voltage 
considerably higher than that actually 


observed. This is because it is known . 


that mutual interaction among the do- 
mains goes a long way toward cancelling 
out their resultant fields; the leakage 
flux must be only a fraction of that im- 
plied by random orientation, which was 
assumed in the derivation. 
Measurements by various investiga- 
tors ?’3 lead to values of v for most mag- 
netic materials of the order of 10~* to 
10-8 centimeters.? For tape that is only 
0.005 centimeter thick, there may be 
some reason to reject the higher figure, 
which corresponds to a linear dimension 
half as great as the tape thickness. Use 
of a value for v of 10~* centimeters® in 
equation 8 leads to a noise voltage 


Ey?~3 X1078 volt? 


The experimentally meastired value, for 
the conditions dealt with, is 2 * 1071! 
volt.? 

Obviously, the domain theory passes 
the first test of adequacy. From the 
derivation of Appendix III, it is clear 
that the observed noise can be accounted 
for even though the domains cancel all 
but 1/1,000th of one another’s fields. 
It seems reasonable to conclude that the 
noise produced when demagnetized tape 
passes between the polepieces probably is 
caused by statistical variations in the flux 
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Figure 5. Compari- 
son between ob-) 
served noise spec- 
trum of demagne- 
tized tape and theo- 
retical distribution 
based on region of 
influence of Figure 6 


Tape speed = 16 

inches per second. 

Polepiece width = 
0.0015 inch 
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leaving the tape owing to imperfect can- 
cellation of the domain fields. 


NOISE IN SATURATED TAPE 


When tape from which previous signals 
have been erased by a saturation process 
is led through the polepieces, the noise 
produced in the output circuit is from 10 
to 20 decibels higher than that of de- 
magnetized tape, depending on the tape 
material, but it has the same frequency 
distribution. As in the case of demag- 
netized tape noise, this points to small 
magnetic irregularities as the likely 
source of the noise. 

Since the tape is magnetized, nonmag-. 
netic inclusions or variations in the 
coercive force or remanence would pro- 
duce noise, where such irregularities 
would be ineffective in demagnetized 
tape. Steel tape is known to contain 
inclusions of carbon, whereas the coer- 
cive force and remanence, measured in 
the direction of tape magnetization, must 
vary with the orientation of the tiny 
crystals that make up the tape. Both 
these possible sources of noise have been 
investigated. Tape sections were etched 
and microphotographs made to reveal 
carbon particles and crystal boundaries. 
Measurements were made of the carbon 
particle sizes and numbers and of the 
crystal sizes. From such data, order of 
magnitude calculations of the resulting 
noise were made in a manner similar to 
the domain calculation of Appendix III. 
In both cases the predicted noise was far 
too low. Although there were probably 
some nonmagnetic inclusions in the tape 
that werenot revealed by the etching proc- 
esses used (austenite, for example), it 
seems unlikely that these inclusions could 
be numerous enough to account for 
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Figure 6. Shape of region of influence of pole- 

pieces assumed in deriving curve of Figure 5 


the observed noise of magnetized tape. 

As a result of these measurements and 
calculations, it has been concluded that 
the cause of noise in magnetized tape is 
probably rather similar to the cause of the 
lower noise of demagnetized tape. To 
account for the increased level, it is 


simply necessary to postulate that the 


process of saturating the tape and then 
decreasing its flux nearly to zero by its 
own demagnetizing field (see the section 
on signal levels) results in a greater de- 


_gree of local disorder among the domains, 


whereby larger variations occur from 
point to point in the amount of flux 
leaving the tape surface. 


Signal Levels in Magnetic 
Tape Recording 


Equations 5 and 6 constitute a formal 
expression for the power output of a tape 
recording, but in greater detail than is 
needed for signal level considerations. 
For the present purposes, we may note 
that for an undistorted sine wave repro- 
duction, 


=, sin 2rvt 
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where ® is the flux linking the reproducing 
windings, and ®, is an amplitude. The 
rms induced (open-circuit) voltage is 
therefore 


e=+/2rnby X1078 


It will be convenient to deal with the flux 
that enters the polepieces rather than the 
fraction of it that links the coils. Re- 
calling (as stated in Appendix III) that 
the ratio of these quantities, for the mag- 
netic structures in question, is 21/. to 1, 
we may write 


V2 
eé= 
2.5 


NPR yz py X 10-8 


where ®p,yp is the maximum flux that 
enters the polepieces during the sine 
wave reproduction. Substitution of m = 
1,500 in this equation gives 


€=2.6 X10 @prpv (9) 


where ¢ is in volts if Ppyp is in maxwells 
and v is in cycles per second. 

The consideration given in the pre- 
ceding section to the shape of the signal 
frequency response characteristic can 
be interpreted as an exploration of the 
dependence of ®pzp on frequency and 
the reasons therefor. In the present 
section the aim will be to reconcile the 
observed absolute magnitude of signal 
output voltage with the physical con- 
stants of the tape-polepiece structure. 
It is both adequate and convenient to deal 
only with frequencies for which the wave 
length is so long compared with the 
region of influence of the polepieces that 
Prop is independent of vy. Frequencies 
lying along the straight, 6-decibel-per- 
octave portion of the response curve of 
Figure 7 meet this requirement. Much 
of the data to be quoted will pertain to 
y = 300 cycles, for which equation 9 
becomes 


€300 = 8.0 X10~*@pgp (10) 


Before it is possible to obtain from 
equations 9 or 10 a figure for the output 
voltage that should be gotten from a 
magnetic tape recording, it is necessary 
to determine the value of ®p,p. The 
development has implied clearly that the 
intensity of magnetization in an element 
of tape when it lies between the reproduc- 
ing polepieces differs from the intensity 
in the same element when away from the 
influence of the polepieces, which in 
turn differs from the intensity that existed 
in the element when it lay between the 
recording polepieces. It is now neces- 
sary to examine in detail the hysteresis 
processes to which an element of tape is 
subjected during the erase-record-repro- 
duce cycle. 


346 TRANSACTIONS 


HYSTERESIS PROCESSES IN THE ERASE- 
RECORD-REPRODUCE CYCLE 


Two methods of recording will be dis- 
cussed. The first method erases previous 
recordings by bringing every element of 
the tape to magnetic saturation (per- 
pendicular to the tape surface), and then, 
in the recording process, superposes a 
d-c biasing field on the fields produced in 
the polepieces by the signals being re- 
corded. The second method erases previ- 
ous recordings by demagnetizing the tape; 
in the recording process an a-c biasing 
field is superposed on the signal fields. 


Saturation Erase; D-C Bias Record. 
Figure 8 displays the manner in which / 
and I (perpendicular to the tape surface) 
vary throughout the erase-record-re- 
produce cycle. When an element of tape 
passes between the erasing polepieces, its 
resulting magnetic state is represented 
by the point A. As the element of tape 
leaves the erasing polepieces, its intensity 
of magnetization drops. If there were 
no demagnetizing effect, the intensity of 
magnetization would take on the value 
given by the intersection of the hysteresis 
loop. with the ordinate axis, that is, the 
remanence of the magnetic material. 
However, the tape is so thin compared 
with its other dimensions that the pres- 
ence of perpendicular magnetization gives 
rise to a strong demagnetizing field that 
tends to diminish this magnetization. 
For the dimensions of the tape used, the 
demagnetizing factor is about 95 per 
cent of that which would be exhibited by 
an infinitely thin plane. For the pur- 
poses of this discussion, it is sufficiently 
accurate to take the demagnetizing factor 
as equal to that of the thin plane: 
4. Consequently, when the element of 


Figure 7. Compari- 
son of noise and sig- 
nal frequency char- 
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tape under consideration passes out of 
the influence of the erasing polepieces, its 
magnetization drops along the hysteresis 
curve until it intersects the straight line 
H=-—4nlI. Accordingly, B represents 
the magnetic condition of the element of 
tape while it is passing from the erasing 
to the recording polepieces. When this 
element of tape comes between the record- 
ing polepieces, it is subjected to two dis- 
tinct influences. Because of the junction 
of the polepieces with the thin tape, the 
demagnetizing field is diminished so that 
the point representing the magnetic state 
of the element of tape tends to move along 
the line BB’ towards higher values of 
magnetization. This increase in J either 
is augmented or retarded by the influence 
of the field that is momentarily produced 
by the currents in the recording and bias- 
ing coils. If these currents sum to zero, 
the magnetization in the element of tape 
moves up to a value B’’, where the point 
B’’ lies on another straight line that 
passes through the origin but which has a 


Figure 8. Magnetic history of a tape element 
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slope steeper than that of the line H= 
—4mI. The exact value of this slope 
' depends upon the extent to which the de- 
magnetizing field of the thin tape is re- 
moved by the junction of the polepieces. 
If the net field produced by the speech 
and biasing currents is positive at the 
instant in question, the point represent- 
ing the magnetic state of the element will 
lie to the right of B’’. If the field is 
negative, the representative point will 
lie to the left of B’’. Nowitis necessary 
to take account of an important property 
of most permanent magnet materials; 
the hysteresis curve BB’’ B’ is nearly a 
straight line and is nearly reversible. 
This means that if the point representing 
the magnetic state of the element of tape 
while between the recording polepieces 
lies anywhere along the line BB’, then the 
point which represents the magnetic 
state of that element after it leaves the 
recording polepieces will lie very close to 
B. (The representative point for an 
element of tape which is not in the vicinity 
of polepieces must always lie some- 
where along the line H=—4zI.) This 
means that all values of recording fields 
that produce magnetic states in the tape 
represented by points lying between B 
and B’ are nearly equivalent as far as the 


Figure 9. Oscillograms showing reproduced 
flux density as a function of recording current 


Saturation erase; d-c bias record 
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biasing fields 
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(c) (b’) 
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magnetization that they leave in the 
tape is concerned. It is evident, then, 
that when this method of recording is 
used, it is necessary to employ a negative 
biasing field so that all points represent- 
ing the magnetic states of elements of 
tape while between the recording pole- 
pieces will lie somewhere along the 
hysteresis curve to the left of B. When 
this is done, the magnetic state of an 
element of tape while between the record- 
ing polepieces is represented by some 
such point at C. When that element of 
tape leaves the recording polepieces, its 
magnetization increases along the nearly 
straight line CE until the point D is 
reached. When the element of tape 
comes between the polepieces again for 
reproducing the magnetization moves up 
to the still higher value represented by 
the point E, as the demagnetizing field 
is diminished by the junction of the 
polepieces. Since over a limited range 
the curves whose intersections determine 
the positions of the points D and E are 
nearly straight, as is the hysteresis curve 
BC, the magnetization induced in the 
reproducing polepieces (at £) is linearly 
related to the recording current (at C). 
The processes just described are shown 
in the curves of Figure 9, which have been 
plotted from tracings made on the screen 
of a cathode ray oscilloscope. The elec- 
trical circuit employed in these measure- 
ments was so arranged that the voltage 
supplied to the vertical plates of the os- 
cilloscope was at every instant propor- 
tional to the flux density in the element 
of tape lying between the reproducing 
polepieces. (This was done by the use 
of low frequency sine wave recordings on 
the tape and an appropriate output in- 
tegrating circuit); the voltage supplied 


Figure 10. Plot of measurements on vicalloy 
rod when subjected to the hysteresis processes 
of the erase-record-reproduce cycle 
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to the horizontal plates was proportional 
to the recording current that had been 
used when this particular element was 
originally magnetized. (The fundamental 
of the reproduced signal, properly phase- 
adjusted, supplied this voltage.) In 
Figure 9, (a) corresponds to the case in 
which no biasing field was used on re- 
cording; in the case of (b), a small 
negative biasing field was used; in curve 
(c) a somewhat larger field, and so forth. 
The sine wave recording current was 
kept the same for all the curves. It is 
evident from these pictures that the 
phenomena described in the preceding 
paragraph have taken place. When the 
biasing field was small, as in (a) and (b), 
a large portion of the recording sine wave 
was nearly ineffective; when the biasing 
field became so large that the point repre- 
senting the magnetic condition of the 
element of tape while between the re- 
cording polepieces always lay to the left 
of B (Figure 8), the reproduced signal 
was large and free from distortion, as in 
(c). When the biasing field became too 
great, the recording began to get into the 
overload region of the hysteresis curve, 
and as a result weak, distorted signals 
began to appear, as in (d) and (e). 
When the biasing field was positive, as in 
(b’) and (c’), the reproduced signals 
were weak and distorted, as was to be 
expected. 

It has been seen that there is a sharp 
upper limit to the recording fields that 
can be employed, and that this limit is 
the field corresponding to the point B 
in Figure 8. There is also a lower 
limit. The lowest recording field which 
may be used without high distortion is 
the field corresponding to the point F. 
This is because the curves BB”’ B’, CDE, 
FO, and so forth begin to diverge mark- 
edly from straight lines if they are pro- 
longed beyond the J axis. Consequently, 
the process GJK, which corresponds to 
a strong negative recording current, 
results in a reproduced negative intensity 
of magnetization J, which is smaller than 
it should be if distortionless recording 
were to be done. This effect is shown in 
Figure 10. The measurements plotted on 
this figure were made on a rod of one of 
the materials from which our magnetic 
tape is made (vicalloy®), which had been 
heat treated so as to have approximately 
the same magnetic properties as the tape. 
(X-ray measurements on vicalloy tape 
show little preferred orientation of the 
crystals; hence the longitudinal proper- 
ties of the rod and the perpendicular 
properties of the tape should be similar.) 
The rod was magnetized, demagnetized, 
and remagnetized in such a way as to 


TRANSACTIONS 347 


Figure 11. Magnetic history of a tape element 


Demagnetization erase; no bias record 


trace out curves of the type ACDE 
(Figure 8). For the relation between H 
and J characteristic of point Z, a demag- 
netizing factor for the tape polepiece 
combination of amount (1/3)49 was 
used. In later paragraphs it will be 
shown that a figure of (1/2)4a might 
have been better, but the ‘difference 
should not affect the conclusions drawn. 
From experimental determinations of the 
flux densities at various corresponding 
points C and £, the curve of Figure 10 
was plotted, where the ordinate repre- 
sents the flux density in the tape when 
in the reproducing position and the ab- 
scissa is proportional to the recording 
field which originally magnetized the 
tape. From Figure 10 it is evident that 
a linear relation between output flux and 
input field ceases to exist when the repro- 
duced flux becomes negative. 

Thus it is clear that this method of 
recording can employ only the recording 
currents that correspond to points on the 
line segment BF. The double ampli- 
tude of the maximum flux density that 
can be reproduced without high distor- 
tion is By». This is only half the am- 
plitude of the overload signal output. 
Therefore the conclusion: The maximum 
undistorted volume range of the mag- 
netic tape for this type of recording is 
at least six decibels less than the maxi- 
mum distorted range. This is an im- 
portant practical result which always 
has been found to be true. 


Demagnetization Erase; AC Bias Rec- 
ord. In the section on noise, it has 
been pointed out that demagnetized tape 
is 10 to 20 decibels less noisy than tape 
that has been saturated. Obviously it 
would be desirable to record on demag- 
netized tape. But if recording is done 
directly, without any biasing field, the 
reproduced signal is highly distorted. 
This is a natural consequence of the 
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hysteresis cycle through which a tape 
element goes. In Figure 11, the letters 
C, D, and E have the same significance 
as in Figure 8, that is, they represent the 
state of the tape element while between 
the recording polepieces, while away from 
the polepieces, and while between the re- 
producing polepieces, respectively. Since 
the magnetization characteristic of a 
permanent magnet material is strongly 
curved near the origin, the reproduced 
intensity of magnetization at E could 
not be expected to have a linear relation 
to the magnetizing field at C. Such a 
linear relation can be achieved by the use 
of a d-c biasing field that causes recording 
to be done on the straight portion of the 
magnetization curve. However, the field 
required is so high that it restores the 
noise level practically to the value char- 
acteristic of saturated tape. 

There is a method whereby the mag- 


Figure 12. Magnetic history of a tape element 
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netization curve can be effectively 
straightened out and distortionless re- 
cordings thereby made on demagnetized 
tape. This result, which is achieved by 
the simple expedient of superposing on 
the recording fields a moderate field of 
supersonic frequency, is now well known 
in the art and will not be gone into here.* 
For the present purposes, it is sufficient 
to observe that the effects of the a-c 
biasing field are properly deduced if it is 
thought of as simply eliminating the 
* Credit for the discovery of this recording method 


apparently belongs to W. L. Carlson and G. W. Car- 
penter, who filed a patent application on it in 1921 


(United States patent 1,640,881, issued on August © 


30, 1927). The first commercial use of the method 
is believed to have been the audience-participation 
stereophonic recording display of the Bell System 
exhibit in the New York World’s Fair, 1939-40. 
Some new techniques for handling the high fre- 
quency erasing and biasing problems are disclosed 
in United States patent 2,235,132, issued to D. E. 
Wooldridge on March 18, 1941. See also United 
States Patent 2,351,004, filed by Marvin Camras 
on December 22, 1941. 
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curvature of the magnetization charac- 
teristic through the origin. Figure 12 
shows the resulting hysteresis cycle 
through which an element of tape is 
taken. The curved path CD, which 
varies with the recorded signal strength 
is a feature of the hysteresis cycle that is 
not present in the other method of re- 
cording; it is conceivable that this 
might introduce nonlinearity in the rela- 
tion between the reproduced magnetiza- 
tion and the recording flux density. In 
actual practice, however, this is found not 
to be the case; high quality recordings 
are produced by this method. 

If the magnetization curve of Figure 12 
were perfectly straight up to the satura- 
tion value of J, where it overloaded 
sharply, the double amplitude of the 
maximum distortionless reproduced flux 
density would be 2B,” (see Figure 8). 
In such a case this method of recording 
would be capable of useful output levels 
six decibels higher than the method 
previously discussed. In practice the 
gradual nature of the overload reduces 
this gain to about four decibels. 

Let us now return to the problem of 
calculating the level of the maximum 
useful signal that can be reproduced 
from the tape. Actually, let us deal 
with the saturation signal, from which we 
may deduce the maximum signal having 
comparatively low distortion. 

We may start with equation 10, which 
now becomes 


€300 = 8.0 X10~* Bp” (11) 
SAT 


The problem now is to obtain a value for 
®,, the maximum flux that enters the 
polepieces during the reproduction of an 
overload sine wave signal. 


Figure 13. Configuration of lines of force 
during reproduction 


Permeability of tape and polepieces >> 1. 
Intimate contact between tape and polepieces 


ELECTRICAL ENGINEERING 


i 


EVALUATION OF ®,7 


Figure 13 shows qualitatively the con- 
figuration of the lines of force in the 
vicinity of the reproducing polepieces. 
Although a large part of the flux leaks 
out of the side of a polepiece, through the 
air to the other polepiece, and back to 
the tape without linking the windings of 
the reproducing coils, this leakage is not 
shown on the drawing. Calculations of 
the reluctances of the leakage paths in- 
volved and search coil measurements 
agree in establishing that this leakage 
occurs well away from the pole tips, in a 
low reluctance portion of the magnetic 
circuit, and is properly taken account of 
by the factor of 0.4 that has been used in 
relating ©, and ®pzp. All reluctances 
that are important in determining the 
amount of flux entering the polepieces 
are associated with the portion of the 
magnetic circuit shown on the figure. 

The flux configuration depicted in 
Figure 13 is appropriate if the perme- 
ability of tape and polepieces is high and 
if intimate contact exists between them. 
In such a case, nearly all the flux enters 
the polepiece face, as shown. 

The flux that passes into the polepieces 
may be determined from simple magnetic 
circuit considerations to be 

Ha 

b= 5 (12) 
where H, is the value of H when B=0, 
which, for the pertinent hysteresis line 
BB" B’ (Figure 8), is simply the coercive 
force of the material; R is the reluctance 
of the complete magnetic circuit, includ- 
ing the tape, polepieces, and connecting 
yoke. 

The reluctance of the circuit was meas- 
ured directly. A single turn of fine wire 
was fitted snugly around the very tip of 
the polepiece lamination, and the voltage 
induced in it was measured when a small 
known 1,000-cycle current was sent 
through the 1,500-turn windings. A 
vicalloy tape that had been erased by 
saturation lay between the polepieces. 
In an obvious way the reluctance of the 
magnetic circuit was computed. Since 
there is no question that the reluctance 
of the circuit lies almost entirely in the 
pole tip tape region, both for this meas- 
urement and for the conditions during re- 
production of a signal, this measurement 
should yield a value of reluctance ap- 
proximately the same as that called for 
by equation 12. The measured value 
was 9.0 centimeter-gram-second units. 

Substitution of R=9.0 in equation 12, 
together with the measured coercive force 
of 250 oersteds and the tape thickness of 
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0.0022 inch, gives ®,”=0.16 maxwell. 
This value of ®,, when set into equation 
11, predicts a 300-cycle-overload open- 
circuit reproduced signal of 1.31073 
volts. The value measured experimen- 
tally is 1.6X107% volts. The discrepancy 
lies within experimental limits. 

Therefore it is possible to conclude that 
the reproduced signal levels are satisfac- 
torily accounted for by the simple theory 
that has been given, wherein a detailed 
study of the hysteresis cycle through 
which a tape element travels has led to 
the conclusion that the maximum signal 
should be determined by the coercive force 
of the tape and the reluctance of the 
complete magnetic circuit. 

If the theory is to be wholly satisfac- 
tory, it must meet the need of the analy- 
sis of the frequency characteristics of 
noise and signal, wherein it was pointed 
out that the similarity of the curves 
seemed to require that the magnetization 
of the tape element should not increase 
by a very large factor as it comes be- 
tween the reproducing polepieces. The 
value of ®,” that has just been deduced, 
0.16 maxwell, corresponds to a flux 
density of 180 gausses at the center of the 
polepieces, if g(x) is assumed to be a con- 
stant and the flux therefore leaves the 
tape in accordance with the f(x) shown 
in Figure 6. From the known relation 
between H and J, and therefore between 
B and I, given by the magnetic data 
that specify the hysteresis line BB’’ B’ of 
Figure 8 (H,=250 oersteds, Bg-=1,500 
gausses), this value of flux density can 
be computed to correspond to 


4aI pgp =400 gausses* 


The value before the tape element comes 
between the polepieces is 4aJ=250 
gausses. Therefore the assumption that 
g(x) is constant leads to a result that is 
consistent with g(x) varying by less 
than a factor of two, from x=0 to x= @ 
Replacement of the f(x) used in this cal- 
culation by f(x) g(x) for such a slowly 
varying g(x) results in a trivial increase 
in the derived Ipgp (about six per cent). 
It is clear that the correct figure for 
4nIpnp at the center of the polepiece 
is not greatly higher than the value that 
has been calculated above, and that g(x), 
as required by the frequency analysis, 
is such a slowly varying function that its 
replacement by a constant should produce 
only a slight change in the shape of the 
derived response characteristic. 


* Thus ies under the assumptions used. 
TT. 


That is, the demagnetizing factor in the presence 
of the polepieces is half as great as for free tape 
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The analysis of signal levels is not 
complete without an inquiry into the 
reasonableness of the value of 9.0 centi- 
meter-gram-second units that has been 
measured to be the reluctance of the mag- 
netic circuit. The reluctance of the cir- 
cuit is made up of two parts, that of the 
polepieces and connecting yoke, and the 
reluctance of the tape element itself. 
For the structures used, the polepiece- 
yoke reluctance is easily computed to 
have a value of about 0.2 centimeter- 
gram-second units. Use has been made 
already of the fact that this is a negligible 
part of the total reluctance. The re- 
luctance of the tape element cannot be 
accurately computed without a detailed 
knowledge of the flux configuration, but 
an upper limit can be set by assuming no 
bending of the flux between the pole- 
pieces. When the appropriate perme- 
ability value (obtained from measure- 
ments of Bg and H, for vicalloy) and 
dimensions are set in the obvious equa- 
tions, a maximum reluctance of 2.2 
centimeter-gram-second units is pre- 
dicted for the tape. Thus the computa- 
tions predict a reluctance for the mag- 
netic circuit of no more than 2.4 centi- 
meter-gram-second units, as contrasted 
with the value of 9.0 which was measured, 
and which properly accounts for the ob- 
served signal strength! 

It seems likely that the high reluctance 
of the circuit is caused by a region of low 
permeability at the tip of each polepiece. 
This may be thought of as introducing an 
effective air gap between each pole tip 
and the tape. The measured reluctance 
corresponds to a width of 0.0005 inch for 
each of these air gaps. The existence of 
an effective air gap of this order of 
magnitude between the surfaces of soft 
magnetic materials when pressed to- 
gether is a common phenomenon in mag- 
netics.© The effective air gap is at- 
tributed primarily to the pole tips and 
not to the tape because the reluctance of 
the circuit was found to be affected but 
slightly when the tape was removed and 
the pole tips allowed to touch one 
another. 


Practical Applications 


Up to this poimt the method of pro- 
cedure has been simply to subject some 
of the principal features of perpendicular 
magnetic tape recording to simple analysis 
in order to arrive at an improved under- 
standing of the physical processes in- 
volved. This section is devoted to a 
discussion of some of the practical im- 
plications of the results of the preceding 
two sections. 
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Figure 14. Action of wide offset polepieces 


Reluctance of region of low permeability is 

decreased by increased cross section of the flux 

path. Region of influence is characteristic of 

the small overlap length and is not increased 
by wide polepieces 


INCREASED SIGNAL-TO-NOISE LEVEL 


If the conclusions reached in the first 
section are correct, a low noise level re- 
quires a tape material having a small 
magnetic domain size and/or a high 
degree of exactness in the mutual can- 
cellation of the domain fields. The 
present state of magnetic domain theory 
does not permit the correlation of tape 
noise with any measurable magnetic 
properties. Empirical experiments on 
various kinds of tape have revealed no 
such correlation. The only useful gen- 
eralization that can be drawn about tape 
noise is that demagnetized tape is 
always quieter than tape that has been 
saturated. 

From the second section of this paper, 
a high signal level should be produced by 
a tape having a high coercive force. 
This principle guided Bell Telephone 
Laboratories in the development of vic- 
alloy tape, which has a coercive force of 
200 to 250, compared with the value of 40 
or 50 characteristic of the chrome steel 
alloy formerly used. The signal output 
level is higher than that of the chrome 
steel tape, but the noise level is not en- 
hanced. When recording is done on 
demagnetized vicalloy tape by the method 
that employs a supersonic field superposed 
on the recording field to straighten out 
the magnetization characteristic, a vol- 
ume range (to overload) of 55 decibels is 
obtained. This signal-to-noise ratio is 
obtained in a system equalized from 100 
to 8,000 cycles, at a tape speed of 16 
inches per second. The equalization is 
done in the output circuit only. Under 
these circumstances the volume range is 
practically independent of frequency.* 


* This is a consequence of the similarity between 
the noise and signal frequency characteristics. 
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The useful volume range depends on the 
harmonic content that can be tolerated 
but is several decibels fewer than 55. 

This combination of vicalloy tape and 
the superposed high frequency method of 
recording first was used commercially in 
the audience-participation stereophonic 
recording display of the Bell System ex- 
hibit in the New York World’s Fair, 
1939-40. 


SIMPLIFIED AND IMPROVED POLEPIECE 
STRUCTURE 


When it was discovered that the out- 
put signal level was being limited largely 
by a region of high reluctance in the tips 
of the polepieces, a search was instigated 
for polepiece material that would exhibit 
lower tip reluctance than the molyb- 
denum permalloy in use. The search 
succeeded in turning up a few other ma- 
terials as good as the molybdenum perm- 
alloy but none better. The resultant 
directing of attention to other ways of de- 
creasing this reluctance led to the idea 
of replacing the thin exactly aligned pole- 
piece laminations by wide offset polepieces 
such as those pictured in Figure 14. The 
hope was that the region of influence of 
the polepieces would be controlled by the 
small overlap so that high frequency sensi- 
tivity would not be lost, but that the flux 
would be able to spread out in the region of 
low permeability, thus decreasing the re- 
luctance and increasing the output signal 
level. On Figure 15 are replotted from 
Figure 7 the output signals obtained from 
the usual record-reproduce unit, in which 
the magnetic part of the pole faces con- 
sists of a 0.0015 inch by 0.040 inch lami- 
nation. In addition are plotted measure- 
ments on a unit in which the polepieces 
consist of molybdenum permalloy rod 
0.041 inch by 0.040 inch, the leading 
edge of one polepiece being exactly op- 


posite the following edge of the other (no 
overlap in Figure 14). The vertical 
difference between the two curves is ad- 
justed for the measured difference in flux 
loss from pole tips to coils for the two 
units. The two curves correspond to re- 
corded levels the same distance below 
saturation. Figure 15 shows a general 
increase in the output level that may be 
attributed to the expected decrease in 
pole tip reluctance. The shape of the 
high frequency portion of the curve is 
somewhat different for the new unit, 
but there is no evidence of an increase 
in the effective polepiece width. The 
upward bulge in the response of the new 
unit at low frequency is caused by a longi- 
tudinal component of magnetization, 
which, for the polepiece dimensions used, 
has a maximum at 200 cycles. This is all 
to the good, of course, since it reduces 
the amount of equalization needed. The 
position of this bulge is controlled by the 
width of the polepieces. This is the 
principal reason for the use of pieces 
0.041 inch wide. The over-all signal 
level and moderate-to-high frequency 
response are just as high for 0.020-inch 
pieces, for example. 

The wide, offset polepieces are also 
more efficient on recording, about eight 
decibels fewer ampere turns being re- 
quired to saturate the tape than with the 
old unit. Furthermore, the 0.041-inch 
tip is sturdy and self-supporting. Its 
use permits a much simpler and cheaper 
record-reproduce unit design than that 
associated with the thin laminations, 
which had to be incorporated in a sup- 
porting structure of bakelite and brass 
and provided with a fairly complicated 
framework containing guides and yokes. 
The mechanics of the thick polepiece 
structure also permit a coil design that 
recovers practically all of the reproduced 


Figure 15. Com- 
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flux that in the older structures leaked 
out of the polepieces without linking the 
windings. This adds another eight deci- 
bels to the relative efficiency of the new 
unit. As a result of all these gains, the 
new unit has an over-all record-reproduce 
transfer loss twenty-six decibels fewer 
than that of the old unit at 1,000 cycles. 
The complete comparison of the ef- 
ficiencies of the two units is given in 
Figure 16. 

Figure 17 shows the record-reproduce 
unit used in the Western Electric Mirro- 
phone. The unit contains two pole- 
piece-coil structures, one for erasing, 
the other for recording and reproducing. 


Summary 


In the first section of this paper, it 
was shown that the shape of the noise 
frequency distribution curve of both mag- 
netized and demagnetized tape can be 
semi-quantitatively accounted for if it is 
assumed that the noise is caused by many 
random magnetic irregularities in the 
tape, of average dimension smaller than 
0.0015 inch. An incidental result of the 
treatment was a derivation of the shape 
of the signal frequency response charac- 
teristic and an explanation of its similarity 
to the noise frequency distribution. 
Various possible sources of noise were 
examined. The only source found to be 
qualitatively and quantitatively accept- 
able consisted of statistical variations in 
the net flux entering the polepieces be- 
cause of the finite size of the magnetic 
domains of the tape material. 

In the section on signal levels, detailed 
consideration was given to the hysteresis 
processes through which an element of 
tape travels in the erase-record-reproduce 
cycle. Both the saturation erase d-c bias 


record and the demagnetization erase 
a-c bias record systems were considered. 
It was shown that the latter system not 
only is less noisy than the former, but 
also is capable of somewhat higher level 
high quality recordings. The magnitude 
of the overload signal was predicted in 
terms of the coercive force of the tape 
material and the reluctance of the mag- 
netic circuit. The signal level predic- 
tion was shown to be in satisfactory agree- 
ment with experiment. The measured 
reluctance of the magnetic circuit was 
found to be so high that it required the 
existence of an effective air gap of about 
0.0005 inch between each pole tip and the 
tape surface. 

In the last section of the paper, it was 
shown how the search for a tape ma- 
terial having the characteristics that the 
theory indicated should give a high sig- 
nal output, resulted in the development 
by the Bell Telephone Laboratories mag- 
netic and metallurgical groups of a vic- 
alloy tape having a markedly higher 
signal-to-noise ratio than had previously 
been obtainable. Attempts to diminish 
the pole tip reluctance that had been 
concluded to be a limiting factor in out- 
put signal strength were shown to have 
led to the development of a new type of 
record-reproduce unit with an improved 
frequency response, increased efficiency, 
and greatly simplified design. By a com- 
bination of vicalloy tape, the superposed 
high frequency method of recording, and 
the new unit design, high quality record- 
ings equalized from 100 to 8,000 cycles 
with a useful volume range of more than 
50 decibels can be made. A tape speed 
of only 16 inches per second is required, 
and the erase-record-reproduce unit com- 
bines simplicity of construction with low 
transfer loss. 


Figure 16. Com- 
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Figure 17. Illustration of erase-record- 
reproduce unit used in Western Electric 
Mirrophone 


~ Tape guides and dust cover removed 


Appendix |. Frequency 
Distribution of Noise Power Caused 
by Random Small-Voltage Pulses 

The Fourier expansion of the e(t) of 


equation 2 over a time interval 7 which in- 
cludes the pulse in question is 


i Qarmt 
e()= > Bm sin ( = +n) (13) 
m=1 t 
where 
Bm=2KMnxX10-8- 
OG 2 
oe ee unis dx (14) 
Wl] csey OS VT 


In equation 13 the phase ®,, depends on the 
position of the pulse in the time interval 
chosen for the expansion. Extension of 
the limits of integration to =© is permis- 
sible since the integral is zero outside of the 
small interval occupied by the pulse. 

The power developed in the frequency 
range Av by the combined effects of NV 
voltage pulses, such as the above scattered 
at random throughout every time interval 
T (large compared with the pulse duration), 
is 


m2 


il , 
Pav) dv ==), Er? (15) 
Soe 


where the reproducing coil circuit is assumed 
to havea resistance R for all frequencies, and 
the range m2.—m, is related to Av through 
the equation 


M2 — My 


If 


Av (16) 
E,? is the mean square noise voltage at 
frequency m/T and is 


Em?=1/2NBm2 (17) 
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In equation 17 the 1/2 is caused by the usual 
relation between average power and voltage 
amplitude. NB»? is the square of the 
amplitude of the noise voltage of frequency 
m/T, caused by N voltage pulses of identical 
size and shape scattered at random through- 
out the interval. (In the case of random 
phases of the elementary pulses, the squares 
of the amplitude add directly.) Combina- 
tions of equations 14, 15, 16, and 17 give, 
for the noise power in the range dv at 
frequency », 


P,(v)dy = 2(Kn x 107%)? Mm (3) S(v)2dv 


R 
(18) 
where 
sm= fF sin ae (19) 
Appendix Il. Frequency 


Response Characteristic of Tape 
Recording 


The problem to be considered is the 
following: For a given sine wave intensity 
of magnetization on the tape before it 
passes between the reproducing polepieces, 
how does the mean square reproduced signal 
power depend upon frequency? 

At any instant the flux that enters the 
polepieces from an element of tape of 
length dx a distance x from the center line 
of the polepieces is 


d® =KadMf(x) (20) 


where dM represents the magnetic moment 
of the specified element of tape and the other 
quantities have the same meaning as in 
equation 1. For dM we may write 


dM =ahI(x)dx (21) 


where a=tape thickness (0.0022 inch), h= 
polepiece height (0.040 inch), and J(x)= 
intensity of magnetization of the tape a 
distance x from the center line of the pole- 
pieces. J(x), in turn, may be expressed as 


I(x) =g(x)I,sin = (x — Ve) (22) 


where J, sin 2T (x V1) geocrinestehe 


variation with x and ¢ of the magnetization 
that would exist if the reproducing pole- 
pieces were removed from the tape, while 
g(x) is the factor by which the remanent 
magnetization of the free tape is multiplied 
by the partial removal of the strong de- 
magnetizing field brought about by the 
proximity of the reproducing polepieces.* 


* The hysteresis processes involved are discussed in 
the section on signal levels. 
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Equations 20, 21, and 22 give 


+0 9 
6=Kahl, f(x)g(x) sin (x—Vi)dx 


=o 


(23) 


Employment of the conditions f(+) g(+ x) 
=f(—x) g(—x) and f()g (o)=0 permits 
simplification to 


V 
&=— Kahl, sin 2rvtT(v) (24) 
2Qrv 
where 


+0 pane 
T(v) = Hf Ft @eto) itn mae (25) 


fae) 


The reproduced signal power is 


d® \? 
NOR 
1 dt ] max 


jie (vy) “9 R 
of 
Py) as SO aVTO)? 26) 


Appendix Ill. Tape Noise Caused 
by Saturated Domains of Random 
Orientation 


The calculation must start with an 
evaluation of the constant K, of equation 
18. K is the amount of flux that links 
the windings of the reproducing coils 
because of an element of unit magnetic 
moment lying directly between the pole- 
pieces. For the magnetic structures used 
in these tests, only about 40 per cent of the 
flux that entered the poletips succeeded in 
linking the windings. The exact value of 
the flux that enters the polepieces because 
of a magnetized region between them de- 
pends in a complicated way on the depth of 
the region in the tape and on the magnetic 
and geometric properties of the tape-pole- 
piece structure. However, the correct 


answer can be shown to lie within a factor 
of three or four of fess . This is accurate 
a 


enough for the purpose at hand. Thus 


For evaluating S(v)?, the f(x) of Figure 
6 may be used. A graphical integration 
gives 


5,000 cycles 
fh S(v)*dv=5,500 sec“! (28) 
to) 
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Therefore, from equations 18, 27, and 28, 


5,000 cycles 
Byt=R f P y(v)dv 
oO 1 


M2 (N 
= 1.76 10-11? oe (2) (29) 


where Ey? is the mean square open-circuit 
noise voltage, measured in a circuit cover- 
ing the frequency range 0-5,000 cycles, and 
M, a, and T are in centimeter-gram-second 
units. For the reproducing coils used, = 
1,500 turns, whereas the tape thickness was 
about 0.005 centimeter. Therefore equa- 
tion 29 becomes 


N 
Byt=.58i1( 2) volt? (30) 


Both M and N/T depend on the domain > 


size. If we consider it to have a volume v, 
M=vlgatr 


where Jgar is the saturation intensity of 
magnetization of the tape. For the ma- 
terials used, Bg,sr~15,000 gausses, or Igar 
-~1,000 centimeter-gram-second units. 


M~vX1,000 (31) 


For the number of domains per second that 
pass by the polepieces, 


()-% 


Substitution of the values V=16 inches per 
second, h=0.040 inch, a=0.002 inch, gives 


(7) e. 0.021 cm? sec} (32) 

IE v 

Equations 30, 31, and 32 give 

Ey? =3.3 X104v volt? (33) 
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The Mho Distance Relay 


R. M. HUTCHINSON 


ASSOCIATE AIEE 


HE NEED for more adequate dis- 

crimination by means of distance re- 
lays, between fault conditions and power 
swings has been heightened in recent years 
by the construction of longer transmis- 
sion lines and by the transmission of 
larger amounts of energy over existing 
lines. 


Several recent papers!’?> have de- 


scribed the inadequacy of the impedance- 
and reactance-type directional distance 
relays to fulfill this need without the ad- 
dition of auxiliary operating units. 
Auxiliary units always introduce addi- 
tional sources of trouble, increase the need 
for maintenance, and make the mainte- 
nance more difficult. R.E. Cordray and 
A. R. van C. Warrington have described 
the use of a relay which measures a con- 
stant component of admittance for pro- 
viding this discrimination, in addition to 
providing correct directional action and 
accurate distance measurement, all in 
one unit.4 This characteristic has been 
named a mho characteristic. 

Figure 2, which has been taken from 
their paper, illustrates how a relay at A, 
with a mho characteristic set to protect 
90 per cent of the line to B, will operate 
over a smaller band of power swing con- 
ditions than the impedance or reactance- 
type relays. The line AB is the locus of 
impedance seen by the relay for metallic 
faults along the line. The mho distance 
relay operates for impedances within its 
circle. The impedance-type relay oper- 
ates for impedances which lie within its 
circle of constant impedance and which 
are above and to the right of the straight- 
line characteristic of the directional ele- 
ment. The reactance-type relay operates 
for impedances which lie below its con- 
stant reactance locus and which are 
within the circular characteristic of the 
starting unit. It has been shown that a 
relay with the mho characteristic will pro- 
vide instantaneous tripping during a 
power swing only if the electrical center 
of the system is within the section of the 
line protected by the relay and only if the 
voltages at the ends of the section become 
approximately 90 degrees out of phase. 


Paper 46-39, recommended by the AIEE committee 
on protective devices for presentation at the AIEE 
winter convention, New York, N. Y., January 
21-25, 1946. Manuscript submitted November 23, 
1945; made available for printing December 18, 
1945. 


R. M. Hurcuinson is a project engineer with the 
Brown Instrument Company, Philadelphia, Pa. 
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Such a condition usually indicates loss of 
synchronism, and it is usually desirable 
to sever the system at its electrical 
center. 

It is the purpose of this paper to de- 
scribe a 3-step distance relay operating on 
the mho principle. It has three inde- 
pendent units, each capable of providing 
a complete mho characteristic, thus ap- 
proaching the ultimate in relaying sim- 
plicity—one contact in the trip circuit. 
Three mho distance relays (type GCY), 
with an auxiliary timing relay, provide 
3-step distance phase protection to one 
terminal of 3-phase line. This relay also 
can be used as part of a distance pilot 
carrier-current relaying terminal. 

Every high-speed distance relay has a 
tendency to trip on faults beyond its 
ohmic setting when the fault current has 
a large d-c offset. The induction cylinder- 
type mho relay has reduced this transient 
overreach to a few per cent, even for 
highly lagging transmission line circuits. 

Another unique characteristic of the 
mho unit is its ‘“memory action,’’ which 
provides a strong polarizing flux for even 
a zero voltage fault. This condition 
causes the relay to operate fastest for 
nearby faults. ' 


Arrangement 


The general arrangement is shown in 
Figure 3, and the ohmic characteristics 
in Figure 44. Each mho distance relay 
has three units providing 3-step direc- 
tional distance protection for faults be- 
tween two phases of a 3-phase line. 

The first or instantaneous tripping 
zone is provided by the M, unit, which is 
usually set to operate for faults within 
the first 90 per cent of the protected sec- 
tion AB. The M, unit operates through 
contacts with a slight time delay to clear 
faults in the neighborhood of the next bus 
at B. The conventional third zone, pro- 
viding time delay backup for faults be- 
yond B, is provided by the offset mho 
unit, OM;. The offset, resulting in an 
ohmic characteristic which encircles the 
origin, provides a strong steady torque 
for faults in the vicinity of the relay bus. 
As a by-product, it provides time delay 
backup for nearby faults in the reverse 
direction. It can be used with no offset 
if desired. 

It is possible to reverse the polarity of 
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the OM; unit to obtain the reversed OM3 
connection shown in Figure 4B. This pro- 
vides time delay backup for faults between 
A and the bus behind it at D. The merits 
of the reversed OM; connection are dis- 
cussed in a companion paper.® 

One mho distance relay of drawout con- 
struction which affords ease of mainte- 
nance and testing is illustrated in Figurel. 
The relay occupies approximately 6 by 
20 inches of panel space. 

Three mho distance relays combine with 
a common timing relay to give directional 
distance protection from one end of a 
3-phase line. An elementary diagram for 
the relays at one terminal is shown in 
Figure 5. For clarity, the d-c connec- 
tions to two of the mho distance relays 
are indicated by light lines because they 
parallel the connections of the third relay. 


The mho distance relay 


Figure 1. 
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Figure 3. Fundamental trip circuit 


The seal-in unit in each mho distance re- 
lay gives a target indication to show which 
phases are affected, while the targets 
mounted in the timing relay indicate 
which distance zone has operated. 


Construction of the Mho Units 


The mechanical construction of the mho 
unit is shown in Figure 6. Four laminated 
poles encircle a stationary core or inner 
stator with a small annular air gap be- 
tween. Within the annular gap there 
turns an aluminum induction cylinder sup- 
porting a lightweight moving contact 
structure. The contacts are fine silver 
cylinders at right angles to provide the 
ideal point contact and are protected 
from excessive pressures by means of a 
clutch. This clutch is adjusted by means 
of a helical spring on the rotating shaft. 
The lead-in spiral for the contacts acts as 
a light control spring to give the contacts 
a positive position when the relay is de- 
energized. A lower jewel bearing with a 
highly polished pivot at the bottom of the 
shaft and a highly polished guide pin 
engaging a phosphor bronze bushing in 
the top of the shaft reduce friction to an 
almost imperceptible amount. 

The arrangement of the coils on a unit 
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which operates for faults between phases 
1 and 2 is shown schematically in Figure 
7A. The unit is polarized by the same 
potential that provides the restraining 
torque and derives its operating torque 
from double current windings, providing 
flux proportional to the difference of the 
currents in the two phases involved. 
This condition provides the same reach 
for 3-phase, phase-to-phase, or double 
phase-to-ground faults. 

The two side poles carry the polarizing 
windings, which are tuned by the capaci- 
tor Cy to have a slightly leading current. 
This condition causes the natural fre- 
quency of the polarizing circuit to be very 
close to 60 cycles. Therefore, when the 
terminal voltage drops to almost zero dur- 
ing bus faults, the polarizing flux con- 
tinues for a period long enough to cause 
most rapid operation of the unit. See 
Figures 13, 14, and 15. 

Figure 8 illustrates a cathode-ray os- 
cilloscope screen with a recurrent sweep 
showing the current in the polarizing 
coils before and during a zero-voltage 
fault. The accuracy required of the M, 
unit during transient conditions makes the 
tuning of this circuit critical, so that the 
tuning reactor X» is used in this unit only. 
In the past, memory action has been in- 
corporated into units which had a pri- 
marily directional function. For this pur- 
pose, phase resonance’ was used and 
proved satisfactory, but to obtain ac- 
curate distance measurement also, it 
is necessary to tune to period resonance. 
Tuning a circuit for phase resonance pro- 
duces current at unity power factor, 
which is the condition generally con- 
sidered as resonance. Tuning for period 
resonance produces a circuit whose nat- 
ural frequency is equal to the frequency 
of the applied voltage. When resistance 
is present, there is a difference between 
these two types of tuning. 

Returning to Figure 7A, the restrain- 
ing flux in the rear pole is supplied by two 
coils on the rear of the magnetic structure. 
The size of the ohmic characteristic is 
adjusted by means of taps on an auto- 
transformer. The resistor R, is provided 
for a factory adjustment of the maximum 
restraint setting. The capacitor C, pro- 
vides a certain amount of memory action 
to the restraining circuit of the M, unit 
to aid in preventing false operation of the 
unit during transient conditions at the 
inception of a fault, either caused by un- 
symmetrical currents or the result of 
mechanical rebound caused by spring in 
the lightweight rotating structure upon a 
sudden loss of restraining torque. 

The current coils for providing operat- 
ing flux to the front pole are wound on 
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top of flux shifting windings on the two 
front legs of the magnetic structure. 

With the accurate tuning of the polar- 
izing circuit of the M, unit, no phase shift 
of the operating flux is necessary to ob- 
tain maximum operating torque at 75 
degrees lag, because the circuit constants 
are such that tuning for maximum torque 
at 75 degrees and natural frequency at 60 
cycles occur at the same point. Therefore 
the flux shifting coils are open-circuited 
for the 75-degree setting. Use is made of 
the flux shifting coils in order to obtain 
two other values of the angle of maximum 
torque, 60 degrees and 45 degrees. Using 
Capacitive circuits to complete the cir- 
cuit in the M, unit aids in reducing tran- 
sient operating torques caused by d-c 
components in the current waves. The 
angle of maximum torque of the M;, unit 
is selected by means of leads on a connec- 
tion block. 

The connections of Figure 7A for the 
M, unit are schematic in that the circuit 
of the flux shifting coils is completed 
permanently through R, instead of being 
brought out to a connection block. Ad- 


Figure 4 


A. Typical setting of mho distance relay for 
_ conventional 3-step protection 

B. Typical setting of mho distance relay using 
the reversed OMs connection 
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justment of the R» will provide a continu- 
ous range from 60 degrees to 75 degrees 
for the angle of maximum torque. 

The restraining torque of the M, and 
M, units is given by the expression K,E5,, 
Evest,) Where K, includes the sine of the 
angle between the two fluxes and the 
restraint transformer tap setting. The 
operating torque expression is K,/,:J cos 
(@—6), where @ is the phase angle of the 
relay characteristic, depending upon the 
phase angle of the polarizing circuit and 
the phase shift of the operating flux by 
the flux shifting circuit, and @ is the 
phase angle of the fault current 
([=I,—Iz). Therefore the relay torques 
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AUXILIARY C.T.S. WHEN USED, TO 
REDUCE MINIMUM OHMIC SETTING 


Figure 5, Ele- 

mentary diagram of 

connections for one 
3-phase terminal 
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A. A-c circuits 
B. D-c circuits 


M,=mbho unit, first 
zone 
M,z=mho unit, sec- 

ft ond zone 

OM;=offset mho 
unit, third zone 

TR-P =transactor pri- 


mary 
GCY-o23 TR-S aie sec- 
= CURRENT $.1. =seal-in unit 
GCY-¢$12 GCY- $3! T.U.=timing : relay 
OM3 Mo M, M,; Mp OM3 operating circuit 


T,;=zone 2 contact 


he UAUE 
GCY-¢l2 T;=zone 3 contact 
M; Ma OM3 of T.U. 
TGT=target 


GCY-$23 
M; Mo OM3 


TB=relay for block- 
ing instantaneous re- 
closing after time 
delay trip. Omit TB 

~ if this feature is not 
required, and con- 
nect lower terminals 
of all three targets 
a=<auxiliary switch 
closed when breaker 

is closed 


are balanced when E,,, (J cos (¢—@) — 
(Ki/Kz)Erest) =0. Ey, can be cancelled 
out of the preceding equation because it 
is not zero, even for zero voltage faults, 
because of memory action, leaving 


Evest _i 
I cos (¢—8) Ky 


At the angle of maximum torque, ¢=0@ 
Synology S-4 SVR, 

With the closest manufacturing toler- 
ances attainable, it is impossible to elim- 
inate very minor mechanical, and conse- 
quently magnetic, dissymmetries from the 
unit. These introduce spurious torques 
proportional to the current squared 
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A. A single mho unit 


B. Exploded view of mho unit 


Figure 6 


which become strong enough under short- 
circuit conditions of high current and low 
voltage to overcome the torques produced 
by interaction with the polarizing flux. 
These torques are reduced to negli- 
gible magnitudes by twomeans. The cur- 
rent coils are connected in parallel in 
order that the induced voltages in each > 
of a pair of windings will be as nearly 
equal as possible, thereby producing equal 
fluxes. Any further adjustment that is 
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necessary is made by a slight shift in the 
position of the inner stator by means of 
a fine screw shown at the rear of the unit 
in Figure 6B. 

The operating unit of OM; is identical 
with the M, unit. In order to produce the 
offset characteristic shown in Figure 4, a 
transactor’is used as shown in Figure 7B. 
Transactor is the name that has been 
given to a reactor which has a secondary 
winding for a voltage several times that 
corresponding to the impedance drop pro- 
duced in the transactor’s primary wind- 
ing, without increasing the burden. 

The transactor in the OM; unit has 
double current winding, as does the 
operating unit, so that the voltage induced 
in its secondary winding is proportional to 
I=I,—I, and leads I by 90 degrees. By 
connecting the proper amount of resist- 
ance R, across the transactor’s secondary 
winding, the secondary voltage can be 
made to lead the primary current, J, by 
75 degrees. The addition of this second- 
ary voltage from the transactor in series 
with the potential transformer secondary 
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A. Diagrammatic wiring of M; and Me units 
B. Diagrammatic wiring of OMs unit 
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Figure 8. Current in polarizing winding of 
M, unit during zero-voltage fault 


voltage, which is applied to the relay 
terminals, results in a shift of the unit’s 
ohmic circle so that it no longer passes 
through the origin. This shift, or offset, 
is a distance corresponding to (transactor 
secondary voltage)/(J:—J2:) ohms at a 
75-degree phase angle. 

Adjustment of Ry can be made to cause 
the offset to be along any angle between 
75 degrees and 60 degrees to match the 
angular setting of the operating unit. 
The magnitude of the offset is governed 
by taps on the transactor secondary 
winding. 


Characteristics 


Each unit has been designed to meet 
the requirements of its use in either a 
purely distance relaying scheme or a di- 
rectional carrier current scheme. 

The M, unit is purely a directional 
distance unit. It has been designed to 
operate for faults out to 90 per cent of 
the line section and for swing conditions 
which cause the voltages near the two 
ends of its protected section to be 90 
degrees out of phase. It is provided with 
connections for setting the angle of maxi- 
mum torque on 75 degrees, 60 degrees, or 
45 degrees. In order to operate properly 
in the presence of resistance added by 
arcing faults (Figure 9) it is expected 
that the 60-degree setting will be used 
most frequently. This setting is dis- 
cussed more fully in a companion paper.® 
The 75-degree setting is intended for 
longer lines, the 45-degree setting for 
short lines. 

The plotted points shown in Figure 4A 
illustrate the negligible deviation of the 
operating characteristics of the units in a 
typical relay from the theoretical mho 
circle, when rated voltage is applied. 
This circular characteristic is a result of 
the steady torque produced in an induc- 
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tion cylinder unit. Units whose operating 
forces are pulsating throughout a cycle 
do not produce a true circle, thus adding 
difficulty to the calculation of settings for — 
obtaining accurate relaying during power 
swings, 

As is common with distance relays, the 
accuracy falls off at low values of current 
(and voltage). Figure 10 shows that the 
contacts of an M, or M, unit will close 
under steady state conditions for any fault 
in the correct direction from zero ohms 
up to the setting of the unit, so long as 
the current is greater than the vicinity 
of seven amperes. At two amperes the 
contacts will fail to remain closed under 
steady state conditions for faults within 
the first five per cent or the last five per 
cent of the relay’s setting. That is, the 
ohmic circle maintains a constant center, 
but becomes smaller. This change oc- 
curs because the torques caused by the 
control spring and friction are no longer 
negligible with respect to the electrical 
torques in the unit. 

The curve in Figure 10 is valid for an 
M, or an M, unit on its minimum distance 
setting. For other settings the accuracy 
is approximately the same for the same 
value of relay voltage. 

Figure 10 represents accuracy under 
steady state conditions. With a rapid 
seal-in unit, the tripping area for fault 
conditions will be expanded by contact 
closure caused by transient torques. For 
faults at the relay bus, the memory action 
produces a strong torque in the correct 
direction for currents down to five am- 
peres. For faults a short distance be- 
yond the setting of the M, unit, its con- 
tacts may close because of a phenomenon 
known as transient overreach. For this 
reason the M, unit is set to cover 90 per 
cent of the line section under steady state 
conditions, allowing ten per cent for such 
errors. The minimum reach of the M, 
unit for faults near the end of its setting 
is as shown in Figure 10, but the maximum 
reach will be approximately ten per cent 
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Figure 9. Effect of arcing fault 
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more. See “Transient Overreach” later 
in this paper. 

The M, unit has correct directional dis- 
crimination for currents as low as 1.5 
amperes at one volt and operates cor- 
rectly for a period long enough to cause 
tripping when necessary for currents as 
low as five amperes on zero-voltage faults. 


Figure 10. Steady state accuracy of M; and 
Mz units 


the second function. Therefore the 
operating times have been made as short 
as possible (Figure 14), disregarding the 
transient overreach. The accuracy under 
steady conditions is the same as that of 
the M, unit, as well as the memory action 
at zero voltage. 

If the OM3 unit were used without using 
the transactor to obtain offset, it would 
operate exactly like an Mz, unit. In addi- 
tion to the transactor, it has had a nor- 
mally closed contact added. 


a alia 
P10 AMPERES 
Sie ae: Sia nine a 


Actual curves for the conditions not il- 
lustrated would show faster operating 
times. 

The OM; unit’s setting for the data 
shown in Figure 15 was three ohms with 
l-ohm offset. This means that the 
ohmic circle has a diameter of three ohms, 
offset one ohm from the origin. There- 
fore the reach is two ohms in the unit’s 
forward direction and one ohm in the off- 
set direction. 

The effect of the offsetting transactor 
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Figure 12. Variation of transient over- 
reach in M, unit with instant of incidence of 
fault 


The very small amount of transient 
overreach for this type of unit has been 
obtained at the sacrifice of some speed. 
Operating times of the M, unit are shown 
in Figure 13. 

The M, unit is used with a short time 
delay in the timing relay to give the 
second zone of a distance relay setting, or 
it can be used as the directional relay to 
cause tripping in a carrier current relay- 
ing system. A large amount of transient 
overreach can be tolerated for either of 
these functions. Speed is important for 


June 1946, VOLUME 65 


The OM; unit is designed for use as a 
time-delay backup unit, for which ac- 
curacy is not important, and for use as a 
fault detector to start the carrier signal 
when carrier-current relaying is used. For 
this latter function, speed is very im- 
portant. The normally closed contacts 
open in one-half of a cycle (60-cycle basis) 
for most fault conditions. In order to 
maintain them in their open position 
after the initial torque has disappeared 
for bus faults, it is necessary to use some 
offset. 

Figure 15 shows typical operating times 
for the OM; unit. There are other con- 
ditions of distance setting and ohmic off- 
set, but these same curves are approxi- 
mately correct for the other conditions. 
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Figure 13 


A. Operating times of My unit with 3-ohm 
setting 

B. Operating times of My unit 

Solid line—6-ohm setting 

Broken line —12-ohm setting 


is to introduce an operating torque pro- 
portional to the square of the current. 
In the offset direction, this J? torque has 
to overcome the torque caused by mem- 
ory action, resulting in the increased 
operating times for faults in this direction. 
For this reason, it is necessary to use the 
reversed OM; connection whenever the 
OMgz unit is used for starting a carrier- 
current signal. 
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A. Operating times of Me unit with 3-ohm setting 


B. Operating times of Me unit 
Solid line—6-ohm setting 
Broken line—12-ohm setting 


Figure 15 (right) 


A. Average operating times of OMs unit with 3-ohm setting, 


zero offset 


B. Average operating times of OMs unit with 3-ohm setting, 


1-ohm offset 


C. Operating times of OMs unit at ten amperes with 3-ohm 


setting, 1-ohm offset 


Transient Overreach 


The transient overreach of the M, unit 
mentioned under ‘Characteristics’ is 
caused by transient conditions at the in- 
ception of a fault. These transient con- 
ditions may produce torque in the con- 
tact-opening direction, which will result 
in long operating times for faults within 
the setting of the unit. When the tran- 
sient torque is in the contact-closing di- 
rection, the operating time is fast, and 
the contacts will close momentarily for 
faults a short distance beyond the setting 
of the relay. 

The transients have been minimized 
in the potential circuits by the use of 
tuned circuits. The transients in the cur- 
rent circuit have been reduced for the 
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60-degree setting by the use of a capaci- 
tive flux shifting circuit. This reduction 
is illustrated by the small amount of over- 
reach for the 60-degree setting in Figure 
Wake 

Maximum transient overreach coin- 
cides with maximum d-c offset in the 
current wave. Thus in Figure 11, the 
higher the phase angle of the system, the 
greater the possible overreach. Figure 12 
shows that for each half-cycle, faults ini- 
tiated during the period which yields 
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maximum d-c offset are most subject to 
overreaching. 

This d-c offset can become quite large. 
For example, the equation for the short- 
circuit current of a fault occurring at the 
instant which produces the maximum d-c 
offset can be written 
jules ete COs wt) 
where J is the peak value of steady state 
current and the shunt capacitance is 


ELECTRICAL ENGINEERING 


neglected. For a 60-cycle system whose 
ratio R/wL produces an 80-degree phase 
angle, this fault must occur at an instant 
corresponding to ten degrees before the 
zero of the voltage wave, and the current 
becomes 


1=I(€--5t — cos 377t) 


The first current maximum occurs at 
0.0081 second and has a magnitude of 
1.581. 

Good current transformers reproduce 
transients accurately during the first half 
cycle so that this maximum value is 
transmitted to the relay. Some types of 
distance relays have operating forces pro- 
portional to the square of the current, 

_thereby multiplying the transient operat- 
ing force by a factor of 2.5 without a com- 
pensating increase in the restraining force. 

A d-c offset in the current wave of such 
magnitude can introduce additional errors 
when an impedance characteristic is offset 
into a mho characteristic by using the cur- 
rent to reduce the restraining force. 


Ratings 


The relay is rated for 115 volts and 5 
amperes. In order to achieve the utmost 
reliability, the mho unit was designed to 
have the greatest possible torque. Not 
only was memory action employed, but 
the input to the relay is as high as thermal 
conditions will permit. 

The maximum burdens for a practical 
setting of the mho distance relays at one 
terminal for 5 amperes and 115 volts are 
approximately 40 watts per phase at 95 
per cent lagging power factor in the po- 
tential circuits, and 17 volt-amperes per 
phase at 60 per cent lagging power factor 
in the current circuits. 

The basic ohmic setting of the three 
units, M;, M2, and OMs, is 3 to 30 ohms 
phase to neutral at the relay terminals. 
Where shorter settings are required, 
auxiliary current transformers with a tap 
providing a three-to-one or a two-to-one 
ratio are used to obtain ranges of 1.0 to 
10 or 1.5 to 15 ohms respectively. This 
enables the relays to be readily inter- 
changeable and at the same time permits 
a high setting of restraining torque on all 
relays and the utilization of the maximum 
torque permitted by thermal limits, The 
connections to these auxiliary current 
transformers are shown in Figure 5. 

The current sensitivity decreases in di- 
rect proportion to the ratio of the auxiliary 
current transformer. For this reason the 
relay is not applicable to short lines with 
small short-circuit currents. All char- 
acteristics have been presented for the 
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relay without the auxiltary current trans- 
formers. 


The ohmic offset of the OM; unit can 
be set for zero, one, two, threg, or four 
ohms, phase to neutral. When the 
auxiliary current transformers are used, 
these values are reduced to 0, 0.33, 0.67, 
1.0, or 1.33 for the 1.0- to 10-ohm range, 
OMOWOlOmcO mlb nOteer om themlan= t@mla- 
ohm range. 


Although the relay is designed prin- 
cipally for angular settings of 60 degrees 
for the M, unit and 75 degrees for the M, 
and OM; units, provisions have been 
made for setting the M, unit on 75 degrees 
or 45 degrees, and the M, and OMs3 units 
along with the transactor between 60 
degrees and 75 degrees. Changes in the 
angular setting change the ohmic ranges 
of the units, with the minimum values as 
illustrated in Table I, the maximum re- 
maining at ten times the minimum. 


Application Limits 


There are two limitations on the ap- 
plicability of the mho distance relay. On 
systems where a fault near the end of the 
My unit’s setting can result in a small 
value of current, the unit will be slow, or 
possibly fail to operate and delay tripping 
until the time for the second zone. On 
very short lines, there is a possibility that 
the resistance added by arcing faults will 
place the impedance, measured by the 
relay for a fault which is actually in zone 
one, to be outside the zone-two setting of 
the relay. These limitations are discussed 
in a companion paper.® 

In some cases, the M, unit can be set 
on 45 degrees to allow for the effect of arc 
resistance. If this is done on a system 
whose phase angle under fault conditions 
is greater than 70 degrees, the transient 
overreach of the M, unit requires that it 
be set to protect less than 90 per cent of 
the line section. 


Setting of the GCY Relay 


The angular setting of the M, unit is 
by means of leads on a connection block 
as illustrated in Figure 7A. If the 
angular settings of M, and OMs3 are to 
be changed, they must be changed by 
test. 


The procedure for setting the diameters 
of the ohmic circles is the same as the 
one which has been in use for the well 
established type GCX reactance relay. 
The output tap settings of the two auto- 
transformers shown in Figure 7 are chosen 
according to the following formula (the 
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M, and M, units use the same trans- 
former): 


Percentage output tap setting 
unit’s minimum ohms X 100 
Sh 


desired ohms 


The ohmic offset of the OM; unit can 
be adjusted by means of a lead on another 
connection block. The ohmic reach has 
to be increased by an amount equal to 
the ohmic offset to obtain the ‘‘desired 
ohms” in the formula. 


Out-of-Step Blocking 


As can be seen from Figure 4A, when 
the OM; unit is set to include the Me 
unit’s setting, it will pick up on power 
swings before the M, unit. This char- 


Table |. Change in Minimum Ohmic 
Setting at 115 Volts Wersus Change in 
Angular Setting of Unit 


Minimum Ohmic Setting 


Angular Setting Mi Mz: and OM; 
TD We ser tekereLshe oie 2.23-2.44..... 2.94-3 .06 
Thi aids 6 Ooo ERGO DOP MOIS © 2.82-2.97 
OBO Recs ate atela what tictaretate sicko. e ca yar 2.64-2 .87 
(Ue es rmciaardcr 2.94-3.06..... 2.37-2.78 
Bb cle, jester) wees 2.10—-2.20 


acteristic can be utilized to recognize an 
out-of-step condition by the addition of 
a time delay relay such as TB in Figure 5. 
If the OM; unit operates at least four 
cycles, for example, before the Me unit, 
TB operates and can be used to open the 
tripping circuit. However, the mho unit’s 
inherent characteristic of tripping at the 
electrical center of the system usually 
makes it advantageous to permit tripping 
and to use TB to prevent automatic re- 
closure after tripping caused by out-of- 
step conditions. 


Conclusions 


1. A high-speed directional distance relay 
has been designed using a unit of the induc- 
tion cylinder type so that it has an inherent 
directional characteristic and distance meas- 
uring accuracy, permitting one contact to 
protect 90 per cent of a line section. 


2. A modification permitting transient 
overreach provides speed acceptable for 
use as a directional relay in carrier-current 
application. 

3. The use of a transactor provides a quasi- 
impedance unit suitbale for starting a car- 
rier signal and providing time delay backup 
protection. 


4. A combination of the three units with a 
timing relay provides 3-step distance pro- 
tection. 
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Metal-Clad Unit-Type Switchgear 
for 33-Kv Service 


C. H. KREGER 
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Synopsis: The experience of the Public 
Service Company of Northern Illinois with 
metal-clad switchgear has been outstanding, 
both from the standpoint of reliability of 
operation and safety to personnel, two of the 
principal objectives sought by the engineers 
of the company when they pioneered this 
type of equipment. This equipment has 
been applicable not only to the voltage 
classes up to and including 15,000 volts, 
but also in the 33,000-volt class, of which 
the company has seven major installations 
which have been in service from 138 to 16 
years. This report of experience with 33-kv 
metal-clad switchgear is offered as proof 
that development and use should be re- 
sumed and continued in what is undoubtedly 
a fertile field for the application of principles 
which are now generally accepted. It is 
not a detailed discussion of the design and 
construction of metal-clad equipment, but 
rather a factual record of progress already 
made and proved by 13 years of operating 
experience. Conclusions drawn from this 
report are that the main objectives sought 
after in the development of metal-clad type 
of switchgear have been obtained satis- 
factorily. Experience has demonstrated 
clearly its outstanding operating reliability 
as compared with the conventional open 
type, and its perfect safety record for oper- 
ating and maintenance personnel has been 
made possible by the inherent safety fea- 
tures which are practical only in metal-clad 
equipment. If these and other factors 
which cannot be evaluated precisely are 
taken into consideration and if the further 
exploitation in the post-war period of 
materials and methods developed during the 
war is kept in mind, it would appear that 
there is no question about the continued de- 
velopment of metal-clad type of switchgear 
in all voltage classes. Repetitive manufac- 
turing, standardization, and prefabrication 
are some of the most potent means of com- 


5. The unit which causes instantaneous 
tripping for faults in the first zone can pro- 
vide correct tripping during out-of-step 
conditions on most systems without auxil- 
iary blocking relays. 
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bating the continually rising cost of elec- 
trical station and substation installations. 
The electrical equipment manufacturers are 
applying these principles to a growing extent 
and are promoting their use throughout the 
industry. The principles, of course, are 
not new, the present movement being 
directed mainly toward a more intensive 
and wide-spread application. Neither the 
manufacturer nor the utilities can afford to 
neglect any application of these principles 
that can be justified economically. 


N the initial use of metal-clad equip- 

ment, the engineers of the Public 
Service Company of Northern Illinois 
had certain definite objectives in view. 
Subsequent operating experience has 
shown that very substantial advances had 
been made toward these objectives be- 
fore progress was interrupted about 1931 
by economic conditions. This experience 
indicates that development and use of 
this equipment should be extended to 
higher voltages. 

The outstanding characteristics of the 
installations of all voltages made by the 
Public Service Company of Northern 
Illinois were complete enclosure in metal, 
maximum practical factory assembly, 
and the filling of all space in the enclos- 
ing structure with an insulating medium 
other than air. Various terms were 
applied to such equipment, the one in 
most general use being ‘‘metal-clad gear.” 
The equipment of this nature now being 
manufactured and used is enclosed in 
metal and factory assembled but, with 
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possibly a few exceptions, is not filled 
with an insulating medium. It also is 
designated by various terms, including 
“metal-clad.” Complete enclosure and 
maximum factory assembly are funda- 
mental, but the filling or nonfilling of the 
housing can be considered a matter of de- 
sign keeping in view the objectives. 


Objectives 


Broadly speaking, the objectives of 
advantages to be obtained from metal- 
clad construction are Safety, Reliability, 
and Economy. The first two can be ob- 
tained without the third; the third can- 
not be obtained without the first two. 

Safety of personnel is fundamental and 
needs no explanation. 

Reliability can be considered as the 
quality of being available at all times for 
the service for which it was designed and 
rendering that service continually. 

Economy is more involved than the 
other two main objectives and includes 
both, because no installation can be 
truly economical if it is not safe and re- 
liable. Safety and reliability in them- 
selves, however, are of sufficient impor- 
tance to warrant special consideration. 
They do have a very real and substantial 
monetary worth, but it is impractical to 
assign a definite dollar value to it. 
Economy, therefore, is considered herein 
as the actual dollar expenditure in render- 
ing service from a given installation. 
To obtain fair comparisons, economy 
must include the following cost factors: 


1. First cost (manufacturer’s cost to user). 


2. Engineering, supervision, and overhead 
(user’s). 


38. Installation and transportation. 
Maintenance and repair. 
Operation. 

Durability (life expectancy). 


Space occupancy and appearance. 


SOR a Co ino N eal tre 


Salvage value. 


History and Progress 


For the purpose of determining what 
progress has been made in the attainment 
of the objectives, we can consider the 
history of the 33-kv installations as a 
group in reference to each objective. 
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SAFETY 


There can be no doubt that working 
conditions are immeasurably safer on all 
of these installations than on conven- 
tional open-type installations. The 
safety factor is self-evident when it is 
considered that all current-carrying parts 
are enclosed in grounded metal and inter- 
locks provided to prevent wrong opera- 
tions and exposure of energized parts. 
Interlocking on metal-clad gear is en- 
tirely practical to an extent beyond 
possibility on open-type. 

The prevention of inadvertent contact 
with energized parts can be accepted on 
the basis of the design. The proof, how- 
ever, is negative because incidents oc- 
curring while working on metal-clad 
equipment, which would have caused 
an accident if the equipment had been 
open-type, are not recorded for the simple 
reason that there was no accident. An 
example of this is shown in the routine 
maintenance work of painting. Since 
1928 there have been two accidents on 33- 
kv open-type structures, one resulting in a 
fatality and the other in an injury, 
definitely attributable to painting. These 
accidents could not have happened on 
metal-clad equipment. There is no rec- 
ord, of course, of painting in the wrong 
place on metal-clad because it can be 
painted while energized. 

Since 1928, when the first 33-kv metal- 
clad gear was installed, to date there 
have been no accidents caused by in- 
advertent contact with energized equip- 
ment. This is also true of the lower 
voltage equipment, of which there are 
many installations on the system of the 
Public Service Company of Northern 
Illinois. Only one accident resulting in 
injury was recorded in this period. This 
accident was caused by burning oil from 
a ruptured box housing ‘an oil-immersed 
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Figure 1. Typical 33-kv open-type structure 


This shows installation used for cost com- 
parison 


disconnect switch. The switch blade fell 
into a ground clip because of the failure 
of an operating rod in one of the earliest 
installations. The failure definitely was 
caused by a defect in design which has 
been corrected. 

During the same period, three fatalities 
and four injuries have occurred on open- 
type 33-kv equipment, all of which, ex- 
cept two of the injury cases, were caused 
by contact with energized conductors. 
One of the latter resulted from the failure 
of a bushing, and the other was the result 
of falling porcelain from an insulator 
which had failed mechanically. 

Experience has shown that the metal- 
clad installations have a distinct ad- 
vantage in reduction of nonelectrical 
accidents also, mainly by the elimina- 
tion of the necessity of temporary staging 
and ladders or the climbing of compli- 
cated structures. When necessary, per- 
manent ladders, platforms, and railings 
are provided easily. 


RELIABILITY 


The same major characteristic which 
provides safety in metal-clad gear, that is, 
the enclosure of all current carrying 
parts, also gives it an inherent quality of 
reliability, since it excludes practically 
all foreign elements which interfere with 
normal operation, such as weather, ani- 
mals, birds, deleterious gases, dirt, and 
solid objects. There is no need to cite 
the instances of outage or damage to 
open-type equipment from these causes; 
they are all too familiar. Two outstand- 
ing examples might be mentioned, how- 
ever. One metal-clad installation is im- 
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mediately adjacent to a railroad right- 
of-way, and, in addition to normal heavy 
traffic, locomotives stand for extended 
periods on a side track within 20 feet of 
the structure, which is sometimes ob- 
scured in smoke. It is doubtful if an 
open-type installation could be kept in 
service at this location. Just recently 
the Public Service Company of Northern 
Illinois was forced to remove an open- 
type 33-kv switching structure on ac- 
count of many insulator flashovers caused 
by contamination of the air by an in- 
dustrial plant one-fourth of a mile dis- 
tant. It might be well to mention birds 
particularly, which are a source of trouble 
and expense in open steel structures. 
They build nests in enclosed structures 
also, but there they are merely an an- 
noyance and not a hazard to service. 

All of the 33-kv metal-clad installa- 
tions made by the Public Service Com- 
pany of Northern Illinois are still in 
operation and giving reliable service. 
There were, of course, operating difficul- 
ties at the start which are to be expected 
in any newly designed equipment, par- 
ticularly in a radical departure such as 
33-kv metal-clad was at that time. 


ELECTRICAL DIFFICULTIES 


The most serious of the problems arose 
in connection with the shell bushings 
which were mounted over openings in the 
bottom of the metal boxes or housing of 
the gear and served as the sockets for 
plugging in the oil circuit breaker. Thus, 
the inside surface of the shell itself was 
exposed to air while the outside was ex- 
posed to the oil in the box or compart- 
ment. The first 33-kv gear was installed 
in April 1928, and the first failure of a 
shell bushing occurred in March 1929 
with others following. The fact that the 
failures usually occurred during a rising 
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atmospheric temperature or high hu- 
midity indicated that condensation on 
the surface of the shell bushings in the cir- 
cular space between the shell and the 
breaker bushing was a _ contributing 
factor. This condensation was pro- 
nounced because the temperature of the 
mass of the gear lagged behind the rising 
ambient temperature. In some of the in- 
stallations, the lower end of the shell 
bushing orifice was not closed entirely 
when the breaker was in place. In the 
other installations, the orifice was closed 
by a soft gasket on the base of the breaker 
bushing when the breaker was raised to 
operating position. As the shells which 
were open at the bottom gave by far the 
most trouble, it was supposed at first that 
dirt on the surface combined with the 
moisture from condensation was the cause 
of flashover, and a cleaning program was 
instituted. 

It soon was noted that severe corona 
discharges were taking place within shells 
previous to failure, even to the extent of 
being audible and visible. It also was 
noted that these discharges started very 
soon after cleaning in some cases, particu- 
larly during a rapid rise in atmospheric 
temperature. 

Investigation and tests were continued 
and led to certain conclusions. The bush- 
ings, although open to the air (breathing 
occurred through the gaskets even in 
those closed at the bottom), were not ex- 
posed to the cleaning action of the ele- 
ments as were ordinary outdoor bushings. 
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Figure 2. Metal-clad installation used for 
cost comparison 


This condition was conducive to corona 
and surface leakage from the energized 
metal parts at the top and the formation 
of nitric acid when condensation supplied 
the water. Conducting paths thus were 
established, and the process was cumula- 
tive until breakdown occurred over the 
surface of the porcelain. A contributing 
factor was metal salts from the corrosion 
of caps and contacts at the top of the 
shell. As the deposits on the porcelain 
did not yield readily to ordinary cleaning, 
special methods involving the use of 
carbon tetrachloride, alcohol, and certain 
dilute acids were tried. 

Actual failure from this cause occurred 
at the original installation only, although 
corona discharge was observed at other 
locations. The cleaning program pre- 
vented the discharges from extending to 
the point of failure. 

The bushing assemblies in the various 
makes of switchgear differed considerably 
in detail, and these were studied further 
in an attempt to eliminate or at least 
reduce the cleaning required. 

As mentioned before, it was assumed 
at first that the closing of the shells at 
the bottom would eliminate or at least 
materially reduce the trouble, and this 
was the first step taken. The manu- 
facturer was reluctant but later agreed, 
and that change was completed on the 
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first installation about September 1930. 

The closing of the bottom of the shells, 
of course, was a question of exclusion of 
deposits from the atmosphere, and leav- 
ing them open was to allow circulation of 


air to reduce condensation. Neither re- 
sult was accomplished, however. It was 
impractical to seal the opening tight 
enough to prevent breathing; and, al- 
though actual dirt might be excluded, air 
usually contains certain acids such as sul- 
phur dioxide, particularly in cities or in- 
dustrial centers. The circulation of air 
in the bushings left open was practically 
nil, as the only opening was at the bottom, 
and this was very restricted. Some shells 
are still open, others closed. 

This all indicated that the opening or 
closing of the shell opening was not the 
answer to the problem. Accelerated 
time tests in the laboratory indicated all 
shells were subject to the formation of 
nitric acid and metallic salts from the 
slight corrosion of the metal parts at the 
top. To prevent the corrosion, lead gas- 
kets were eliminated and plating of cop- 
per parts experimented with. Chrome 
plating was tried but was not en- 
tirely satisfactory, owing to the difficulty 
of getting a perfect homogeneous coating 
on the odd-shaped parts. Tinning all 
but contact surfaces, which were silvered, 
finally was adopted for the installations 
giving the most trouble. There still re- 
mained some defective porcelain in one 
installation and the short leakage dis- 
tance and inability to clean entirely at 
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another. These shells all were replaced 
finally with smooth instead of corrugated 
porcelain and redesigned contacts and 
corona shields. 

While the changes stated have not 
eliminated the problem, they have pro- 
vided shells with better characteristics 
and have lengthened the interval be- 
tween cleanings. At present all 33-kv 
shells are cleaned each fall and spring 
with a weak solution of muriatic acid 
followed by thorough washing with a 
cleaning compound. This program has 
been followed for the past ten years with 
no further trouble. 

Other than the shell bushings, only one 
electrical weakness affecting reliability 
developed. This also was in the first 
installation and resulted in two cases 
of bus failure to ground. The bus in all 
the installations is copper tubing insu- 
lated with machine-wound impregnated 
paper or fabric and supported at intervals 
centrally in an outer copper pipe by 
spools of insulating material. The space 
in the outer pipe around the conductor is 
filled with oil. The spools at first were 
turned from a laminous material of 
pressed paper; later spools were of porce- 
lain or paper wound directly on the con- 
ductor insulation. The first theory was 
that minute drops of water from conden- 
sation had collected at the bottom of the 
bus pipe under the spool, concentrating 
theelectrical stresses and forming creepage 
paths that resulted in final failure. The 
manufacturer recommended circulating 
the oil and heating at intervals to remove 
moisture, and this was done for a short 
period. The process was rather expen- 
sive and critical, however, as it was 
necessary to maintain the oil temperature 
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Figure 3. First installation of 33-kv metal- 
clad switchgear, showing overhanging remov- 
able potential transformers 


within rather close limits, that is, high 
enough to remove moisture but not high 
enough to cause sludging. After the 
second failure, notice was taken of the 
fact that although the spools were in 
halves held around the conductor by 
cord, the failure was not at the junction 
of the halves but directly through the 
spool and parallel to the laminations 
where they were radial. As previously 
stated, these spools were turned from a 
laminated material. This indicated that 
creepage started between the laminations, 
and the spools were replaced with a non- 
laminated material. There have been no 
failures since, and circulation of oil was 
discontinued. 

It should be noted that neither of these 
failures caused any damage beyond:a 
small hole in the insulation and outer 
copper tube and loss of oil in one bus sec- 
tion. There was no fire in either case. 
The failure was direct to ground. The 
bus was protected by bus fault relays. 

The only actual failure since the early 
ones mentioned occurred in 1939, and the 
indications were that it originated with 
the oil circuit-breaker bushing. In this 
respect the failure was similar to those 
occurring in open-type gear. As the 
breaker was mounted in metal-clad gear, 
however, the effects must be noted. The 
failure was in the annular space between 
the oil circuit-breaker bushing and the 
shell on the bus side of a line position. 
Both shell and bushing were fused and 
burned, severely, typical of an external 
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flashover. The shell was cracked severely 
but remained in place. The cracking, 
however, permitted oil to flow into the 
annular air space between bushing and 
shell, where it was ignited by the arc and 
blown out of the shell orifice at the bot- 
tom across the top of the breaker, form- 
ing an external oil fire which continued 
after the arc was extinguished. Since 
the oil burned as it flowed down the wall 
of the inspection bay before it was ex- 
tinguished by the gravel bed at the 
ground level, the fire was more spectacu- 
lar than damaging. The loss was limited 
to the breaker bushing, the porcelain 
shell, the escaped oil, and scorched paint. 
There was no internal damage to the 
gear or breaker. 

The weather was clear, warm, and dry, 
which eliminated excessive condensation 
as a contributing factor as in the earlier 
troubles. 

It was difficult to determine definitely 
whether the failure originated across the 
shell or the bushing. There was some evi- 
dence of a very slight oil leak at the top 
of the shell through a defective gasket 
which formed an oil film on the surface of 
the shell to which air-borne particles 
might have adhered and gradually de- 
creased the creepage distance to ground. 
On the other hand, the particular type of 
bushing used had been the source of 
trouble in open-type equipment. The 
pertinent question for this discussion, 
however, is whether the failure was the 
result of or indicated any inherent weak- 
ness in the basic hypothesis of the type 
of installation. Neither the faulty gasket 
nor the faulty bushing would indicate 
this. They were both representative of 


the occasional freaks encountered at 
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times in any type of construction. Pre- 
ventive measures against recurrence are 
the same in this case as for conventional 
open-type equipment, that is, greater 
care in fabrication, inspection, and testing 
and faster relaying to limit fault duration. 

It also should be noted that only 
features peculiar to the type of installa- 
tion are considered here. For example, 
there were certain troubles with oil cir- 
cuit breakers, but these were of the type 
common to both metal-clad and open- 
type construction. 


MECHANICAL DIFFICULTIES 


Early experience with the first installa- 
tions naturally disclosed certain mechani- 
cal features which were undesirable or 
troublesome. None of these was an in- 
surmountable difficulty, nor did the 
remedy force any basic changes in design. 

Soon after the first installation was 
made, some shell bushings developed cir- 
cumferential cracks at or close to the 
upper edge of the bottom metal mounting 
ring which was cemented to the outside 
of the porcelain. This had no bearing 
on the electrical failures and was purely a 
mechanical problem. The metal mount- 
ing flange and cement, of course, were on 
the outside (oil side) of the shell, so the 
ring gasket was placed under the lower 
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edge of the porcelain. As the bolt circle 
was outside of this gasket, a cantilever 
strain was imposed on the porcelain 
which was enhanced by slight inequality 
in tightening the bolts. A very slight 
shock or misalignment at the top of the 
shell then could easily cause the crack. 
The condition was remedied in the new 
shells by making the relation between the 
lower edge of the porcelain and the 
mounting surface such that there was 
metal-to-metal contact between the 
mounting flange and the mounting sur- 
face. This equalized and limited the 
strain on the porcelain. This condition 
existed at certain installations only, as 
the shells in the other installations were 
mounted with the flange below the mount- 
ing plate. 

The only mechanical failure that was at 
all serious in its results was the breakage 
of the operating rod on an oil-immersed 
disconnect switch mentioned previously. 
As stated, this was remedied by proper 
design. 

Some difficulty was encountered at 
first in preventing leakage of oil. The 
various boxes and enclosures in the first 


Figure 4. Installation of 33-kv metal-clad 
switchgear with main and transfer bus 
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installation were of welded steel plate 
with flat covers and flat cork gaskets. It 
was soon evident that these gaskets, if 
not confined, would spread and set, per- 
mitting seepage of oil. Further tighten- 
ing of bolts was only a temporary cure 
and soon reached its limit. After trials 
of other gaskets, it was found that a cork 
gasket confined in a groove and com- 
pressed by a tongue gave satisfactory 
results, and gaskets in later gear were so 
designed. To change the original flat 
gaskets to the confined type, however, 
was impractical and further trials were 
made ending in the use of a cork or other 
soft gasket with a thin soft metal sheath. 
The original gear was equipped with this 
type several years ago, and oil leaks and. 
seepage have ceased. There was also 
some oil seepage through welds on boxes 
and directly through the metal of cast 
boxes used on the later installations. 
Tinning of the inside of welds and the 
inner surface of cast boxes prevented this 
seepage. Improved welding and the use 
of different material for cast boxes made 
tinning unnecessary. This matter of oil 
leaks and seepage is largely a question of 
appearance, as in no case was it sufficient. 
to reduce the amount of oil in the gear to: 
any appreciable extent over a very con- 
siderable period. 


ELECTRICAL ENGINEERING. 


The availability factor of reliability is 
influenced materially by ordinary routine 
maintenance requirements. In _ open- 
type installations, it is necessary to take 
out of service major portions or even an 
entire structure for such work as cleaning 
or replacement of insulators, painting, 
and lubrication of moving parts. Fre- 
quently busses or lines not being worked 
on must be de-energized to provide proper 
safe working clearances. This class of 
maintenance, with the exception of the 
semiannual washing of shell bushings 
mentioned previously, requires no outage 
of metal-clad equipment. Even an out- 
age for cleaning is reduced to only the 
particular line or bay directly concerned. 


ECONOMY 


First Cost. First cost, of course, is a 
manufacturing problem involving design, 
fabrication, and assembly. This factory 
assembly is of major importance. It in- 
creases first cost of metal-clad above 
equipment for a comparative open-type 
installation but reduces field installation 
costs, and we are considering over-all 
economy, as mentioned before. The 
seven installations made by the Public 
Service Company of Northern Illinois 
covered a period of only about three 
years and were fabricated by three differ- 
ent manufacturers. Naturally, first cost 
was somewhat high because of develop- 
ment charges and because effort was con- 
centrated on design for safety and reli- 
ability rather than cost of manufacture. 
There was considerable variation also in 
price among different manufacturers and 
among different installations by the same 
manufacturer because there was no back- 
ground of experience on which to base 
manufacturing costs. 

Each of the installations made was an 
individual development and did not 
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approach even the first phase of being ona 
production basis. Two manufacturers 
built two installations each and one manu- 
facturer built three, and naturally any 
part or feature developed for the first 
was used wherever possible in the second. 
This possibility was exceedingly limited, 
however, owing to changes in detail de- 
sign. There were only two major changes 
in design made during the period which 
might affect first cost. One was the 
manner of connecting and mounting 
potential transformers, and the other was 
the use of cast boxes or compartments in 
place of welded plate. In the original 
installation, connection boxes overhung 
the structure and were provided with shell 
bushings permitting the potential trans- 
formers to be raised into place or lowered 
the same as the-oil circuit breakers by 
means of a special traveling elevator on 
the structure. In all subsequent instal- 
lations, the potential transformers were 
connected solidly and mounted in boxes 
as an integral part of the gear with an 
arrangement for replacing fuses. This 
eliminated many shells and bushings as 
well as an elevator. The use of cast 
boxes not only affected the cost of the 
boxes themselves but provided round 
cover flanges and covers into which it was 
cheaper to machine grooves for confined 
gaskets. 

A major factor in the cost of any in- 
stallation is the bus and switching ar- 
rangement. Two common variations are 
complete double bus with two oil circuit 
breakers per circuit and main and trans- 
fer bus with one circuit breaker per cir- 


Figure 5. One of the later installations in a 
residential district 


Ornamental brick wall enclosing property is 
shown 
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cuit. In the latter a breaker is usually 
provided for energizing the transfer bus 
from the main bus with section breakers 
or disconnect switches in the main bus on 
each side of this feed to permit taking 
part of the bus out of service for main- 
tenance or keeping part in service in case 
of bus failure. 

The first installation was a double bus 
arrangement, however; only one circuit 
breaker was provided for each of two 
transformer circuits. This possibility of 
reducing cost and still retaining the ad- 
vantage of a double bus because the 
breakers were movable from one bus 
position to another, a condition which 
does not exist in conventional open-type 
construction. 

The installation which followed was a 
main and transfer bus arrangement. 
There were two reasons for this: first, 
the available space was limited in width, 
and only one breaker per bay resulted in a 
narrower structure; second, it provided 
a practical trial of that particular bus and 
switching arrangement as applied to that 
type of equipment. This required the 
development and use of enclosed oil- 
immersed disconnect switches, which 
present certain problems. While this 
arrangement reduced the cost per bay, 
the total cost was not reduced materially 
because of the provision of two bus section. 
breakers and the transfer bus feed 
breaker. As equivalent operating facilt- 
ties at little additional cost could be pro-. 
vided by a double bus arrangement with 
only one breaker per circuit in some cases, 
all subsequent installations were built 
according to this arrangement. The 
moving of a breaker of any line or trans- 
former position by means of the motor- 
driven elevator from one bus to the other 
is comparable to the operating of discon- 
nect switches for connecting a line or 
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transformer to a transfer bus in open- 
type structures. 


Engineering. The engineering ordi- 
narily considered as preliminary, such as 
determination of necessity, number, ca- 
pacity, and location of lines, feeders, and 
equipment, can be considered as equal in 
cost for both types of equipment if we 
forget for the moment an advantage of 
metal-clad equipment in the matter of 
location. What might be termed con- 
struction engineering follows. For an 
open-type installation, this consists of 
considering, specifying, counting, order- 
ing, listing, and delivering to the job 
various pieces of major equipment and 
innumerable items for connecting and 
mounting. Construction specifications 
and many drawings must be prepared for 
the assembly of all these parts into a 
satisfactory structure. For metal-clad 
equipment the user need specify but one 
piece of equipment, and very few draw- 
ings are needed for installation, thus re- 
ducing his engineering costs materially. 

It is true that much of the user’s 
engineering cost is transferred to the 
manufacturer and must be included in 
first cost because the manufacturer must 
design and assemble the various parts of 
the unit. These costs should be con- 
siderably less, however, when this work is 
done by the manufacturer because he is 
designing and assembling many units, 
while the user must design each unit for 
himself. Factory assembly is inherently 
cheaper than field assembly for several 
reasons, freedom from weather inter- 
ference being one. 


This, of course, assumes a certain de- 
gree of standardization, and metal-clad 
equipment lends itself to this stand- 
ardization to a far greater extent than 
open-type. Standardization in  con- 
ventional design more usually is limited 
to component parts. 


Installation. Field installation is where 
metal-clad equipment must show the 
greatest reduction in cost as compared 
with open-type. Again consider the in- 
numerable small pieces of an open-type 
structure which must be assembled piece- 
meal contrasted with the very few large 
parts of metal-clad. Here again design 
plays a major role. 


When the first installation was pur- 
chased, the goal of unit assembly was in 
the minds of those concerned. Experi- 
ence had been had with lower voltage 
gear, and design changes had brought 
this to the point where even complete bus 
sections were shipped and installed as a 
unit. At that time, to assemble even 
one bay of a 33-kv structure into a single 
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unit which would be within railroad clear- 
ances appeared impossible, at least to the 
manufacturer, and the first gear was 
shipped in many parts which were as- 
sembled on the job. The installation 
cost was the highest of any of the in- 
stallations. As a result of much con- 
sultation with manufacturers, a design 
was worked out which enabled the next 
installation, which was a main and trans- 
fer bus arrangement, to be assembled at 
the factory and shipped in units of one 
bay as were all subsequent installations. 
The component parts as shipped from the 
factory were the main bay assembly 
(containing busses, instrument trans- 
formers, cable terminals for outgoing cir- 
cuits, and all connections), the supporting 
columns on which the bay assembly was 
mounted, the circuit breakers, and the 
traveling elevator for raising and lowering 
breakers. 

The next installation having a double 
bus was shipped assembled, and the com- 
plete cost of installation per bay was 
slightly under 25 per cent of the cost of 
the first installation. 

Transportation of large pieces in car- 
load lots from one point of shipment is 
more economical than many pieces from 
many different points for equal distances 
and total weight. Note also must be 
taken of the increased cost of following 
and co-ordinating the receipt of numer- 
ous items of equipment required for an 
open-type structure as compared with 
factory-assembled units. 

An element of cost exists in many in- 
stallations which does not appear in the 
cost records. This is elapsed time as dis- 
tinct from man-hours. There frequently 
is a very definite saving in meeting a 
service date or a definite loss in not doing 
so which is distinct from the actual dollar 
cost of the installation. Metal-clad 
equipment has a definite advantage 
here which will be enhanced by more ex- 
tensive use and standardization. 

As an indication of what was done and 
what experience was obtained, some of 
the design features which made unit 
assembly possible should be mentioned. 
The unit-type principle must bein mind at 
all times in design. Considerable study 
was required so to design the various 
boxes and compartments comprising 
the main section as to permit an arrange- 
ment compact and rigid enough to make 
shipment by rail practical. These assem- 
blies or units were shipped complete and 
filed with oil. The breakers were 
shipped separately, as they would be re- 
moved from their operating position in 
any case for test and inspection before 
being placed in service. 


Kreger—Metal-Clad Unit-Type Switchgear 


The busses presented another problem, 
as they, of course, extended the length of 
the structure to form a continuous con- 
ductor across all bays. In the first in- 
stallation, the busses were received en- 
tirely separate from any other part and 
not even complete in themselves. The 
insulated tubing was in lengths which did 
not coincide with the width of bay. For 
subsequent installation, a satisfactory 
joint was developed for both bus con- 
ductor and enclosing tube that could be 
used at the junction of any bay, a de- 
velopment which permitted all complete 
busses to be mounted on each bay in the 
factory ready for connection to busses of 
an adjacent bay. These joints and other 
parts were so designed that all mechanical 
erection could be completed before any 
electrical work was necessary. Even 
control and secondary wiring was in 
place and brought to terminals for con- 
nection to the wiring from the control 
board. 


Maintenance and Repair. Mainte- 
nance and repair were discussed under 
the preceding subjects of safety and re- 
liability, and the same factors in metal- 
clad equipment which increase safety 
and reliability over that of open-type de- 
crease the direct cost of maintenance and 
repair. Practically all ordinary routine 
maintenance such as painting, cleaning, 
and lubricating, can be performed on 
metal-clad without removing any part 
from service. This is seldom true on 
open-type, and for this reason much of 
this work is done at night or on Sundays 
or holidays when lighter load conditions 
are such that equipment can be taken out 
of service. This involves overtime which 
greatly increases the cost. 

Repairs are necessary as a result of 
failure, deterioration, or wear. It is 
obvious that cost of repair decreases in 
proportion to increase of reliability. 


Operation. If the presence of oper- 
ators is required at a given substation, 
these costs will be equal for both types of 
installations. Metal-clad equipment, 
however, is more adaptable to control 
from remote points because of the absence 
of open disconnect switches and complete 
protection from interference by the ele- 
ments. 


Durability. The life expectancy of 
metal-clad equipment is much greater 
than open-type. The only part exposed 
to the weather is the enclosing metal 
structure. Organic insulation, if used on 
conductors, is not even exposed to the air. 
All of the 33-kv gear installed by the 
Public Service Company of Northern 
Illinois is oil-filled and equipped with 
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conservator tanks similar to those com- 


monly used on transformers. Experience 
has shown that oil deterioration is not a 
problem, as practically all of the original 
oil is still in service in the gear. There 
has been no filtering or treatment of any 
of this oil except that following the failure 
of the bus insulators mentioned previ- 
ously, and as stated, that was unneces- 
sary. This of course refers only to the oil 
used primarily as an insulating and filling 
medium in the various bus tubes and con- 
nection compartments. This oil is far 
less subject to factors causing deteriora- 
tion than oil as ordinarily used in trans- 
formers or circuit breakers. 

After from 13 to 16 years of service, all 
seven installations can be considered 
practically in the same condition as when 
new. 


Space Occupancy and Appearance. 
Here again metal-clad has a very definite 
advantage, and if space is at a premium, 
the savings could be considerable. One 
of the installations, for example, could 
not have been made at its present loca- 
tion as an open-type structure. It was 
an old substation site very close to the 
center of town, bounded on one side by a 
steam railway and on the other by an 
electric railway. An open-type 33-kv 
structure would have required a new loca- 
tion at some distance, involving large 
costs for new property and building and 
also new transmission and distribution 
facilities. 

At one location two metal-clad bays 
were added as an extension to an existing 
open-type structure and afford a striking 
comparison. The bays in the open 
structure occupy 729 square feet each, 
while the bays in the metal-clad structure 
occupy 605 square feet each, a saving of 
about 17 per cent. The height of the 
open structure is exactly 27 feet; that of 
the metal-clad is exactly 22 feet. This is 
not the entire story, however, as there 
are open disconnects and wiring on the 
outside of the open structure which re- 
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Figure 6. One of the later installations, show- 
ing method of enclosing transformer connec- 
tions 


quire proper clearance and operating 
space. At one of the installations, there 
are six double bus bays and an inspection 
bay, and the structure from the center 
line to the center line of columns is 
exactly 90 feet long by 20 feet 8 inches 
wide. An enclosing fence placed three 
feet from the center line of columns would 
give ample space for all operation and in- 
spection. (It could be on the columns if 
necessary.) Using the 3-foot space, 
however, gives an enclosed area of ex- 
actly 96 feet by 26 feet 8 inches, or 
2,560 square feet. An open structure for 
controlling the same number of circuits 
would be exactly 108 feet long by 
exactly 36 feet wide based on the bay size 
of existing structures, and an enclosing 
fence should be at least ten feet from the 
center line of columms (usually it is more). 
This gives an enclosed area of 7,168 
square feet, 2.8 times that required for 
metal-clad including the inspection bay. 

Appearance has a definite economic 
value in public relations and also an 
indirect value similar to the space factor 
by permitting installations at locations 
where an open structure would be ob- 
jected to by adjacent property owners. 
A metal-clad structure does not have the 
raw and unfinished appearance of an open 
structure, and if necessary can be 
camouflaged much more easily by archi- 
tectural features or landscaping. 


Salvage Value. Substation and 
equipment replacements in a _ great 
majority of cases are required by in- 
adequate capacity because of load and 
system growth or changes. Retirement 
charges are high unless equipment for 
which the duty has become too great 
can be reused where the demand is 
smaller. This involves removal and re- 
installation, and with an open-type 
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structure, the same factors which cause 
high labor costs in installation also 
cause high cost of removal. An open- 
type structure must be dismantled com- 
pletely to be relocated; and while the 
major items of equipment can be moved 
without loss, there is usually considerable 
retirement in connection with such items 
as structure, conductors, supports, con- 
trol conduit, and wiring. A unit-type 
installation is moved in complete units as 
at first installed, with no retirement of 
material or equipment as far as the struc- 
ture itself is concerned. The retirement 
of connecting cables and foundations 
would obtain in either case. 


Comparison of Costs. A detailed 
study of the actual installed costs of one 
of the metal-clad installations and a com- 
parable contemporary open-type struc- 
ture gives the following percentage costs 
for the metal-clad, the cost of each item 
of conventional open-type being con- 
sidered as 100 per cent: 


Material cost per bay 145.4% 
Labor cost per bay (including 

engineering) 62.6% 
Foundations per bay 60.6% 
Total installed cost 131.5% 


This comparison is made on the actual 
dollar expenditure only and includes only 
the first three factors of over-all economy 
heretofore mentioned. Any reasonable 
evaluation of the remaining factors 
should more than offset the additional 
dollar cost of the metal-clad installation. 
In addition it must receive a very sub- 
stantial credit for the high degree of 
safety and reliability in order to arrive at 
true over-all economy. 


Future Development 


In the foregoing discussion, the diffi- 
culties and faults of the present 33-kv 
metal-clad installations are covered in 
some detail in order to show that these 
difficulties and faults were overcome and 
eliminated. There is some accent on the 
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original installation because it was the 
first developed and furnished the experi- 
ence for improvements in those which 
followed. The possibilities for further 
improvement, however, are by no means 
exhausted, particularly in the field of 
economy. 

In future design the possibility of 
eliminating all shell bushings should be 
considered. All present installations are 
arranged with what might be termed re- 
movable or plug-in circuit breakers with 
a rather expensive motor-operated car- 
riage elevator for raising, lowering, and 
moving them to an enclosed bay at the 
end of the structure. It is questionable 
if this is necessary. If the breakers are 
underhung as an integral part of the 
structure with a device for lowering tanks 
only, practically all maintenance and re- 
pairs could be accomplished. The gear 
structure would afford far more protec- 
tion from the weather than is obtained 
for breakers in open structures unless 
temporary enclosures are built. If neces- 
sary, it would be a relatively small matter 
to provide a temporary enclosure on the 
sides of a metal-clad structure. If de- 
sired, this enclosure might be made 
permanent and enclose the entire lower 
part of the structure. This also will 
eliminate the inspection bay and reduce 
materially the cost of the transfer carriage. 

If the breakers are in a fixed position, 
it will be necessary to provide means for 
entirely disconnecting them while they 
are being worked on. The first thought 
for this is an oil-immersed or enclosed 
disconnect switch, which is not difficult 
in itself but which presents certain 
problems in safety and operation. Being 
enclosed, the actual opening in the circuit 
cannot be observed and checked, and re- 
liance must be placed on the operating 
mechanism or some other indicator. 
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Indicators can be devised which are inde- 
pendent of the operating mechanism and 
in case of failure or breakage will not give 
a safety signal. Glass windows have 
been tried to provide direct view of the 
disconnecting device but are not always 
practical, particularly when looking into 
an oil-filled compartment. There may 
be a possibility in some of the new 
plastics in this connection. Even though 
the break will be visible, there is still the 
question of possible breakdown across the 
gap in a disconnect of this sort. A metal 
(grounded) barrier across the gap may be 
a solution. 

The use of standard forms of cable for 
busses and connections should be con- 
sidered as a possible means of reducing 
the cost and the amount of oil if oil 1s 
used. 

The means for replacement of potential- 
transformer fuses can be studied to good 
advantage, as they are rather complicated 
andexpensive. The reliability of present- 
day potential transformers suggests that 
primary fuses might be omitted, a factor 
which would be a major simplification. 

The question of the necessity of an ex- 
ternal terminal for testing, phase flashing, 
and so forth, should be considered. 
Such a terminal was provided on one of 
the installations, but in order to maintain 
the highest degree of safety, rather com- 
plicated interlocking on the various dis- 
connect and grounding switches was in- 
volved. It must be remembered that as 
soon as exposed terminals which can be 
energized are introduced, the high degree 
of safety provided by entirely-enclosed 
metal-clad gear is lowered. 

Recent development in the production 
of light metals opens up possibilities of 
reduction of weight and lowering of han- 
dling and installation costs. 

Experience with gaskets enclosed in 
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soft metal indicates that recessed gaskets 
may be eliminated. 


Conclusions 


From this discussion and the experience 
which it records, certain definite con- 
clusions may be drawn: 


1. Totally enclosed metal-clad construction 
provides the maximum degree of safety for 
personnel in the operation of electrical 
equipment. 


2. The reliability of totally enclosed metal- 
clad equipment is far greater than conven- 
tional open-type. 


3. While over-all economy of totally en- 
closed metal-clad equipment has been ob- 
tained, there are many possibilities for 
further advancement toward this objective. 


4. Thirteen years of operating experience 
with seven different installations confirms 
the above conclusions. 


5. A great advancement toward the objec- 
tives of safety and reliability in electrical 
equipment having been made, the research, 
engineering, and labor expended in making 
that advancement should be further ex- 
ploited by continuing the development and 
use of totally enclosed equipment for volt- 
ages of 33 ky and above. 


6. The present use of factory-assembled 
enclosed units indicates that the manufac- 
turers have accepted the principles involved. 
The lack of development for higher voltages 
apparently is caused by the high first cost. 


7. Metal-clad unit-type factory-assembled 
equipment for 33 kv is highly adaptable to 
standardized quantity production, and 
proper development will reduce first cost as 
well as over-all cost. ; 


8. This development offers a definite possi- 
bility of combating the steadily rising cost of 
conventional construction. 


9. The above possibility warrants earnest 
co-operation between manufacturer and 
user. 
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Induction Heating of Long 
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Synopsis: With the remarkable expansion 
of induction heating applications during 
recent years, a growing number of persons 
is being involved in the design and opera- 
tion of induction heating equipment. While 
the general principle of induction heating 
is obvious to most, the concepts of certain 
important peculiarities such as skin effect, 
including its bearing on the intensity of 
heat generation, are not as widely under- 
stood. One reason for this state lies in the 
classic approach by partial differential equa- 
tions! involving operations with which 
many engineers interested in induction 
heating are not familiar. A previous paper 
by the author offered a new approach for 
the analysis of the induction heating effect 
by using concepts commonly applied to a-c 
engineering and not involving differential 
equations.? A limitation of that paper con- 
sisted in the assumption that the radius of 
the charge will be very large in comparison 
with the so-called depth of penetration. It 
is the object of this paper to cast off this 
limitation and hence provide an analysis 
which is valid for any size of the radius of 
the charge and the depth of penetration. 
The generated heat is expressed in terms of 
rapidly converging series. The analysis is 
applied finally to the case where the charge 
is subdivided into a number of cylindrical 
rods. It is shown that for one certain radius 
of the individual rods, the inductor effi- 
ciency reaches a maximum. While in thecase 
of a single (not subdivided) charge, the in- 
ductor efficiency cannot increase over a cer- 
tain limit depending on the material of the 
charge, the subdivision of the charge re- 
moves such limitation, and inductor efficien- 
cies can approach asymptotically 100 per 
cent for any material. 


HE BODY to be heated is called the 

charge and is exposed to an alternat- 
ing magnetic flux produced by an in- 
ductor, for instance a solenoid, which is 
energized from an a-c generator of suitable 
frequency (Figure 1). The alternating 
magnetic flux induces voltages within 
the charge. Asa result, currents, the so- 
called eddy currents, flow through the 
charge and produce J?R heat. Because 
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the heating effect is originated by volt- 
ages generated by induction, it is called 
heating by induction, or induction heat- 
ing. Heat also may be produced by hys- 
teresis in the case of ferromagnetic ma- 
terials at temperatures below the Curie 
point. For a large majority of practical 
applications of induction heating, the hys- 
teresis loss is negligible and will be dis- 
regarded in the following. 

Viewing the calculation of the gener- 
ated heat as the final objective, the first 
step will be to compute the intensity of 
the eddy currents and their distribution 
within the charge. 

For a cylindrical charge, the direction 
of the induced electric field intensity is 
perpendicular to the radius 7, hence the 
eddy currents follow circles, whose cen- 
ters coincide with the axis of the charge 
(Figure 2). The circles are positioned in 
planes perpendicular to the axis; if the 
ratio of length to diameter of inductor 
and charge approach infinity, the mag- 
netic field intensity produced by the cur- 
rent in the inductor is uniform inside the 
inductor, while the magnetic field inten- 
sity on the outside of the inductor is zero.4 
Voltages and eddy currents will be the 
same along lines parallel to the axis. It 
follows that a slice cut out of the charge 
perpendicular to its axis is representative 
of the state of the entire charge. 

Since the voltages and the eddy cur- 
rents follow concentric circles, and thus 
have no radial components, a subdivision 
of the slice into a number of sleeves all 
telescoped into each other will not change 
the state of the slice, even if the sleeves 
were insulated from each other. In 
order to obtain uniformity of induced 
voltage and eddy current over the cross- 
section of the sleeve, its radial thickness 
is assumed infinitely small; consequently 
the number of sleeves is infinitely large. 
The charge thus is reduced to a (infinite) 
number of electric circuits amenable to 
quantitative circuit analysis. 

Because of the resulting simplification 
in the analysis, the ratio of length to diam- 
eter of inductor and charge will be as- 
sumed approaching infinity. A very sim- 
ple relation between magnetic intensity 
and ampere-turns per centimeter then 
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results. In practical cases where the ratio 
of length to diameter of inductor and 
charge is finite, the spreading of the flux 
at the ends of the inductor results in a 
weakening of the induction, hence the 
formulas derived for the infinite case will 
give too high values for the generated 
heat.5*7 However, as the ratio of length 
to diameter increases, the deviation from 
the infinite case becomes less and ap- 
proaches zero asymptotically. 

The analysis utilizes two different 
methods of approach, depending on the 
ratio between the radius a of the charge 
and the depth of penetration p. Each 
method has its special usefulness in its 
region of application, the border line be- 
tween the two cases being at a ratio of 
a/p = 3. The results obtained by these 
methods are identical with the power 
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series of Bessel functions, obtained as 
solution from an analysis based on partial 
differential equations.’ 


Case a/p<3 


For this case the eddy currents in the 
charge are calculated by a method of suc- 
cessive approximations. As previously 
explained, the charge can be reduced to a 
number of electric circuits. Suppose the 
charge is now slotted radially from the 
surface to the axis. All circuits in the 
slice become open. When such a ficti- 
tious charge is inserted into an energized 
inductor, open circuit voltages will ap- 
pear across the slots of the various sleeves; 
the slots, however, prevent eddy currents 
from circulating through the sleeves. 

Suppose the slots are now closed. Eddy 
currents start to flow through the sleeves, 
and it will be assumed as a first approxi- 
mation that the eddy currents are given 
by the open circuit voltages of the various 
sleeves, divided by the electrical resist- 
ance of the respective sleeves. 
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The actual eddy currents will differ 
from those thus obtained for two reasons: 


1. According to Lenz’s law, the eddy cur- 
rents tend to weaken the magnetic field 
produced by the inductor, resulting in a re- 
duction of the open circuit voltages. 


2. Voltages of mutual reactance are in- 
duced in the various sleeves by eddy cur- 
rents circulating in other sleeves. 


In order to obtain a second approxi- 
mation, the magnetic field distribution as 
determined by the first approximation is 
calculated. A new group of voltages is in- 
duced in the charge, which, in combina- 
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Figure 2. Sectional view of inductor and 
charge 


tion with the resistance of the sleeves, 
cause a new set of eddy currents to cir- 
culate through the sleeves. These volt- 
ages and eddy currents obtained by the 
second approximation are much smaller 
in magnitude than those obtained by the 
first approximation. The total eddy cur- 
rents in the charge, thus far considered, 
consist of the sum of the eddy currents of 
first and second approximation. The ac- 
tual eddy currents again will differ from 
those thus far obtained because the eddy 
currents of second approximation will 
weaken the previous magnetic field; 
moreover, voltages of mutual reactance 
are induced in the various sleeves by the 


370 TRANSACTIONS 


eddy currents of second approximation, 
circulating in other sleeves. It will be 
noted, however, that the weakening of the 
magnetic field by the eddy currents of 
second approximation is of far lesser de- 
gree than previously encountered by the 
eddy currents of first approximation. 
Equally reduced in magnitude are the 
voltages of mutual reactance as a result 
of the eddy currents of second approxima- 
tion, compared with the voltages of mu- 
tual reactance as a result of the eddy cur- 
rents of first approximation. Further 
approximations can be obtained by pro- 
ceeding in analogous fashion. This proc- 
ess leads to a power series which will be 
found to be rapidly convergent. 

Positive directions were assigned to the 
magnetic field intensity H and to the cur- 
rent J in the inductor. They are shown 
(Figure 2) by arrows parallel to the axis 
of the inductor and by the head and tail 
symbols, respectively, indicating a right- 
hand system. For alternating magnetic 
intensities and currents, the arrows show 
the direction of the instantaneous values, 
provided the latter appear positive in their 
respective vector diagrams. For a charge 
inserted into the inductor, the same posi- 
tive directions are retained for the mag- 
netic intensities H and currents K in the 
charge. 

The magnetic-field intensity, hence- 
forth abbreviated magnetic intensity, 
follows for an empty inductor from 


H,=0.47rI,n (1) 


A cylindrical charge is now inserted 
into the inductor. The induction B, in 
the charge (caused by the inductor field) 
equals 


B,=vH, (2) 


The magnetic flux ®,, which is sur- 
rounded by a sleeve with the radius 7, 
equals 


®, = rrB, (3) 


As aresult of ®,, voltages V,, and hence 
eddy currents K,, are produced in the 
charge. The eddy currents, however, 
produce magnetomotive forces of their 
own, resulting in the weakening of the 
original flux ®,, and in the induction of 
voltages in the various sleeves by mutual 
inductance. These effects of the eddy 
currents are nullified by introducing a 
so-called compensating current in the 
inductor, which is to offset the weakening 
action of the eddy currents with respect 
to the flux ®,, and furthermore by intro- 
ducing compensating voltages in the 
sleeves. The latter voltages are con- 
nected in series with each sleeve and de- 
velop a voltage equal in magnitude and 
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opposite in sign with respect to the volt- 
age induced in the sleeve by the eddy cur- 
rents in the charge and by the compensat- 
ing current in the inductor. Under these 
assumptions the current J, in the induc- 
tor produces a flux ®, (equation 3) which 
in turn induces a voltage V, in the sleeve, 
as expressed conventionally by 


V, = —jo®,10-8 (4) 
where 
w=2rf (5) 


Utilizing equations 1 to 5, V, follows as 
V,= —j8a°10-%(uf) Ion)? (6) 


It is apparent that the radial distribution 
of the induced voltage V, is parabolic. 
The slice is shown in Figure 3, looking in 
the axial direction. The magnitude of 
V, as a function of the radius is shown by 
the graph superimposed on the view of 
the slice. 

Before analyzing the implications of 
equation 6, it will be well to remember 
that the flux ®, also will induce a voltage 
in the inductor. If the object is to 
determine the voltage induced in the 
inductor by the entire flux inside of 
the charge, the variable radius 7 in 
equation 6 is replaced by the outside ra- 
dius a of the charge. The voltage per turn 
of the inductor, caused by only the flux 
within the charge, follows from equation 
6 


E,/n= —j8n310- (uf) Tom) a? (7) 


and the voltage E, per centimeter axial 
length of inductor is 


o= —J8a*10-9(uf) Fon) a? (8) 


It should be observed that other volt- 
ages are induced additionally in the in- 
ductor. There are the voltages resulting 
from the magnetic field within the in- 
ductor conductor and caused by the mag- 
netic field in the air space between in- 
ductor and charge. Furthermore, an 
ohmic voltage component exists because 
of the copper loss in the inductor. The 
current in the inductor, multiplied by the 
various voltages listed, indicates the true 
and reactive power spent in the various 
parts such as the inductor proper, the air 
gap between the inductor and the charge, 
and the charge itself. Since this discus- 
sion is concerned only with the power 
requirements introduced by the charge 
itself, voltages induced in the inductor 
by parts other than the charge do not re- 
quire further attention. eee 

Returning to the voltage V, (equation 
6), currents, the so-called eddy currents, 
will flow in the sleeves as a result. The 
magnitude and phase of the eddy currents 
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are controlled by the voltage V,, the resist- 
ance of the individual sleeve and the volt- 
ages induced in the sleeve by self induct- 
ance and mutual inductance. 

While the voltage of self inductance is 
zero because the infinitely small cross- 
section of the sleeve multiplied by a finite 
current density (amperes/centimeter?) 
results in a current (in amperes) of zero 
magnitude, the effect of the voltages 
caused by mutual inductance has been 
eliminated temporarily by the inception 
of sources called compensating currents 
and voltages, as previously indicated. 


Vo 


The eddy current is now solely a function 
of V, and the resistance of the sleeve. 

If the slice has a height of one centi- 
meter, the resistance of a sleeve of in- 
finitesimal thickness dr is then 


R=2rrp/dr (9) 


and the eddy current density K, will 
equal 


K,=V,,/2rmp (10) 


From equations 6, 7, and 8, one obtains 
for K, 


Ky= —j4r710~*(uf/p) Ion)r (11) 


Finally, the J?R heat generated by induc- 
tion is, per cubic centimeter, 


Wo=Ko?p/2=81'10- ¥(u2f?/p) X 


(Ign)?r? (12) 


where W, is average value and K, is peak 
value. 

At this point it is worthwhile to pause 
for a moment in the further development 
and to focus our attention on the inter- 
pretation of equations 1l and 12. It will 
be recognized that the generated heat is 
controlled by the ampere-turns and fre- 
quency of the inductor current, by the 
electrical resistivity and magnetic per- 
meability® of the charge, and furthermore 
by the distance from the axis. The per- 
meability of a number of ferromagnetic 
materials varies with the magnetic inten- 
sity and with the temperature. When the 
temperature of the charge has reached the 
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Curie point, the permeability drops to 
unity with an attendant drop in heat 
generation. 

A further inspection of equations 11 
and 12 reveals the important facts that 
the density of the eddy currents K, is 
zero at the center of the charge and in- 
creases as a linear function of the radius 
toward the surface (Figure 3). Since the 
rate of heat generation W, per unit vol- 
ume of the charge is proportional to the 
square of the current density (equation 
12), it is obvious that the rate of heating 
W, is also zero at the center of the charge, 


6577 


Figure 3. Radial distribution of induced volt- 
age V,, eddy current density K,, and gener- 
ated heat W, 


but increases with the square of the ‘ra- 
dius toward the surface of the charge. 
The greatest concentration of heat gen- 
eration thus occurs in the surface layer 
(Figure 3). This concentration of heat 
generation toward the surface makes in- 
duction heating suitable for surface hard- 
ening applications. Although most of the 
heat is generated in the surface layer, the 
entire body of the charge can be heated 
if so desired; this is done simply by 
continued application of power, the heat 
being conducted thermally to the in- 
terior. 

Such, briefly sketched, are the con- 
clusions reached from an inspection of 
equations 11 and 12. These equations 
were obtained by disregarding the effect of 
mutual inductance. The validity of the 
conclusions, therefore, has to be limited 
to the region in which the effect of mutual 
inductance remains negligible. It is the 
object of the following to demarcate this 
region and to investigate what modifica- 
tions the foregoing conclusions have to 
undergo when the effect of mutual induct- 
ance becomes pronounced. 

Eddy currents K, flowing in the charge 
create a magnetic flux ®,, which is inter- 
linked with the sleeves and with the in- 
ductor. The flux ®; is a function of the 
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magnetic intensity H, which follows from 
Ampere’s law 


$, Hdl =0.40 fi y/ K¢ds 


Remembering that H; has no radial com- 
ponent and equals zero at the outside of 
the charge, the line integral on the left 
hand side of equation 13 simplifies for a 
slice of the height of one centimeter to H; 
(Figure 4). The surface integral on the 
right hand side also simplifies somewhat, 
resulting in 


a 
H,=0.40 ap K,dr 
“ 


Simplifying the expressions for K, by 
introducing a new parameter p, where 


(13) 


(14) 


a ee (15) 
Qr Y Quf 
one obtains 
K,= —j(1/2p”) Ton)r (16) 


Substituting equation 16 into equation 
14 and integrating, one obtains finally 


Hy, = (—ja?/8p*) -0.8¢(Ign) (1—(r/a)?]_ (17) 


The radial distribution of H; is para- 
bolic. The induction B; follows as 


B, = pH, (18) 


and is shown in Figure 5. 
The magnetic flux 4, will be obtained 
from 


7 
wf B,-2rx-dr 


The following method of splitting the 
induction B, into two components Bim 
and B,,, will greatly simplify the further 
analysis: 


B, =B, mtBi,n 


(19) 


(20) 


Figure 4. Sectional view of slice for illustra- 
tion of Ampere’s circuital law 
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Component Bi,, shall have such radial 
distribution that the resulting flux ®1,, is 
not interlinked with the inductor: 


a a 
-f Bin: 2ra-dr=0 


Integrating equation 20 and substitut- 
ing from equation 21, one obtains an in- 
tegral equation for Bi,m: 


a 
ferreae fi Bim: 2rn-dr 


The simplest radial distribution which 
can be assigned to Bi, is to be constant: 


(23) 


®,n (21) 


(22) 


By,m=constant 


Applying equation 23 to equation 22, 
we have 


a a 
jh B,-2ra-dr Bin f Qrr-dr (24) 
and 
{i a 
Bi m=— B,-2rx-dr (25) 
Od bie 


Utilizing equations 17 and 18, the in- 
tegration of equation 25 results in 


Bim = (—ja?/Sp?) -0.4r(Ign) (26) 


The other component Bi,, follows from 
equations 17, 18, 20, and 26: 


By n= (—ja?/8p?) -0.4rn(I on) X 


[1—2(r/a)?] (27) 


Both components By, and Bi,,, whose 
radial distributions are illustrated in 
Figure 5, form together the flux ®,. This 
flux therefore can be considered as con- 
sisting of two components: ®1,,, which 
has a constant density By, throughout 
the charge, and ®,,,, which is not inter- 
linked with the inductor. 

When considering the effect of the eddy 
currents K, and hence of flux ; on the 
inductor, only the component 9%,,,, re- 
quires attention because the interlinkage 
of the other component ©;,, with the in- 
ductor is zero. 

It was stated previously that the 
weakening effect of the eddy currents K, 
with respect to the inductor field can be 
nullified by the introduction of a com- 
pensating current 4; into the inductor, 
which easily can be determined now. 
Current J; has to produce an induction 


B’ sm Which nullifies Bim. 

B m= —Bim (28) 
From equations 1, 2, and 28, 

0.4ru(hin) =B's m= —Bim (29) 


Applying equation 26, one obtains for 
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the compensating current J; in the induc- 
tor 


I= —(—ja?/8p*)Io (30) 

If this current I, is added to the orig- 
inal inductor current I,, as it will be 
assumed, the magnetic action of the eddy 
currents K,, as far as flux #1,, is con- 
cerned, is completely cancelled. After 
the introduction of current h, the flux 
®,_ ceases to exist and hence does not 
require any further attention. The only 
modification of the original eddy current 


Figure 5. Longitudinal section, illustrating the 
distribution of induction B, caused by eddy 
currents K, 


distribution as expressed in equations 11 
and 12 will be caused by induction Bi, 
(Figure 5). 

In addition to cancelling part of the 
eddy current field, current J, reflects into 
the inductor the J?R loss, which occurs in 
the charge caused by the eddy currents 
K,. The current J; is in phase with the 
voltage E, and thus expresses true power 
consumption by the inductor (Figure 6). 
It can be proved that this power P, ex- 
pressed in terms of J; and Z, (equations 
8 and 30) equals the energy dissipated in 
the charge by the eddy current K, (equa- 
tions 11 and 12): 


P,=Eoh/2=1(a/2p) ‘pe (Ton)? 


= i “(Ko /2)+2re-dr (31) 
0 


Returning to induction B,,,, the cor- 
responding flux ®,,, follows in analogy to 
equation 3: 


7 
oan fi By: 2ra-dr 
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(32) 


The induced voltage Vi in the charge, 
caused by flux ®1,n, is 


V; = —jo®P,,,10~* (33) 


Substituting from equations 27 and 32, 
one obtains 


Vi = [(—Jja?/p*) rp (Ion)1?/a?| X 


[(—ja?/8p")(1—1?/a*)] (34) 


These voltages V; are induced in the 
charge by the flux &,, and previously 
have been disregarded after compensat- 
ing voltages were introduced. Actually 
such compensating voltages do not exist 
and hence the voltages V; will be acting 
on the charge. Summarizing the reason- 
ing thus far, it can be stated that the 
inductor carries the currents J, and hh, 
while the charge carries the eddy currents 
K,. Inaddition, free residual voltages Vi 
exist in the charge. 

At this point an examination of the 
relative magnitudes of Vi with respect 
to V, is in order. Since the voltages Vi 
will cause the flow of eddy currents Ki, 
just as V, caused the flow of the eddy cur- 
rents K,, the relative magnitude of Vi 
with respect to V, will indicate whether 
the expression for the heat generation in 
the charge (equation 31) is sufficiently 
accurate or whether the effect of the volt- 
ages V; has to be taken into account. 

Recasting the expression for V, by us- 
ing equations 6 and 15, 


E,=(—ja’/p?) rp (Ton)? /a? (35) 


The ratio Vi/V, becomes (equations 
34 and 35) 


Vi/Vo= (—ja?/8p?) (1 —1°/a") 


For a ratio of a/p<11, the ratio of the 
voltages Vi/V,, and consequently of the - 
eddy currents K,/K,, becomes small. 
Since the generated heat is proportional 
to K,?, and respectively K1?, the heat 
generated by the eddy currents Ky is then 
negligible with respect to the heat gen- 
erated by the eddy currents K,, and the 
expression for the heat generation (equa- 
tion 31) applies. 

The current J in the inductor is 


(36) 


1=1,+h=1,[1+3(a2/8p") | (37) 
Solving for J,, 
1,2=2/{1+j(a?/8p%) 2 (38) 


Introducing J,? into equation 31 and 
remembering that equation 31 is valid 
only for a/p<1, I,? can be approximated 
very closely by the inductor current J. 
Since the effective value of the inductor 
current 


Tet =I/+/2 (39) 
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Figure 6. Vector diagram of currents in induc- 
tor 


the heat generated in the charge can now 
be expressed as follows: 


Po=2r(a/2p) 4p (Teen)? 
for a/p<1 


(40) 


If, however, a/p> 1, the effect of V; has 
to be investigated. Just as the voltage V, 
produces the eddy current K,, the voltage 
V; produces a new eddy current Kj, as 
fully explained in Appendix I. The effect 
of the eddy currents K, can be resolved 
in an additional current J, in the inductor 
(Figure 6) and free voltages V2 as follows: 


a? \24 r ee 
K=(-% ) *tm'{1-5) (42) 
BNL 
n=—( i) 03 (50) 
ie PL fe 
vi=(-1)v(2-4) (53) 


Thus the current in the inductor con- 
sists of the vector sum of J,, lh, I2, while 
the eddy currents consist of the vector 
sum of K,, K;. In addition, free residual 
voltages V2 exist in the charge. 

With the new eddy currents Ke (in 
analogy to equation 42), 


a? \? 
ke-(—j - K{ - 


flowing in the charge, it can be seen that 


(54) 


10) 0.2 0.4 0.6 0.8 1.0 
5 Ma 


Figure 7. Function y indicates the progres- 
sive reduction of eddy current density toward 
the axis of charge 
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Kz is in counterphase with eddy currents 
K,, and hence K2 can be algebraically sub- 
tracted from K, in order to obtain the 
total nonquadrature eddy current thus 
far derived. The charge also carries the 
eddy current K;. This current K, is, 
however, in phase quadrature with K,, 
and its effect on K, will be neglected for 
reasons of simplicity. Under this as- 
sumption Kz expresses the amount by 
which the original intensity K, of the eddy 
currents (equation 16) will be modified if 
the voltages V; and V2 are not negligible. 


ope 


Figure 8. Graph for f(a/p) (from equations 
71 and 81) 


In order to compare the new eddy current 
K» with the original eddy current K,, the 
first is expressed in terms of the latter as 
shown in equation 55: 


a 2 Q 2 r4 
apt Sree? 


Aside from the term (—ja?/8p*)?, the new 
eddy current K2 equals the original eddy 
current K, times a function y. For better 
illustration, the function y is plotted in 
Figure 7. This figure reveals: 


K2/K,= ( 
(55) 


1. In the interior of the charge the new 
eddy current K2 is opposed to the original 
eddy current K, at every point, resulting in 
a smaller eddy current density than ex- 
pressed in equation 16, and therefore re- 
sulting in less heat generation than expressed 
in equation 12. 


2. The eddy current density, and hence 
heat generation, is progressively reduced 
toward the center of the charge. 


8. The relative reduction of eddy current 
density and heat generation in the interior 
is a function of the ratio a/p. 
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As pointed out in the preceding para- 
graphs, the generated heat decreases to- 
ward the axis at a higher rate than ex- 
pressed by equation 12. The result is a 
preponderance of heat generation in the 
surface layer, called the skin of the charge 
which effect is called skin effect. If the 
ratio a/p is increased, the reduction of 
heat generation toward the axis of the 
charge is intensified resulting in a still 
greater preponderance of heat genera- 
tion in the surface layer of the charge. 
Besides frequency, resistivity, and per- 
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4 455 6st BPO: 


Aare 


15 20 40| 0 
80 


meability, the radius a of the charge is 
an additional controlling factor for the 
skin effect. The skin effect may be pro- 
duced equally in the case of a higher fre- 
quency and a charge of smaller diameter, 
as in the case of a lower frequency and a 
charge of larger diameter. 

After this discussion of skin effect, the 
attack on the main problem, namely the 
computation of heat generation, will be 
resumed. The eddy currents K: lead to 
magnetic intensities H; which, in turn, 
are resolved in a current J; in the inductor 
and free voltages V3 in the charge. If 
this method is repeated, further currents 
Is, Is, Ig are obtained for the inductor: 


1, = —(—ja?/8p")I, (30) 
I, = — (—ja?/8p?)*Ig-1/s (50) 
I, = —(—ja?/8p*)*Ig-1/¢ (56) 
I= — (—ja?/8p*)*T,- 4/145 (57) 
I, = — (—ja?®/8p*)5Iq- 15/27 (58) 


The current components in Figure 6 
are shown for a/p = 2.4. It is evident 
from Figure 6 that the current compo- 
nents converge rapidly and hence the 
current represented by I is a very close 
approximation for the actual current in 
the inductor. For decreasing ratios of 
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Figure 9. Graph for the 
determination of the depth 
of penetration p 
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and hence the approximation is ‘still 
closer. 

When the true components ki, J3, J; are 
multiplied with the inductor voltage E,, 
the true power P dissipated in the charge 
is obtained. This is shown in Appendix 
II, resulting in 

1 ) 
16 a 3 


1+32(2)'- 77 aie 
384\p)  2,211,840\p 


for a/p<3 


P =2p 


(69) 


Thus the generated heat has been de- 
termined in the form of a series, as a func- 
tion of radius, resistivity, permeability of 
the charge, and the ampere-turns and 
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a/p = 3 the accuracy of the series is 
within 1.1 per cent. For smaller ratios 
of a/p the error rapidly approaches zero. 
The convergence of the series is so rapid 
that for a ratio of a/p <2.2, the third 
term in the denominator of equation 69 
can be neglected without introducing an 
error of more than 1.2 per cent. The re- 
maining series is still very rapidly con- 
verging for decreasing ratios of a/p. If 
a/p = 0.8, the second term in the de- 
nominator can be neglected without caus- 
ing an error of more than 1.2 per cent, 
which error rapidly decreases for de- 
creasing ratios of a/p. 


The formulation of generated heat by 
means of a sharply converging series in- 
troduces a new tool for the analytical at- 
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practical rapid determination of the heat, 
equation 60 is split into 2 parts: 


an. 
P=P,,-fl- 70 
(2) (70) 
where 
(2) 

ONAN S CRON eg omen , 
Ae) apy. eae) a 
384\p/ 2,211,840\p 

for a/p<3 
P.= + V/2e (Lan)! (72) 


While function f (a/p) is plotted in 
Figure 8, a graph shown in Figure 9, and 
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explained later in the text, facilitates the 
rapid determination of p. 


Case a/p2>3 


It can be shown? that for a magnitude 
of p which is negligible with respect to the 
radius a, the heat generation W per unit 
volume at a radial distance d from the 
surface of the charge, can be expressed by 


diy Na ee Ne 
eS 
where 
d=a-r (74) 


The heat generated in a slice of one centi- 
meter height is 


P= [°W-2re-dr (75) 


If this integral is evaluated as shown in 
Appendix III, the following expression 
for the generated heat is obtained as fol- 
lows: 


a@ 1 
2S V2ei(1 5) (Tetin)? (80) 
p 


for a/p>3 


Equation 80 is accurate within 0.1 per 
cent for a/p = 3. For larger ratios of 
a/p, the error rapidly approaches zero. 

It will be recognized that the applica- 
tion of equation 72 leads to 


a 
P=P,-f| — 70 
(2) (70 
where 
a 1 
AG) ip 
2 
for a/p>3 
and 
ie w V2, (oren)s (72) 


The function f(a/p) (equation 81) can 
be plotted very rapidly as a straight line, 
using a hyperbolic scale for the abscissa 
axis, aS shown in Figure 8. 


Graph for the Determination of 
the Depth of Penetration 


Every one of the important equations in 
the preceding analysis contained the fac- 
tor p (equation 15). For a radius of the 
charge which is very large compared to 
p, the magnetic intensity declines expo- 
nentially from the surface toward the 
interior of the charge.* At a distance of 
pv/2 from the surface, the magnetic in- 
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tensity and hence the eddy currents are 
1/e of their respective values at the sur- 
face. The decay of the magnetic intensity 
as a function of its penetration into the 
charge can thus be expressed in terms of 
p, and hence p is often referred to as depth 
of the magnetic field penetration. 

For rapid determination of p, the 
graph in Figure 9 is recommended. Sup- 
pose the penetration should be deter- 
mined for copper at room temperature 
(9 = 1.7-10-*ohm-centimeters, » = 1) 
and a frequency of 750 cycles. Erect ver- 
ticals on the frequency and resistivity 
axes at the required points, as shown by 
dotted lines, and intersect at point X. 
Draw a line through X under 45 degrees 
until intersection is made with the perme- 
ability system at the desired permeability 
(point Y). Erect a vertical line on Y 
and intersect penetration axis at point Z. 
If scale A has been used for frequency, 
use scale A for penetration; if scale B 
has been used for frequency, use scale B 
for penetration. For the foregoing ex- 
ample the solution is 0.17 centimeter. 


Subdivided Charge 


Thus far the charge consisted of one 
cylinder with the radius a. When induc- 
tion heating is applied to melting opera- 
tions, the charge with which the heating 
process is started may consist of a multi- 
tude of solid pieces of metal, so-called 
scrap whose upper range of size is limited 
by the inside diameter of the crucible. 
As far as the geometry of the crucible is 
*concerned, there is no lower limit for the 
size of the scrap. It has been observed, 
however, that the time for melting the 
same weight of scrap depends upon the 
size of the scrap, other conditions such 
as magnitude and frequency of the induc- 
tor current remaining the same. Under 
these assumptions the energy spent on 
copper losses in the inductor is merely a 
function of the time during which the 
current is applied, If various sizes of 
scrap require various amounts of time 
for melting, although the weight of scrap 
remains the same, it is obvious that the 
size of the scrap influences the efficiency 
of heating. 

In order to analyze the effect of scrap 
size, it will be assumed that the charge 
consists of a number of solid, identical, 
round bars which fill the interior of the 
crucible as shown in Figure 10. Singling 
out one bar with the radius a,, the gener- 
ated heat can be computed, as previously 
shown in equation 70, substituting a, 
for a. Since the charge, in this case the 
bar, does not create a magnetic field out- 
side its contours, the space around the 
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bar remains at the same magnetic inten- 
sity whether the bar is present or not. 
This means that the state within one bar 
is unaffected by the presence of other bars 
within the same inductor. If, however, 
the bars touch each other, a current can 
be transferred across the common surface 
making the bars interdependent. It will 
be assumed in the following that the bars 
do not touch each other, or that oxides 
are present at the surface of the bars 
which are sufficiently insulating to make 
the current transfer betwen bars negli- 
gible. 

As in the preceding (equation 70), the 
heat generated per centimeter length of 
one bar equals 


Pe=Paiif 2) (82) 
where 
Pat = rVi07 (Lett +1)? (83) 


If the number of rods is 2, the total area 
A of the cross sections of the rods equals 


A =iajr (84) 


The total heat generated in all bars 
per centimeter length follows from Ap- 
pendix IV: 


P=A-(uf10-) 2) + (Test)? (90) 


The function of ¢(a,/p) (equations 88 
and 89) has been plotted in the graph, as 
shown in Figure 11. The most striking 
feature of the function is its maximum. 
It means that for a certain ratio of a;/p, 
the generated heat is a maximum. Since 
the magnitude and frequency of the cur- 
rent in the inductor are assumed con- 
stant, the losses in the inductor are also 
constant, and hence maximum heat gen- 
eration means maximum efficiency. In 
order to find the maximum, the conven- 
tional approach of differentiating func- 
tion y(a,/p) (equation 88) is applied. The 
solution is 


ay 
= = 29.86 (91) 
EG 


for a,=2.53p 


For a given material and frequency, 
there is one certain radius at which max- 
imum heat generation is achieved. It 
should, however, be borne in mind, that 
most metals increase their resistivity 
with increasing temperature. The pene- 
tration p at lower temperature is smaller 
(equation 15) than at higher temperature. 
If the radius a; = 2.53 p has been de- 
termined for the low temperature, the 
heat generation will be at maximum at 
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the outset of heating. As the heating 
process goes on, the temperature of the 
charge will rise and its resistivity in- 
creases. The factor p will also increase, 
resulting in a decreasing (a;,/p). It is 
obvious from Figure 11 that a reduction 
of heat generation will occur. The ther- 
mal losses of the charge, however, in- 
crease with the temperature, while the 
generated heat decreases. It is therefore 
possible that a temperature equilibrium 
establishes itself below the desired tem- 
perature. 

In order to avoid this limitation of tem- 
perature, the radius a, of the charge has 
to be computed from a penetration , 
which is based on a resistivity of higher 
value than at room temperature. If p 
is based on the resistivity of the metal at 
its highest temperature, the generated 


square of the radius. The result is that 
by increasing the radius of the inductor, 
the heat generation in the charge increases 
much faster than the losses in the induc- 
tor, hence the efficiency approaches 
asymptotically 100 per cent. 


Appendix | 


The voltage V; will cause the flow of new 
eddy currents of the density Ki. The mag- 
nitude and phase of these new eddy currents 
is controlled by Vi, the resistance of the 
sleeves, and the voltages V2 induced in the 
sleeves by the eddy currents Ki caused by 
mutual reactance. A compensating current 
Jz is introduced in the inductor to counter- 
act the weakening action of the eddy cur- 
rents K;. Furthermore, a compensating 
voltage —V»2 is introduced in series with 
each sleeve, developing a voltage equal in 


653-41 


28 || a 
ALUEB BG eae alah a CE 
20 fe + | is 

an 16-4 1 a = 

ae [| 
er if : “a 
4 
f { 

ro ews | 2 3 BS & GT Oe 20 40800 


heat also will reach its maximum at the 
highest temperature. 

The maximum heat generation follows 
from equations 90 and 91: 


Prax = 29.86A (uf 107 *) (Lore)? (92) 


From the point of view of efficiency of 
induction heating, equation 92 is very 
significant. If the charge is not subdi- 
vided, and provided a>>p, the generated 
heat P is given by equation 70. The heat 
generation P is proportional to the radius 
of the charge, and the copper losses in the 
inductor are in proportion to the radius 
of the inductor. If the radius of the 
charge is increased, the radius of the in- 
ductor has to be increased by a propor- 
tional amount. The result is that the 
ratio between heat generation and induc- 
tor loss remains constant, which in turn 
means that the efficiency is limited to a 
constant amount depending on the re- 
sistivity and permeability of the charge. 

For a subdivided charge no such limi- 
tation exists. While the loss in the induc- 
tor increases linearly with its radius, the 
area A of the total cross-section of the 
bars increases approximately with the 
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4 
ai/p 


Figure 11. Graph for ¢(a;/p) (from equations 
88 and 89) 


magnitude and opposite in sign with respect 
to the voltage induced in the sleeve by the 
eddy currents K; in the charge, and the 
compensating current J; in the inductor, 
thus nullifying the voltages of mutual re- 
actance. The eddy current K; is now only a 
function of V; and the resistance of the 
sleeve (equation 10): 


K,= E,/2rmp (41) 


Taking V; from equation 34, one obtains 


a Veo: r r 
K,= ( -i5) a or SS “) (42) 


The magnetic intensity H2 results in analogy 
to equation 14: 


a 
H,=0.40 he K,dr (43) 
} | 


and integrating equation 42, 


mee \e rt rt 
#-( J) o4e(ton( 12545) 


(44) 


Again, the resulting induction Bz is split 
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into two components similar to equation 20: 


B, =Bzmt+B2,n (45) 


Stipulating the same requirements for Bom 
and Bo,n, as previously for Bi,m and B,,n, re- 
spectively, 


a2 \2 ‘ ‘f 
Bu=( -i5) -0.4rp(I on) - 3 (46) 


The other component Be,, follows from 
equations 44 and 46: 


Fi a* 2 B) 2 rt 
Bax=(- =) oanatton( 2-254) 


(47) 


In order to cancel the effect of Bam, a 
compensating current J; has to flow through 
the inductor which produces an induction 


B'em= —Bom (48) 
From equations 1, 2, and 48 
0.47p(I2n) =B’s,.m= — Bom (49) 


Applying equation 46 one obtains the com- 
pensating current I: 


a \?_ 1 
n=-(-i5) Tos (50) 


Only the component B2,, can be effective 
in inducing voltages V2 in the sleeves. The 
corresponding flux 


T 
®, = if Bo, g:2re-dr (51) 


which, in turn, induces voltages V2 in the 
charge 


Vz — —jwdr,, 10-8 (52) 


Substituting for &2,, in equation 52 results 
in an expression for V2 as follows: 


was Dee ips 
vi-(-i = Ve @-5) oy! 


Appendix Il 


The inductor current I has two compo- 
nents: the resistive component J, in phase 
with the voltage E, and the inductive com- 
ponent J, lagging 90 degrees behind. 
T=I,p4+1, (59) 
The resistive component Ig follows from 
n=h+h+Is (60) 
and the inductive component J, equals 


I=Lth+h (61) 


The resistive component Jp follows from 
equations 30, 56, 58, and 60: 


: Ge 1f a? \? 
tanita) + 
13 / a? \# 
270 Bp? (62) 
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and the inductive component follows from 
equations 50, 57, and 61 


2 2\4 
=I, 145 (=) nay fas 
8p? 45\ 8p? 
The absolute value of the inductor current 
I (equation 59) is 


(63) 


I=V Ie +17 (64) 
Substituting for equations 62 and 63 in 
equation 64 and neglecting terms of sixth 
power and up, one obtains for the current J 


2\2 O 2\4 5 
reteyit® Sees itt. 
3\ 8p? 5\ 8p? 
The heat generated by eddy currents is 
taken from the line in the form of the re- 
sistive component Jp of inductor current J. 


The average value of generated heat there- 
fore can be expressed as 


P=E,Ip/2 
where E, and Ip are peak values. 


The resistive component Ip is obtained 
from equations 62 and 65: 


(Sy (=) 

| 

Tet ve 6\8p? 270\ 8p? 

. 8p? \ iff GN SOY AEG 
Gy a) 


This expression can be used in equation 66, 
and by further reference to equations 8 and 
67 one obtains for the average power 


(65) 


(66) 


(67) 


tifa 13 
aa aie 
6\ 8p? 270 56 
it CAA i) a 
3\ 8p? 5\ 8p? 
Dividing the denominator by the numer- 


ator and neglecting terms of sixth and 
higher powers, equation 68 simplifies to 


a a) 
16\p 
+g2(6)' (2) 
384\p/ 2,211,840\p 


for a/p<3 


(In)? (68) 


(Lett)? 


(69) 
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Applying the expression for W (equation 
73) to equation 75 and integrating between 
the limits r = 0 and r = a results in the 
following operations: 


2 a _(a—r7)V2 
p=i(7) pon r°€ pS -dr 
2\p F 


1(In SELEY MEE 
-(4 jp2r-e P 
2p 3 


r-€ D -dr (76) 
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Using the results of equation 77 in equa- 
tion 76 leads to 


_i(In\ woe ava +) 


(77) 


for a/p>38 (79) 


The exponential term in equation 78 thus 
can be neglected and the generated heat per 
one centimeter height of the charge is 


a 1 
=1rv/2 > 1 a3 (Ietrn)? 


(80) 
2 
for a/p>3 
Appendix IV 
From equations 70, 82, 83, and 84, 
Ps =AV2— “ps AS 5) any (85) 


Recasting equation 85 and substituting 
from equation 15 for p, 


P=Av/2-89*(uf10-9/p) X 


LG) G)t com 0 


Introducing 


45) CG)? 


for ai/p<3 the function ¢ G 5 ffi from 


(87) 


equation 71: 


Ba\ pee ts BOLE) Tad shee 
p)  2,211,840\p 


ai/P<38 (88) 


And for a;/p=8 the function ¢ a follows 


from equation 81: 


(G)pw 


1_\ /a 
a2 je e?) 
p 


Returning to the heat generation it can be 
expressed as 


eras: =29.86A4 (uf10- 9) (Tet) 2 (92) 
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Appendix V. Definitions of 
Symbols 


A=total area of subdivided charge, in 
square centimeters 
a=tradius of nonsubdivided charge, centi- 


meters 

a,=radius of bars in subdivided charge, 
centimeters 

B=induction, peak value of sinusoid, 
gausses 


d=distance of a point inside of charge to 
surface, centimeters 

E=voltage, peak value of sinusoid, volts 

f=frequency of inductor current, cycles per 
second 

f(a/p) =a function of (a/p) 

H=magnetic intensity, peak value of sinu- 
soid, oersteds 

I=current, peak value of sinusoid, amperes 

Tetg =current, rms value, amperes 

4=number of bars in subdivided charge 

j=V-1 

K=current density of eddy currents, peak 
value of sinusoid, amperes per square 
centimeter 

l=length of line over which integral is taken 

n=number of turns of inductor per centi- 
meter axial length 

P =power, average value, watts 

p=penetration, centimeters 

s=surface over which integral is taken, 
square centimeters 

t=time, seconds 

V =induced voltage in charge, peak value of 
sinusoid, volts 

W=generated heat, average value, watts 
per cubic centimeter 

€=base of natural logarithms, 2.71828 

=permeability, unity 


aw =3.14159 
@=magnetic flux, peak value of sinusoid, 
maxwells 


¢(a;/p) =a function of a;/p 
p=resistivity, ohm-centimeters 
w=angular velocity, radians per second 
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Application of the Ohm and Mho 


Principles to Protective Relays 


A. R. van C. WARRINGTON 


MEMBER AIEE 


HE mho relay unit was fi.st used 15 

years ago as the direct..nal unit for 
an early-type reactance relay. Thus it 
can be said that ‘“‘mho” applied to relays 
is a new term applied to an old principle. 
The mathematical justification for the 
term has been given in a paper! describ- 
ing the use of the mho unit in a carrier- 
current relaying scheme. The mho unit 
in its present form is a directional im- 
pedance unit whose accuracy is compar- 
able with that of the reactance ohm unit 
used in a distance relay. 

The mho characteristic (Figure 1C) is 
suited ideally for protecting long or 
heavily loaded transmission lines because 
it is much less likely to trip on power 
swings than the conventional reactance or 
impedance relays. Another desirable 
feature is that a relay for phase faults 
should operate only on faults involving 
the phase pair with which the relay is 
associated; all other faults or system con- 
ditions should not affect it. In Figures 
1A and 1B, the large tripping area of the 
impedance characteristics of the imped- 
ance and reactance relays shows that these 
relays are susceptible to power swings 
and faults in other phases (denoted by 
asterisks), whereas the snug fit of the 
mho circle around the fault area in Figure 
1C indicates that the mho relay effectively 
prevents tripping for power swings and 
for any faults but those for which the 
relay is set to trip. 

The fact that the mho unit combines 
sensitive directional action with accurate 
ohmic measurement means that one mho 
unit does what two conventional units 
did before. This not only eliminates the 
contact races that can occur between the 
directional element and the measuring 
element but obviously simplifies the cir- 
cuits to which the relay is applied. 

With these advantages it might appear 
that the mho unit should be used uni- 
versally for all applications involving 
distance measurement. This is generally 
true, but there is a lower limit of imped- 
ance for which it can be set for reasons 
discussed later. Lines too short for the 
mho unit still must be protected by the 
reactance ohm unit. 

Several new relays will be described, 
some of which use ohm units and mho 
units to perform existing relay functions 
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more efficiently and others to perform 
some new functions. In order to under- 
stand the operation of these new relays, it 
may be helpful first to consider briefly 
their operation and to compare their 
pickup characteristics on the impedance 
diagram. 


Relation Between Ohm 
and Mho Units 


First of all, it should be understood 
that ohm units and mho units are merely 
refinements of the straight impedance 
relay. All distance relays measure the 
distance to a fault by comparing the cur- 
rent in the faulted circuit with the poten- 
tial across it. In the impedance relay, 
this is done by opposing the torques of 
two electromagnets, one having a current 
winding and the other a potential wind- 
ing (Figure 2A). The impedance meas- 
ured by such a relay is not always a true 
measurement of distance, however. On 
short lines the additional potential drop 
in an arcing fault tends to prevent the 
impedance relay from operating, and on 
long lines, the current may be high enough 
under load or power swing conditions 
relative to the voltage to present to the 
relay an impedance as low as that of a 
fault and cause undesirable tripping. 

This difficulty can be overcome largely 
by the use of the product-type relay 
whose torques are not proportional to cur- 
rent and voltage alone but to the products 
of I and E with a third quantity which, 
being common to both, does not affect 
the ratio balance E/I but provides phase- 
angle discrimination. This is shown 
schematically in Figures 2B and 2C. 

The flux from the additional pair of 
poles (shown vertically in Figures 2B and 
2C) acts in much the same way as the cur- 
rent or potential polarizing flux in a di- 
rectional ground relay, and for want of a 
better name it will be referred to in the 
following as a polarizing flux. 

The current polarizing flux in Figure 
2B goes from the upper J pole through the 
induction cylinder and the central core 
iron stacking to the lower J pole and in- 
duces a current in the cylinder which 
flows perpendicular to the plane of the 
paper up and down the sides of the cup 
opposite the other two poles. The current 
opposite the operating pole J reacts with 
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the flux from that pole to produce an J? 
torque tending to close the relay contacts, 
and the current in the cylinder near the 
E pole reacts with the flux from that pole 
producing an EJ torque tending to keep 
the contact open. 

In the following paragraphs, it will be 
shown that the provision of what we have 
called polarizing poles not only overcomes 
the above difficulties of distance measure- 
ment but provides some interesting new 
applications. Figure 3 shows the general 
construction of a high-speed product-type 
unit, the 4-pole induction cylinder unit. 


Current Polarization 
(Ohm Units) 


The torque is the product of the current 
polarizing flux times the fluxes from the 
opposed J and E poles. Hence the equa- 
tion for the operating point, which deter- 
mines the pickup characteristic, is 


I[KI—E cos (¢—6)]=0 (1) 


where K is a winding constant, ¢ is the 
phase angle of the protected circuit, and 
0 is the angle of the relay characteristic. 

Dividing through by J? and rearranging 
the terms, the equation becomes Z cos 
(6—0)=K. Thus the current polarizing 
winding makes the relay respond to im- 
pedance only at a particular angle which 
is determined by the phase angle of the 
potential circuit of the relay. For ex- 
ample, a simple 4-pole induction cylinder 
unit with a current polarizing winding, 
reacting with a current operating pole and 
a potential restraining pole, operates on a 
component of impedance 20 degrees more 
leading than resistance. Such a relay 
(Figure 4) has been used as a blinder? for 
preventing other protective relays from 
tripping during very severe power swings. 
Two such ohm units, polarized in opposite 
directions, can be connected through 
auxiliary relays so as to detect an out-of- 
step condition after the first half swing 
period. 

Adding a capacitor to make the poten- 
tial circuit of the aforementioned unit at 
unity power-factor makes 6=90 degrees 
in the pickup equation, which becomes 
(E/I) sin @=K or X=K. In other 
words, the relay operates on reactance 
(Figure 5). 

The reactance relay is used where the 
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are resistance is likely to be comparable 
with the impedance of the protected sec- 
tion and hence likely to interfere with the 
operation of the impedance relay. The 
reactance relay ignores the arc resistance 
and hence is indispensable for short lines 
and for protecting against ground faults. 


Potential Polarization 
(Mho Units) 


— With potential polarization, the torque 
is the product of the potential-polarizing 
flux times the fluxes from the opposed J 


and E poles. Hence the equation for 
pickup is 
E{I cos (6-0) —K’E]=0 (2) 


or —K’E*+EI cos (6—9)=0. Dividing 


Tripping characteristics 


Figure 1. 


A. Impedance unit 
B. Reactance unit 


C. Mho unit 


The relays trip in the shaded area. Crosses 
are conditions for which tripping is undesir- 


able 


through by £? and putting the K’ term 
on the right, we get Y cos (¢—6)=K’, 
which is a straight line on an admittance 
diagram and thus represents a constant 
component of admittance, that is, the 
relay will pick up at a constant value of 
mhos at a certain angle and therefore has 
been called a mho unit. This is parallel 
to the case of the ohm unit which picks 
up at a constant component of impedance, 
as shown in the impedance diagram of 
Figure 4A. 

It is generally more convenient to plot 
distance-relay characteristics on an im- 
pedance diagram. The impedance equa- 
tion of the mho unit is obtained by put- 
ting the EI term on the right side of the 
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equation and dividing through by K’EI, 
which gives Z=(1/K’) cos (@—8). 

This is the equation of a circle, of 
diameter 1/K’, which passes through the 
origin (Figure 6A). The impedance char- 
acteristic of a mho relay is therefore a 
circle passing through the origin. 

The fact that the characteristic passes 
through the origin means that the unit is 
inherently directional. The phase angle 
of the relay characteristic is the angle 6 
between the diameter of the impedance 
circle and the R axis. By making 6 
equal to or a little less lagging than ¢, 
the phase angle of the line, the circle is 
made to fit very closely around the fault 
area so that the relay is less sensitive to 
power swings and hence valuable for the 
protection of long or heavily loaded lines. 


x STARTING UNIT 
ie (MHO ) 
a >. REACTANCE 
, \. UNIT 


Figure 2. Sche- 


matic diagrams 


A. \|mpedance unit 
B. Ohm unit 
C. Mbho unit 


(A) 


Offset Mho Circle 


Since both the terms of the equation of 
the mho relay contain F, it would appear 
that the relay has zero torque when the 
potential is zero, as for a bus fault. This 
shortcoming is avoided in an instantane- 
ous mho relay by providing memory ac- 
tion in the polarizing circuit which main- 
tains the relay polarizing voltage H,,; for 
a few cycles after the line voltage has dis- 
appeared, but does not affect the ohmic 
characteristic. This will be apparent from 
the torque equation 


Evull cos (6—0) —K'E]=0 (3) 


Memory action cannot be made to tast 
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long enough for the time-delay backup 
step, but the torque can be maintained in 
this case by adding torque caused by cur- 
rent alone. The functions of the third 
step of a distance relay are usually to 
start carrier blocking and to control the 
backup time-delay trip. Memory action 
is used to provide initially high torque to 
ensure starting carrier very promptly and 
the contacts are held closed after the 
expiry of the memory action by the cur- 
rent torque. The introduction of the 
current torque puts the KJ? term back into 
the equation of the mho unit, thus making 
it the general equation 


KI?—-K'E?+EI cos (¢—6) =0 


(See Appendix I.) 
The offset is secured by adding to the 
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Schematic diagram of 4-pole 
induction cylinder unit 


Figure 3. 
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line potential a biasing potential, IZ», 
proportional to the current, which has the 
effect of moving the characteristic imped- 
ance circle bodily by an amount Zp. 
Substituting E+ JZ, for E in the equation 
for the mho relay, we get 


—K'(E+IZp)?+(E+IZp)I cos (¢—9) =0 
(4) 


Dividing through by J?, the equation 
becomes 


—K'(Z+Z»)?+(Z+Zy) cos (¢—0)=0 


or 


_cos (¢—8@) 
gia 


Z Zy (5) 


POLARIZING 


RESTRAINING 


Figure 4 


A. Characteristic of ohm unit (blinder) 
B. Schematic connections of ohm unit 


This shows that the characteristic circle 
is the same as before except moved 
through an impedance Z, (see Figure 7A). 

Figure 7B shows how the offset of the 
mho unit is obtained by introducing, in 
series with the supply potential, a biasing 
potential that is obtained from a reactor 
in the current circuit. Every point on the 
impedance characteristic of the unit 
thereby is moved through an impedance 
equal to that of the reactor. In order to 
reduce the burden imposed on the cur- 
tent transformers by the reactor, it is 
provided with two windings. The pri- 
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mary winding with few turns is in the 
current circuit, and the secondary wind- 
ing with many turns is in the potential 
circuit. It is thus a contraction of a 
transformer and a reactor and is called a 
transactor. 

This offset characteristic is particularly 
useful for out-of-step blocking because, 
with the opening of circuit breakers after 
a fault and hunting between two or more 
groups of machines, the impedance ‘“‘seen 
by the relay” may approach the relay 
characteristic at almost any angle. Hence 
the only sure way of initiating out-of- 
step blocking is by a relay whose char- 
acteristic entirely surrounds the charac- 
teristic of the tripping relay as shown in 
Figure 8A. 


Relays Using Polarized 
Impedance Units 


A typical form of the polarized im- 
pedance unit is the 4-pole induction cylin- 
der unit, which is illustrated in Figure 3 
and has been used for ten years in the 
type GCX reactance relay. The front 
and back poles are respectively the cur- 
rent operating and potential restraining. 
The fluxes from these poles produce 
torque on the induction cylinder by re- 
acting with the currents induced in the 
cylinder by the flux from the side poles 
which have the polarizing windings. An- 
other sinusoidal torque is produced by the 
flux from the polarizing poles reacting 
with the currents in the cylinder induced 
by the operating and restraining poles. 
The second torque is equal to the first 
and displaced 90 degrees from it in time 
so that the total torque is not sinusoidal 
but continuous. This is one of the most 
valuable features of the induction cylinder 
and induction dise units and is an advan- 
tage not enjoyed by any other relay units. 
The pickup and dropout of induction 
cylinder units are practically the same, 
and their characteristic circles are very 
close to geometrical perfection. 

These units are available in three forms: 
the current polarized (ohm) unit, the 
potential polarized (mho) unit, and the 
offset mho unit in which the potential is 
biased from the current circuit. In the 
following paragraphs, uses of these units 
will be discussed. 


Applications of the Mho Unit 


ONE-STEP DISTANCE RELAY 


The simplest application requires a 
single-step mho relay, type CEY, one per 
phase. The mho units trip instantane- 
ously and are usually set to cover 90 per 
cent of the protected section. Backup 
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protection for the neighborhood of the 
next bus can be provided by the mho 
type IBCV directional overcurrent relay 
to be described. 

The instantaneous tripping zone pro- 
vided by the single-step mho relay is 
superior to that of instantaneous over- 
current or single-step impedance protec- 
tion because: 


1. It is inherently directional, so that only 
a single contact appears between the bat- 
tery and the trip coil, which is the ultimate 
in simplicity and reliability. 

2. It is insensitive to offset waves; hence 
it can be set to cover more of the protected 
section without risk of overreaching. 


POLARIZING 


RESTRAINING 


Figure 5: 


A. Characteristic of reactance unit 
B. Schematic connections of reactance unit 


3. Its distance reach is not affected by 
variation in generation as an overcurrent 
relay would be. 


4. It is relatively insensitive to power 
swings. 


DiRECTIONAL TIME OVERCURRENT RELAY 


Conventional overcurrent relays will 
not clear faults during periods of minimum 
generation if the short-circuit current then 
is less than the maximum load current 
with maximum generation, unless the 
settings of the overcurrent relays are 
changed between maximum and mini- 
mum conditions. 
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The substitution of a mho unit for the 
conventional directional unit solves this 
difficulty by permitting overcurrent set- 
tings of less than normal load to be used 
all the time. In other words, if the di- 
rectional relay has a voltage restraint, it 
becomes a mho unit and will not operate 
nor, with the usual directional control ar- 
rangement, permit the overcurrent unit 
to operate unless the impedance presented 
to the relay falls sufficiently to indicate a 
fault on the line. 

A widely used type of directional over- 
current relay has an induction cylinder 
directional unit with alternate potential 
and current coils around the cylinder. It 


POLARIZING: 


OPERATING RESTRAINING 


POILARIZING 


(B) 
Figure 6 


A. Characteristic of mho unit 
B. Schematic connections of mho unit 


is necessary only to replace some of the 
current coils with potential coils to pro- 
vide an E? restraining torque, while the 
remaining coils provide the EI directional 
torque and thus, change the directional 
unit into a mho unit. 

The directional overcurrent relay with 
this mho characteristic can be provided 
with current taps from 11/2 to 6 amperes 
on the overcurrent unit instead of the 
usual 4- to 16-ampere taps. The more sen- 
sitive overcurrent settings permit opera- 
tion on low-current faults, and faster 
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operation can be obtained on heavy 
faults. 


THREE-STEP DISTANCE RELAY 


The conventional distance relay con- 
sists of a directional unit, a timing unit, 
and one or more distance measuring units, 
An instantaneous step and two time-delay 
steps are usually provided, the three steps 
being controlled in distance reach either 
by three distance measuring units (re- 
actance, impedance, or mho) or by one 
unit whose distance reach is increased in 
steps by the timing unit. 

The first zone unit is used for instan- 
taneous tripping of faults up to 10 per 
cent from the remote end of the protected 
section. The second zone unit clears 
faults in the neighborhood of the next bus 
in a delayed time, and the third zone pro- 
vides backup protection for the relays and 
breaker in the next section beyond. 


REACTANCE DISTANCE RELAY 


A typical 3-step reactance relay, type 
GCX, has essentially a mho unit for the 
directional unit so that it provides the 
third step of measurement. The normal 
setting of the reactance unit controls the 
first step. If the fault is beyond the 
range of the first step, the timing unit 
changes the setting of the ohm unit after 
a time delay to increase its reach and 
provide a second step. 


Muo DISTANCE RELAY e 


A typical 3-step mho relay, type GCY, 
is described in a companion paper. It 
has three mho units per phase, M,, Mp, 
and OMs;, for measuring the three zones 
and employs a separate timing unit. No 
directional unit is necessary because each 
mho unit is inherently directional. This 
factor provides more effective backup 
than where all the units depend upon a 
common directional unit; it also simplifies 
the circuit and reduces the number of 
contacts in the trip circuit. Figure 9 
shows schematically the d-c tripping con- 
nections for one phase. It can be seen 
that the zone 1 mho unit, My, trips di- 
rectly so that only a single relay contact 
is required between the battery and trip 
coil, which is the ultimate in simplicity 
and reliability. 

The third-step mho unit, OM, of the 
GCY relay has a transactor which can 
offset its impedance characteristic so that 
it overlaps the origin, as shown in Figure 
7. If polarized in the same direction as 
the first and second steps, M,; and Mp, 
the OM; unit can be used for out-of-step 
detection as well as for time-delay backup 
protection on lines in which the electrical 
center of the system is located. The out- 
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of-step condition is detected by making 
the OM; impedance characteristic con- 
centric with the M, characteristic, as 
shown in Figure 8, and somewhat larger, 
so that the changing impedance seen by 
the relays during a power swing will al- 
ways operate the OM; unit before the 
M, unit. The OM; unit then is arranged 
to pick up an auxiliary relay with a small 
time delay; blocking is prevented on 
faults because the M, unit de-energizes. 
the auxiliary relay if the OM; does not 
operate first by the margin of the pickup. 
time of the auxiliary relay. The aux- 
iliary relay generally is arranged to pre- 


Figure 7 


A. Offset mho characteristic 
B. Schematic connections of offset mho unit 


vent automatic reclosing after a trip on 
out-of-step conditions but can be used to: 
prevent tripping. It should be remem- 
bered, however, that this is necessary only 
if the relay characteristic circle includes. 
the electrical center of the system, be- 
cause a mho unit will not trip on out-of- 
step unless its characteristic is cut by the 
power swing locus. 

In the application of distance relays the 
first two zones are primarily intended to 
operate for faults in the protected line 
section only. Hence they are required 
to be directional and to operate only for 
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fault current flowing into the protected 
line. 

The third zone of the distance relay is 
used for backup protection. As such, it 
operates only in cases of failure to isolate 
a fault on some other line section than the 
one covered by zone 1 and zone 2. Past 
practice has been to set the third zone 
element at A of the relays on line AB so 
that it would operate for a fault at C 
(see Figure 10A). This meant that the 
ohmic setting has to equal the line ohms 
from A to C plus the apparent increase in 
ohms caused by any fault current fed in 
at B, Where the line AB is long in terms 
of secondary ohms, this often resulted in 


(A) 


Moa B 


OM3 


(8) 
Figure 8 


A. Out-of-step blocking with offset mho unit 
B. D-c connections of blocking unit 


an ohmic setting that would not permit 
emergency loads to be carried. 

With mho relays, since each unit is in- 
herently directional, the third zone trip- 
ping direction may be the same as or 
opposite to that of zone 1 and zone 2. 
Hence where a third zone setting would be 
too high in ohms if set in the same direc- 
tion as zone 1 and zone 2, considerably 
better settings can be obtained by revers- 
ing zone 3. When this is done, the zone 
3 element at B on line AB is set to operate 
for faults at C. The setting in ohms of 
each zone-3 element is decreased by the 
impedance of line AB by this reversal, 
while the over-all protective coverage 
remains the same. There is no loss of 
backup protection, since in either case, 
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faults in lines BC or AD result in opening 
line AB if these faults last for the dura- 
tion of zone 3 time. In one case, a fault 
near C opens the breaker at A; in the 
other case, the breaker at B opens. 

It will be seen from Figure 10B that 
with backup provided by the relay near- 
est the fault, tap lines in the unfaulted 
sections will remain in service, whereas 
with the conventional method of backup, 
they are lost. On the other hand, it must 
be understood that failure of the d-c 
supply or the a-c potential supply could, 
if it remained undetected, prevent the 
backup relay from operating, but the 
conventional backup from the next sta- 
tion would not be affected by this condi- 
tion. The degree of possibility of such a 
condition must be weighed against the 
advantage of improved backup operation 
when the d-c supply and a-c potential are 
available. 

To summarize, with long lines, adequate 
backup coverage of the next section often 
requires such a high ohmic setting for 
zone 3 in the conventional direction that 
it may operate on power swings and 
emergency overload conditions. Hence it 
is generally advantageous to reverse the 
zone 3 unit for long lines, especially where 
some of the sections have tap lines. 

Also, where the mho relay is used with 
carrier, the OM; unit must be polarized 
in the reverse direction from the M, and 
M, units because carrier blocking is re- 
quired only for external faults. 

In the case of no tapped lines and no 
carrier, a check can be made graphically 
to determine whether the OM; unit may 
operate on power swings and hence 
whether it is necessary to reverse it. 
This procedure is described in Appendix 
II. In such cases a separate offset mho 
unit is required for out-of-step detection. 


OrrseT Myo RELAY 


The single-step mho relay can be given 
an offset characteristic by providing it 
with a transactor, as described under the 
heading “Offset Mho Circle.”” It can be 
used for out-of-step blocking or backup 
protection in the same way as has been 
described for the OM; unit of the GCY 
3-step distance relay. 

When line-to-line faults are not cleared 
promptly, a power swing may start, and 
until the fault is cleared, there will be an 
asymmetrical condition wherein the im- 
pedance presented to the relays will be 
different in each phase. This impedance 
is a combination of the single-phase im- 
pedance of the fault and the balanced 3- 
phase impedance of the swing. If the re- 
lay happens to be connected in the faulted 
pair of phases, it will measure only the 
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impedance to the fault because the power 
swing components of current cancel out 
in the faulted phase pair because of the 
double current windings of the mho unit. 
In one of the two remaining phase pairs, 
the fault current adds to the power swing 
current and in the other it subtracts from 
it, so that the impedances measured will 
be different. 

When a power swing follows a fault that 
has been cleared promptly, it presents a 
balanced 3-phase condition almost at its 
inception and certainly before it can op- 
erate any out-of-step blocking relays. 

For these reasons only one out-of-step 
blocking relay is required when the sys- 


+D-C 638-9 
My Moa M3 
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TRIP 


¥ RECEIVER RELAY IF USED WITH CARRIER 
Figure 9 


D-c connections of 3-step distance relay 


6a8-1¢ 


Figure 10. The reversed backup characteristic 


A. The time zones 
B. Tap lines saved 


tem is protected by high-speed relays and 
breakers, and it can be connected in any 
phase pair. On the other hand, on sys- 
tems protected by slow-speed relays and 
breakers, it is advisable to connect an off- 
set mho unit in each phase so as to ensure 
recognition of the out-of-step condition 
and to initiate the blocking as early as 
possible. 


Applications of the Ohm Unit 


Bus PROTECTION 


Where a bus section is separated from 
other circuits by reactors, as shown in 
Figure 11A, reactance ohm units have 
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been used to provide protection for the 
generators and for the bus. Each genera- 
tor has a reactance ohm unit set to reach 
into, but not beyond, any of the bus-tie 
or feeder reactors. A fault in a generator 
will be cleared immediately because its 
ohm unit will measure reactance in the 
reversed direction. A fault on the bus 
will disconnect all the generators because 
it will be within the ohm settings of their 
ohm units. : 

The main difficulty of conventional dif- 
ferential bus protection is the balancing of 
the current transformers in all the cir- 
cuits around the bus to ensure that there 
is no current to operate the relay during an 


REACTANCE RELAYS 
(A) 


BUS-TIE 
ct REACTOR oT 


REACTANCE RELAYS 
(8) 


Figure 11 


A. Obm units protecting a bus and genera- 
tors 
B. Ohm units protecting a bus and bus-tie 
reactor 


external fault. This difficulty does not 
appear with the ohm units because they 
are connected only to the current trans- 
formers in the generator leads. 

This form of protection also has been 
used for bus-tie reactors. Each reactor is 
protected by two reactance ohm units 
(Figure 11B) with their contacts in series. 
The ohm units are polarized away from 
the reactor so that a fault in the reactor is 
in the reverse direction for both of them 
and causes them both to trip and isolate 
the reactor. A fault on the bus also 
causes them both to trip and isolate the 
reactor. In addition, a fault on the bus 
catises both ohm units to operate, one 
because it is within its ohmic setting and 
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the other because the fault appears to it 
in the reverse direction. 


BLINDERS 


One application of the ohm unit is to 
extremely long lines where even the mho 
unit is not immune to tripping on power 
swings because the mho circle has to be 
large in order to cover the long line. In 
such a case, the straight line characteris- 
tic of the ohm unit may be arranged par- 
allel with the line impedance vector so as 
to cut off one or both sides of the tripping 
characteristic (Figure 12A) and confine 
the tripping zone to a strip wide enough 
to permit tripping on arc resistance. 

This scheme was the first attack on the 
problem of relaying long or heavily loaded 
lines? and is applicable to any form of 
relay including overcurrent relays. In 
most applications only one blinder is 
necessary because the major flow of power 
generally isin one direction. It is only on 
interconnections where the maximum 
power flow is the same in either direction, 
that two blinders are necessary. 


OvutT-OF-STEP TRIPPING 


When synchronism is lost, the imped- 
ance measured by arelay will pass through 
the line impedance vector from right to 
left if the relay is located at the leading or 
fast end of the system and from left to 
right if at the lagging end. Two blinders 
are arranged to operate an auxiliary relay 
if the impedance crosses the characteristic 
of one of them before the other, in either 
direction. This auxiliary relay can be 
arranged to operate an alarm, trip a 
breaker, or initiate some form of control. 

The advantages of this form of out-of- 
step relay are: 


1. Its operation is not affected by varia- 
tion in the location of the electrical center 
of the system. 


2. It will not trip under any fault condi- 
tions. 


3. It trips instantly after the first half cycle 
of system oscillation. Existing relays re- 
quire the machine to slip several poles be- 
fore they will operate. 


4. Distinction can be made between speed- 
ing up and slowing down of the local gen- 
eration. 


A single-phase relay is adequate for 
tripping on out-of-step because the regu- 
lar protective relays will trip during a 
fault. If the swing continues after the 
fault has been cleared or if the swing was 
caused by switching of load or generation 
without a fault, only a single-phase out- 
of-step relay is required for tripping be- 
cause all three phases act similarly. 
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Reclosing 


By means of auxiliary relays, reclosing 
is prevented after a time-delay trip and 
after a trip on loss of synchronism. The 
first is accomplished by an auxiliary relay 
whose coil is energized whenever the 
tripping circuit is completed through the 
timing unit contacts and whose contacts 
open the reclosing circuit ; the connections 
of this relay are shown in Figure 5 of the 
companion paper.’ The second is accom- 
plished by an offset mho unit in a manner 
already explained earlier in this paper 


- under the heading ‘‘Mho Distance Relay.”’ 


A B 
TA Tg 
B A 
TRIP 
Tg TA 
(8) 


Figure 12. Characteristics of a pair of ohm 
units for out-of-step tripping 


Carrier Relaying 


The application of ohm relays to car- 
rier has been discussed in previous papers. 
The use of mho relays for carrier is the 
same in function, but the self-contained 
directional and power swing blocking fea- 
tures of the mho unit simplify the d-c 
circuits very considerably (Figure 9) and 
minimize the possibility of sneak circuits. 

Mho carrier alone was described in an 
earlier paper. When carrier is added to 
mho distance relays, it is necessary only 
to add two relays containing ground direc- 
tional and carrier auxiliary elements. The 
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chief difference between the addition of 
carrier to mho distance relays and to im- 
pedance or reactance relays is the use of 
the reversed offset mho unit instead of 
the impedance unit for starting carrier. 
Figure 13 shows how the OM; unit of the 
3-step mho distance relay can provide the 
necessary blocking on external faults with 
the minimum tendency to operate on 
power swings and heavy loads. 

The OM; unit is extremely fast for 
an induction-type unit. Its minimum 
time is one-fourth cycle. The time 
with an average fault is about one- 
half cycle. This provides a considerable 
margin of safety between the starting of 
carrier by the OM; unit and tripping for 
an external fault by the M, unit of the re- 
lay facing the fault. 


Limitations of Ohm Units 
and Mho Units 


For distance-relay applications, the 
phase angle of the ohm relay is adjusted 
to make it measure reactance and ignore 
the resistance component, and, hence, 
make it indispensable for very short lines 
where the arc resistance may be compa- 
rable with the line impedance. Like the 
impedance relay, the reactance relay re- 
quires a directional unit; this unit is usu- 
ally of the mho type and also serves as a 
backup for remote faults. The reactance 
relay is applicable to lines not subject to 
overload or power swing conditions which 
present an impedance low enough to cross 
the relay characteristic. Whether this 
will occur can be found only by calcula- 
tion of the swing impedance. If the sys- 
tem arrangement can be simplified to a 2- 
machine problem, Appendix II describes 
a simple construction for plotting the 
swing impedance. 

The phase angle of the mho relay can 
be adjusted to be approximately the same 
as that of the line. This ensures the small- 
est reach at right angles to the line im- 
pedance vector, and hence the least ten- 
dency to operate on power swings that 
may be expected on long lines and on 
heavily loaded lines of medium length. 
The potential polarizing winding of the 
mho relay limits its application to long 
lines because, even with memory action, 
the torque is likely to be low on very short 
lines during second zone fault, after the 
memory action has expired. 

Arc resistance also places a limit on the 
shortness of a line to which the mho unit 
can be applied. Arc resistance increases 
as the current decreases and becomes 
more effective on shorter lines. This is in 
the same direction as the other limitation 
of minimum voltage to provide adequate 
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Figure 13. Carrier blocking with offset mho 
unit 


torque. Since the arc resistance limitation 
is more severe, we shall consider it in de- 
tail. 


Minimum LENGTH OF LINE 


From the ohmic characteristics in the 
companion paper? on the ‘‘Mho Distance 
Relay,” it will be seen that the accuracy 
of the GCY relay is within ten per cent 
variation down to eight volts at the relay 
terminals. This means that if the in- 
stantaneous zone is set to cover 90 per cent 
of the protected section, it may cover only 
81 per cent of the section if the section 1s 
so short or the fault current is so small 
that the JZ drop is only eight volts sec- 
ondary. Although in many cases a greater 
variation may be permissible, this value 
will be taken for the purpose of establish- 
ingalimit. It should be realized, however 
that this value has no relation to the 
ability of the relay to operate reliably on 
faults within the protected zone because 
the actual pickup of the relay is around 
11/, volts. 

Hence for accurate operation, JZ 
equals eight volts at the relay terminals 
for a fault at the ohmic setting of the My 
unit. From this fact, we can determine 
the minimum line length and fault current 
for which the relay can be set. Changing 
to primary phase to neutral values, we 
have IZ=8R,/+/3, where I is the mini- 
mum fault current, Z the ohmic setting of 
M,, and R, is the ratio of the potential 
transformers. If M;, is set to cover 90 
per cent of the protected section, which is 
L miles long and has an impedance of 0.9 
ohm per mile, then 


8,000 kv 


IX0.9X0.9L= = 
ae 115+/3 


or 
50k 
L= Sar miles 
In other words, the relay is applicable to 
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lines down to a minimum length of 50 
kv/I miles, where I is the minimum fault 
current, and kv is line-to-line voltage in 
kilovolts. 


ARC RESISTANCE 


The presence of arc resistance will re- 
duce the reach of the mho relay. A small 
reduction of the instantaneous zone is ac- 
ceptable, but the intermediate zone al- 
ways must reach beyond the next bus, 
that is, faults within the section must not 
trip in zone 3 time, or selectivity between 
stations will not be possible. 

In Figure 14A, R is the arc resistance, 
Z is the impedance of the protected sec- 
tion, ¢ is its phase angle (tan—! X/R), and 
K is the fraction of Z by which the second 
zone mho unit M; reaches beyond the end 
of the section. It is assumed that the 
mho unit characteristic is given the same 
angle ¢ as the line. 

The circle in Figure 14A is the charac- 
teristic of a mho unit used for the second 
distance step and is assumed to reach a 
short distance beyond the end of the pro- 
tected section. It is noted that 


a® + 6?= (diameter)? 
therefore, 


R?+K’Z?—2KZR cos ¢+R?+Z?+ 
2ZR cos 6=(Z+KZ)? 
2R?—2KZ?24+2RZ(1—K) cos ¢=0 


Za ES es Se 
R=5[Veos 6d —K)'+4K — (1K) cosa] 


which equals maximum arc resistance to 
permit zone 2 time or less for all faults 
within the section. 

If Mz is set for 20 per cent beyond the 
next bus, K=0.2. Assuming ¢=60 de- 
grees, then, from the formula, R=0.29Z 
or Z=3.45R. 

The initial arc resistance, assuming 16 
kv per foot of insulator string and 440 
volts per foot of arc,‘ is 


440 
Rare iar 
I pri 


kv yils CT: 
16+/3° 1,000 kv 


1.83 
= ohms phase-to-neutral 


sec 


With a fault drawing five amperes 
secondary, Rare = 1.83/5=0.36 ohm phase- 
to-neutral. Since Z=3.45R, from a pre- 
ceding formula, Z=1.24 ohms for the 
minimum secondary impedance of a line 
section that can be protected safely with 
mho relays. 

Where the line impedance is less than 
1.24 ohms secondary, each case should be 
examined individually. If there is a 
heavy short-circuit current, the arc volt- 
age will be less than 440 volts per foot. 
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Figure 14 


A. Arc resistance shortens reach of mho unit 
B. Effect of arc resistance reduced by lead- 
ing mho characteristic 


On the other hand, if the fault occurs near 
the station, the number of insulators may 
be higher and the arc resistance propor- 
tionately increased; furthermore, at low 
short-circuit currents, the volts per foot 
may increase to 600 or 1,000 and should 
be checked from the formula Rar= 
8,750L/I-4 ohms, where L is the arc 
length in feet. 

If the arc resistance is too high for a 
reasonable application, some leeway can 
be obtained on highly lagging lines by 
setting the mho relay characteristic at a 
less lagging phase angle than that of the 
line impedance. This permits more arc 
resistance anywhere in the section before 
the relay will fail to pick up (see Figure 
14B) or permits the normal application 
down to one ohm impedance. 


Conclusions 


The product-type impedance unit is a 
very useful relay tool whose flexibility en- 
ables it to cover the entire field of trans- 
mission line protection with simpler cir- 
cuits and better characteristics than here- 
tofore. 

The only limitations to the application 
of current and potential polarized units 
are those which prevent either from cover- 
ing the whole range alone. The natural 
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field for current polarized distance relays 
is short lines and ground fault protection; 
interphase faults on long or heavily loaded 
lines require potential polarized (mho) 
distance relays. 


Appendix | 


The characteristic of any ohmic relay on 
an impedance diagram is a circle. This is 
because the torque from any form of electro- 
magnetic drive is proportional to the square 
of the flux or to the product of two fluxes, 
and the fluxes in turn are proportional to 
the currents or potentials. The torque 
of a relay having current and potential 
windings must therefore be of the form 


KI?— K'E*+EI cos (¢—6) 


where K and K’ are winding constants, ¢ is 
the phase angle of the protected circuit, 
and @ is the angle of the relay characteristic. 
At the balance point of the relay, the 
torque is zero and the equation for balance is 


KI?—K'E?+EI cos (¢—6) =0 


This general equation of a relay has the 
two main variables E and J, which can be 
reduced to one by changing it to an im- 
pedance diagram. 

Dividing the equation through by K’J?, 
we get 


K Z cos (¢—6) 
Rama ee caren 


Transferring K/K’' to the right-hand side 
and adding (1/2K’)? to both sides, this 
equation becomes 


pees cos eels, te ee rae 
je 2K'} ~~ (2K")2 


This is the equation of a circle of radius 
V1+4KK’'/2K , whose center is 1/2K’ 
from the origin at an angle @ from the refer- 
ence vector R (see Figure 15). 

The constants K and K’ are functions of 
the turns, and so forth, of the current and 
potential windings respectively. These 
constants can be determined from the im- 
pedance circle by solving for K and K’ in 
the expressions for the radius and the loca- 
tion of the center. For instance, a 4-ohm 
circle at 60 degrees with one ohm offset in 
the direction of the origin has a radius of 
two and its center is one from the origin. 
1/2K’=1, or K’=1/2, and substituting 
this value in the expression for the radius, 
V1+4KK'/2K', we get »/1+2K=2, or 


K=3/2. Hence the equation is 


—E?+EI cos (¢—60°) =0 


This equation is typical of the offset mho 
characteristic in Figure 7A. 


Appendix Il. Power Swing 
heck 


A simple geometrical construction can be 
used to determine whether a relay will 
operate during a swing condition. This 
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method assumes that the system can be 
simplified to an equivalent system of two 
machines separated by impedance. It de- 
termines the angle between the machines at 
which the relay will operate. Thus, it can 
be used to determine whether a reactance 
or impedance relay should be replaced by a 
mho relay, whether to reverse the third zone 
or not, or whether a blinder is needed to 
prevent the M, and M, units from tripping 
on a very severe power swing. 

Referring to Figure 16, AB is the im- 
pedance of the protected, section, SA is the 


Figure 15. 
sponding to general relay equation KI2—K’E? 
+El cos (¢—0)=0 


Impedance characteristic corre- 


bar-26 


CHARACTERISTIC 
OF’ RELAY ATA 


Figure 16. Construction for checking operat- 
ing point of relay on a power swing 


system impedance beyond terminal A, and 
BR is the system impedance beyond ter- 
minal B. 

Draw a perpendicular through the mid- 
point of RS. From the point K where it 
cuts the relay characteristic, draw lines to 
R, S, A, and B. RKS is the angle 6,5 be- 
tween the generated electromotive forces 
at R and S at which the relay at RA will 
trip. BKA is the angle 6 between the 
terminal voltages at A and B at which the 
relay at A will trip, and AK is the imped- 
ance it sees. 

The power swing locus is shown as a 
straight line. This implies equal generated 
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The Development, Design, and 
Performance of Magnetic-Type Power 


Circuit Breakers 


L. J. LINDE 


MEMBER AIEE 


Synopsis: Power circuit breakers for volt- 
age services of 2,300 volts and above use 
either of two basic principles to complete 
circuit interruption. The more familiar 
types, oil breakers or compressed air break- 
ers, complete their operation by maintaining 
a low resistance arc until the final current 
zero where interruption is completed. 
Magnetic air circuit breakers establish a 
high resistance are prior to circuit interrup- 
tions which modifies the circuit constants 
before recovery voltage is established. The 
“Magne-blast” breaker falls in this second 
class of breakers. The treatment of the arc 
in this breaker to obtain a high arc resistance 
is explained in some detail. Also, design 
practices and operating characteristics of 
the final magnetic type breaker are re- 
viewed. 


i‘ studying the various types of circuit 
interrupters in power circuit breakers 
and the principles on which they operate, 
it becomes apparent that these interrup- 
ters can be placed in one or the other of 
two classes: 


1. Low-are-resistance interrupters whose 
arc resistance is maintained low until current 
zero and then is transformed suddenly into 
or replaced by a high-resistance dielectric. 


2. High-are-resistance interrupters whose 
are resistance is increased gradually to such 


electromotive forces and no line capaci- 
tance. These assumptions simplify the con- 
struction and have negligible effect on the 
angles @ and 6; at which the relay operates. 
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a high value prior to current zero that arc 
re-establishment is made impossible follow- 
ing current zero. 


Low-Arc-Resistance Interrupters 


Power circuit breakers rated 2,300 volts 
and above generally have functioned as 
low-arc-resistance interrupters. They are 
recognized as oil blast breakers, im- 
pulse breakers, air blast breakers, and so 
forth. These breakers interrupt the cir- 
cuit by drawing a short low-resistance arc 
in some type of control chamber where a 
blast of insulating fluid is directed at it. 
To complete the interruption. at current 
zero, the low resistance of the arc gap 
must be replaced abruptly by a high- 
resistance dielectric. This type of inter- 
ruption can be understood best by refer- 
ence to the typical oscillograms of a short- 
circuit interruption shown in Figure 1. 
In this oscillogram the breaker contacts 
part at f and the short-circuit current J 
is interrupted at 4. During the arcing 
period (f — #,), the arc resistance remains 
so small that the arc-resistance voltage 
drop e, at no time rises to more than a 
few per cent of the generated voltage 
(shown dotted). The introduction of 
this low-arc-resistance voltage drop into 
the circuit does not affect appreciably 
either the magnitude or the phase angle 
of the short-circuit current.” 

For the circuit to be interrupted as the 
current passes through zero at 4, the fluid 
blast suddenly must increase the low re- 
sistance across the contact gap by cooling 
or displacing the hot ionized are products 
to prevent arc re-ignition as the system re- 
covery voltage rises following current 
zero. 

Immediately following current zero at 
ty, the voltage across the contacts begins 
to rise to the system-generated voltage, 
which at this instant is at its crest (zero 
power-factor fault). Because of the 
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energy stored in the. circuit, the actual 
voltage appearing across the contacts will 
rise above the system voltage crest and 
oscillate about it, as can be seen on the 
oscillogram in Figure 1, immediately fol- 
lowing the current interruption. Figure 
9 shows this recovery voltage extended to 
a microsecond time scale. For the simple 
single frequency circuit, shown in Figure 
3, this frequency is equal to 


al 
f= o/LC 


The high frequency transient recovery 
voltage-oscillation superimposed upon 
the 60-cycle crest voltage causes the total 
voltage appearing across the contact gap 
to approach two times the normal crest 
voltage on the first oscillation. A tan- 
gent erected to the first oscillation crest, 
as shown in Figure 2, determines the rate 
of rise of recovery voltage. On the high- 
est frequency circuits, this rate-of-rise 
tangent may equal several thousand volts 
per microsecond. 

The fluid blast in the low-arc-resistance 
type of interrupter must increase the 
insulation strength between its contacts 
immediately following current zero fast 
enough to withstand this rate of rise of 
recovery voltage to prevent arc re- 
establishment after current zero. As the 
actual rate of rise of recovery voltage en- 
countered in practical applications varies. 
between wide limits, various configura- 
tions of low-are-resistance interrupters. 
have been designed to insure the required 
fluid velocity to interrupt the highest 
recovery-rate circuits. 

In many breakers using low-arc-resist- 
ance interrupters in which the high- 
velocity fluid blast bodily displaces the 
low resistance-are gases, the resistance of 
the arc gap rises abruptly at current zero. 
to substantially infinity immediately 
following current zero. These breakers. 
are capable of withstanding rates of rise: 
of recovery voltage higher than any 
which can be encountered in service and’ 
can be duplicated only in the laboratory.. 

In other breakers using low-arc-resist- 
ance interrupters, an auxiliary resistor is. 
inserted into the circuit following the 
current zero to limit the rate of rise of re- 
covery voltage. Such resistors, shunted 
into the circuit in parallel with some por- 
tion of the contact break, absorb the: 
energy of the transient voltage-oscilla- 
tions. Applications as now practiced are- 


*The actual instantaneous values of arc resistance 
Ya are proportional to the arc length and are an in-- 
verse function of arc current because the are diam- 
eter increases and decreases with current. As the 
short-circuit current approaches zero, 7a will in- 
crease proportionately, but the voltage drop in the: 
are éa, which equals ia va, will remain low. 
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Figure 1. Typical short-circuit interruption 

by low-arc-resistance type of interrupter (fluid 

blast) showing high-frequency transient im- 
mediately following interruption 


E=generator voltage 

1 =short-circuit current 

@a =arc voltage drop (small on account of low 
arc resistance) 

€;=transient recovery voltage appearing 

across contacts of breaker immediately follow- 
ing interruption 

ty = instant of contact parting 

t; =instant of circuit interruption 


successful in holding the rate of rise of re- 
covery voltage to moderate values, defi- 
nitely limit the severity of circuit tran- 
sients, and reduce the rate at which gap 
resistance must be built up across the 
contacts. 


Such resistors also have proved of value 
when interrupting faulted circuits to 
stabilize the clearing of transmission lines, 
discharging the capacitance charge re- 
maining on the line faster than the gener- 
ated voltage reverses and thereby pre- 
venting possible restriking at the breaker 
contacts because of excessive overvoltage 
stresses. !? 


High-Arc-Resistance Interrupters 


The high-arc-resistance interrupter, as 
contrasted with the low-arc-resistance in- 
terrupter, builds up a high arc resistance 
prior to current zero, thereby modifying 
the circuit current and achieving an early 
interruption by advancing the current 
zero to, or near, the recovery voltage zero. 
The rate of rise of recovery voltage also is 
held to very low values, a factor which 
permits the build-up of insulation across 
the electrodes at the moderate rates 
achieved by rapid cooling of the arc 
column. The more successful interrup- 
ters of this type are recognized as mag- 
netic-type circuit breakers. 

With any magnetic-type air circuit 
breaker, the arc magnetically is forced to 
loop away from the contacts and may 
travel out on diverging arc runners where 
its length is further increased many times. 
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As the arc is lengthened and cooled, its 
resistance increases rapidly so that the re- 
sultant resistance voltage drop in the arc 
column becomes an appreciable percent- 
age of the total circuit voltage. This 
high-resistance-are drop has a two-fold 
effect on the short-circuit current: 


1, It reduces the magnitude of the short- 
circuit current to a fraction of its previous 
value. 


2. It improves the power factor of the cir- 
cuit bringing the current more nearly into 
phase with generated voltage, causing the 
current zero to occur near a voltage zero 
rather than its normal 90-degree lagging 
or crest position. 


These effects can be seen best by 
reference to the typical interruption with 
a magne-blast breaker shown in Figure 4. 
Here the voltage drop in the arc column 
rises at a rate of several thousand volts 
per half-cycle so that the short-circuit 
current in the last half-cycle is reduced to 
approximately half its original value. 
Moreover, the introduction of the arc 
resistance into the circuit has advanced 
the current zero from the normal crest 
point on the generated voltage wave, in 
this case to approximately one-half crest 
voltage. 

As the instantaneous system voltage at 
the point of current zero has been reduced 
greatly, the amplitude of the high-fre- 
quency oscillation is reduced correspond- 
ingly. This reduction in amplitude of 
the high-frequency oscillation will reduce 
the circuit rate of rise of recovery voltage 
in direct proportion even if the resistance 
of the are column were raised to infinity 
immediately following current zero. 

In this type of breaker, however, it has 
been found that the long hot gaseous post- 
arc stream between the are runners im- 


| 
| RATE OF RISE 


— POINT OF INTERRUPTION 


Figure 2. Transient recovery voltage across 
contacts of low resistance breaker following 
interruption. 


The dotted line tangent to the first oscillation 
is the rate of rise of recovery voltage 
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L BREAKER 
CG CONTACTS 


L=INDUCTANCE OF CIRCUIT 
C=INHERENT CAPACITANCE OF CIRCUIT 


Simple single-frequency test-circuit: 


1 
Oscillating f =f =—_— 
scillating frequency on/LC 


Figure 3. 


Figure 4. Typical short-circuit interruption: 

by high-arc-resistance type of interrupter 

(magne-blast) showing high-arc-resistance volt- 

age drop during arcing period which results in 

marked reduction in both short-circuit current: 
and transient recovery voltage 


E =generator voltage 

!=short-circuit current 

€,=arc voltage drop (high on account of higtr 
arc resistance) 

e;=transient recovery voltage 

ty =instant of contact parting 

t, = instant of circuit interruption 


mediately following current zero affords: 
an excellent resistor further to damp out 
recovery voltage-oscillations. Although 
the resistance of this cooling column of 
are gases 7, increases to infinity in a few 
hundred microseconds after current zero, 
it is a recovery-rate-limiting resistor just 
after current zero, fully as effective as the 
auxiliary resistor used with some types of 
low-arc-resistance interrupters. The 
manner in which the pre-current zero arc 
resistance varies during the current-zero. 
period as plotted from a typical interrup- 
tion is shown in Figure 5A. 

The resistance 7, of this cooling gaseous. 
column immediately following current 
zero will vary with 


1. The design of the arc chute, which deter- 
mines the rate of cooling of the hot gases. 


2. The magnitude of the current being 
interrupted, which determines the cross 
section of the hot gas column. 


The initial resistance of this hot gaseous 
column varies inversely with the short- 
circuit current being interrupted. This. 
means that the maximum rate of rise of 
recovery voltage which can appear across. 
the breaker terminals will decrease as the 
value of short-circuit current is increased. 
Figure 5B shows how this resistance 7, 
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RESISTANCE-OHMS 


TIME - MICROSECONDS 


Figure 5A. Increase in resistance of arc 
column during instant of current zero on an 
actual interruption by a magne-blast breaker 


immediately following current zero varies 
in a 5-kv 100,000-kva breaker. 

On circuits having very low inherent 
capacitance C and high natural rates of 
rise of recovery voltage, the resistance of 
this cooling arc column rq will damp out 
entirely the oscillating frequency. Todo 
this, the ohmic value of rz must be less 
than the critical damping resistance of the 
circuit, or rg << 2WL/C. 

The total effect of the high-resistance- 
arc type of breaker on the rate of rise of 
recovery voltage appearing across its 
terminals may be seen by reference to 
Figure 6. Here is shown the rise of re- 
covery voltage following an interruption 
with a magne-blast breaker extended to 
microsecond scale. For comparison, the 
dotted curve shows the recovery oscilla- 
tion which occurs with a low arc resist- 
ance interrupting the same circuit at a 
crest voltage point and without benefit of 
arc resistance following current zero. Be- 
sides the radical reduction in the rate of 
rise of recovery voltage shown with the 
magnetic breaker, the first peak of tran- 
sient recovery voltage-oscillation is re- 
duced from 1.9 times normal crest to 0.35 
times normal crest. 

The magne-blast breaker has proved 
that the operation of magnetic air break- 
ers, when properly designed, is inde- 
pendent entirely of natural oscillating 
frequency or inherent rate of rise of circuit 
recovery voltage. 


Development of High-Arc- 
Resistance Interrupter Designs 


There have been many interesting at- 
tempts to develop pure resistance inter- 
rupters that might function with little or 
no arcing. Several years ago the authors 
made and tested a resistance interrupter 
designed to interrupt high values of alter- 
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Figure 5B. Variation of arc column resistance 
rq following interrupting current zero versus 
short-circuit current being interrupted 
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Figure 6. Transient recovery voltage ob- 
tained with high-arc-resistance breaker (magne- 
blast breaker) shown full as compared with 
transient recovery voltage of low-arc-resistance 
breaker (fluid blast) shown dotted 
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nating or direct current at 600 volts and 
to do this with no appreciable arcing. 
This interrupter (Figure 7) consisted of a 
stack of graduated wafer-like compound 
resistances whose composition varied from 
pure copper, through copper carbon mixes 
to carbon clays, to a final wafer of fired 
clay. It was to function much the same 
as a large rheostat being turned into the 
circuit. Although the tests on this device 
demonstrated the need for much improved 
commutation before arcing could be 
eliminated at high currents, they did con- 
firm the value of resistance as an inter- 
rupter. In a later investigation the arc 
itself was used as a suitable commutating 
“brush” to insert a series of ceramic re- 
sistance rods into the circuit. These re- 
sistance rods were U-shaped and were so 
arranged that a series of arcs would 
travel up between them to insert their re- 
sistances into the circuit being inter- 
rupted, as shown in Figure 8. The sepa- 
rate series arcs were moved up these elec- 
trodes by concentrated magnetic fields. 
This arrangement was acceptable in its 
performance up to 100,000 kva at 5,000 
volts. A careful analysis of its operating 
characteristics, however, showed that the 
series arcs were contributing the major 
portion of the resistance required for suc- 
cessful interruptions and that the complex 
ceramic resistance rods hardly were justi- 
fied. This was true particularly if the 
arcs were controlled properly. Success- 
ful air breakers have been built using re- 
sistance arc runners, but even in these de- 
signs the arc contributed much more re- 
sistance than did the runners. 

These early studies firmly established 
the value of a controlled and confined are 


Figure 7. Graduated resistor breaker made 
up of gradually increasing resistance elements 
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Interleaving fin type of arc chute 
obtaining arc lengthening in more than one 
plane by serpentine configuration 


Figure 9. 


in air as a controllable resistor for the in- 
terrupters of power circuit breakers. A 
study then was initiated to determine the 
most effective way of controlling and con- 
fining the arc to establish the proper high- 
resistance characteristics. 

There is a history of successful low- 
voltage air breakers (600 volts and be- 
low) that operate as high-arc-resistance 
interrupters. The most common §ar- 
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Figure 8. Disassembled arc chute of high 
voltage breaker using U-shaped resistor rods 
inserted in circuit by short arcs 


The photograph was taken after high-current 
tests 


rangement is recognized as the plain 
break low-voltage circuit breakers where 
the arc is established between separating 
electrodes and is cooled and extinguished 
inopenair. Aithough such circuit break- 
ers are satisfactory interrupters, given 
sufficient space and time, they are limited 
in their physical applications because of 
the long arc in open air required to estab- 
lish sufficient resistance. 

More modern breakers of this low-volt- 
age class, which can be classed as high- 
arc-resistance interrupters, increase the 
resistance of the arc per unit length by 
increasing the arce-cooling by either one of 
two methods: 


1.. Forcing the arc into a series of cold 
metallic pins or plates which cool it and 
break it into several shorter arcs. 


2. Forcing the arc between closely spaced 
sidewalls of cool ceramic insulation. 


When attempting to cool the arcs of a 
breaker for higher service voltages (2,300 
to 15,000 volts) to extinction, it soon be- 
came apparent that the necessary arc 
length in a metallic pin or plate-type arc 
chute requires greater physical dimensions 
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Figure 10. Variation in arc cooling with 
spacing between insulating plates 


INCHES/SEC. 


ARC VELOCITY = 


ARC CURRENT — AMPERES 


Figure 11A. Variation in arc velocity with 
arc current in constant transverse magnetic field 
of 400 gausses 
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ARC VELOCITY = 
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Figure 11B. Variation of arc velocity with 
transverse magnetic-field strength of 200- 
ampere arc between parallel arc runners 


than the compact design of switchgear 
equipment for these voltages now affords. 
Neither can insulating-plate types of arc 
chutes for these voltages be accommo- 
dated to obtain sufficiently high arc re- 
sistance in the allowable spacing of 
modern metal-enclosed equipment if all 
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Figure 12A. Poor transverse magnetic-field 
distribution over area of arc chute resulting 
from use of single strong magnetic blowout coil 


Figure 12B. 

field distribution over area of arc chute with 

three magnetic blowout coils distributed along 
arc runners 


Improved transverse magnetic- 


arc lengthening is performed in one plane. 
When attempts were made to elongate 
and confine the arc between closely 
spaced insulating plates in more than one 
plane, it soon was realized that a high-arc- 
resistance type of interrupter could be 
practical for power circuit breakers. The 
final arrangement established an arc be- 
tween electrodes at the throat of a 
specially constructed arc chute that would 
force the arc up between interleaving 
fins of ceramic insulation. This arc 
movement forced it into a closely con- 
fined serpentine pattern of considerable 
length. 

In 1939 the first magne-blast breaker 
for voltages up to 5,000 volts was pre- 
sented before the Institute. It used a 
specially designed arc chute with tapered 
insulating fins alternately spaced from the 
inner sidewalls to form an interleaving 
path for the arc column. As the arc 


390 TRANSACTIONS 


column is forced magnetically into this 
chute, it is folded back and forth between 
these fins to extend its length to many 
times the longitudinal distance between 
the arc runners, as is shown in Figure 9. 

By this construction, an arc chute with 
a one-foot spacing between arc runner 
tips creates an arc path several feet in 
length, depending on the length and 
amount of overlapping of the interleaving 
ceramic fins in the chute between the run- 
ners. Besides greatly increasing the 
length of the arc, these closely spaced fins 
come into very intimate contact with the 
are column, flattening it out of its natu- 
rally circular cross section. The intimate 
contact thus effected between the high- 
temperature arc column and the cool sur- 
faces of the fins extracts heat from the 
boundary layers of the arc column at a 
rapid rate, giving a high arc-resistance per 
unit length. Suits has shown the rate of 
cooling in an arc column to increase as 
fins are brought closer together in accord- 
ance with the curve shown in Figure 10. 

The cooling rate of the arc by the 
closely spaced fins determines the voltage 
drop per unit length ¢, in the arc column. 
The total voltage drop in the arc column 
é, is equal to 


ea = ex) 
where 


é,=total resistance voltage drop in arc 
column 

¢,=resistance voltage drop per unit length 

1=total length of arc 


The total arc-resistance voltage drop é, 
required for circuit interruption of a given 
current is directly proportional to the sys- 
tem voltage E,,. This may be demon- 
strated easily by connecting two arc 
chutes in series and noting the double 
voltage which may be interrupted. If 
the fin spacing which determines ¢ is held 
constant, it is then necessary to increase 
the total arc length / in direct proportion 
to the circuit voltage. As the number of 


Figure 14. Actual photographs taken with 
Rankin high-speed camera showing arc behind 
windows 
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fins determines the total interleaving arc 
length, the number of fins required in the 
are chute in the magne-blast breaker is 
proportional to the rated voltage of the 
breaker 


Magne-Blast Design 


THE INTERRUPTER 


The material from which these fins are 
made is a highly heat-resistant dielectric 
developed specially for magnetic-breaker 
arc chutes. As the temperature of the 
arc column is several thousand degrees 
centigrade, it loses its heat to the fins by 
forming a thin molten glaze on the fin 
surfaces. Immediately following the 
passage of the arc, this glaze solidifies and 
its heat passes into the body of the chute. 
The relatively great mass of the chute 
provides sufficient thermal storage to 
accept repeated operations far beyond any 
service requirement. Because this phe- 
nomenon is one entirely of thermal con- 
ductance, there is no physical change in 
the arc chute. As the same thickness of 


glaze becomes molten and solidifies on 
each operation, no deterioration in the 
materials of the arc chute is apparent 
during the life of a circuit breaker. 


Figure 13. Test setup of magne-blast breaker 

with small quartz rods projecting into side of 

arc chute to serve as windows for taking high- 
speed photographs 


ELECTRICAL ENGINEERING 


Figure 15. Cross section of piston air booster 
and movable contact 


The faster the arc is moved over these 
fins of the arc chute, the cooler the fin 
surfaces will remain and the greater is its 
cooling effect on the arc. This arc speed 
is a function of both the current flowing in 
the arc column and the strength of the 
transverse magnetic field. Figure 11A 
shows the variation in velocity of an arc 
in free air when only the current is varied, 
while Figure 11B shows the velocity varia- 
tions of an arc in free air when the trans- 
verse magnetic field is the only variable. 

It is apparent that a strong uniform 
magnetic field must be established over 
the entire working area of the are chute 
for maximum arc-chute efficiency. To 
obtain maximum field-strength uniform- 
ity in the larger arc chutes for the higher 
voltage breakers, it is necessary to use 
several blowout coils distributed along the 
arc runners. Several small blowout coils 
have proved much more effective than a 
single powerful coil because the magnetic 
field strength decreases rapidly with the 
distance away from the coil as a result of 
leakage flux. This can be seen by refer- 
ence to Figure 12A which shows the poor 
field-strength distribution which is ob- 
tained over an 18-inch are chute with a 
single strong blowout coil. The low flux 
density reduces materially the arc speed 
at the extremities of the chute. This 
would cause are slowing or arc lingering 
near the chute extremities, resulting in 
high local heating and poor are cooling. 
The addition of two more blowout coils, 
as shown in Figure 12B, improves this dis- 
tribution considerably and maintains a 
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Figure 16. Curve of 100 


MAGNE-BLAST CIRCUIT BREAKER 


arcing time versus 
current of arc chute 
with piston booster ° 
(solid curve) as com- 
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Figure 17. Complete line of magne-blast 
breakers rated 50,000 to 500,000 kva for use 
in vertical lift metal-clad switchgear 


high arc speed over the entire working 
area of the arc chute. 

To study better the effects of localized 
magnetic blowout coils on arc speed, a 
special high-speed motion-picture camera 
developed by Mr. Rankin was used to 
photograph the movement of the arc 
through the chute. The extreme speed of 
this camera (120,000 frames per second 
maximum) is capable of recording the 
position of the arc as it passes by tiny 
quartz windows scattered across the chute 
sidewalls. Figure 13 pictures the set-up 
of a magne-blast circuit breaker used for 
this investigation. The windows are 
5/16-inch-diameter quartz rods which 
project through the magnetic side plates, 
insulation, and arce-chute side and are 
flush with the inner ceramic surface. 
Actual photographs showing this recorded 
arc travel are shown in Figure 14. 

The faster the arc moves into the arc 
chute, the more rapidly its resistance will 
increase, resulting in a more rapidly in- 
creasing arc-resistance voltage drop e,. 
The more rapidly e, rises, the greater will 
be the reduction of short-circuit current 
4, and the shorter the arc duration ft) — h. 
For very high rates of increase in arc 
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Figure 18A. Oscillogram of 3-phase short- 

circuit interruption at 560,000 kva, 13,000 

volts, showing large reduction in last loop of 
short-circuit current prior to interruption 
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Figure 18B. Oscillogram of 3-phase short- 
circuit interruption at 550,000 kva, 14,500 
volts 
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Table I. Performance Characteristics of Magne-Blast Circuit Breakers * 


Maximum Maximum 
Type of Circuit Peak Rms 
Test Voltage Amperes Amperes 


Maximum Cycles 
Rms Trip to 3-Phase 
Amperes Cycle Arc Inter- Kilovolt- 
in Arc Duration ruption Amperes 
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Belo aso 8). Divtee en's 250,000 

Aly Diotao cK Bin iciareers elas 260,000 

egocasac HE 6960500 20,000 

OAs SEUBSSonnuc 100,000 

Qa ocinn-cor ZO ie eeiatelats 200,000 

Bagonoos 2. Grains eleleis 290,000 

Affunnanoot Oeil sis os setae 250,000 

Le Be aout G Br Oeireas oslo 5,300 

Bd WS BOCES G Oolleadsonne 57,000 

ES eietoiere ele not titttie 130,000 

Soler eco 29 siersis plete 180.000 

“hao poms BilO atareterare (e's 170,000 

AL el viohele rors etlorpanbod 150,000 

Mis IO AU tateters \nieie Melts ap oudite Are ietarelsiotale 8,100 
doo MMOs G5ococ oc Ogeaao one 2 PIRSA BOOOG 49,000 
ae aA OO erste rqrereraie ORS sere os oe noncean 130,000 
Mats LO;OOO ctetaisiels aot OBS: .05 5 268 Pl ARE HOO 110,000 
115, 20j000  ecteteieiern alferocont PIE Weaodos 100,000 
soo  WWbassadchc DOs esla ss ee Soci eee 6,000 
vie, 25300. sce eel Obie neaee Bie AG@ennoot 20,000 
poe OEYboonc00.56 Mp2 oheve steerer Sag eaccsano 55,000 
SES ANY) coogdanic De loccaoche: Bin 2 setalate iste 53,000 
mieten tp 200 ectaidiateousts NGOS boas. Sielenacnaes 54,000 
fe kd, O00 daiste vivie'e « Leis elotedejates Dialstete cietelere 55,000 
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*The above table is a tabulation of actual test data on various ratings of magne-blast breakers. 


voltage, as obtained in the magne-blast 
breaker with its strong uniform magnetic 
field, the total energy liberated is kept 
low and the over-all temperature rise of 
the arc chute is limited to a few degrees. 
The total energy liberated in the arc 
chute during an interruption is equal to 


Total energy = Je lgigdt 
where 


€q=instantaneous arc-voltage drop 
1q=instantaneous are current 

t)=time of arc initiation (contact parting) 
t; =time of arc interruption 


At low currents, however, the magnetic 
field strength from the series blowout 
coils is very weak, which would result in 
low arc speeds and long arc durations if 
this magnetic field were the only driving 
force. Magne-blast breaker contacts are 
equipped with simple air-piston boosters 
to supplement the magnetic field with a 
blast of air as the contacts part. On 
light currents the arc, therefore, is car- 
ried into the interleaving arc chute with 
approximately the same speed as on heavy 
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currents. Figure 15 shows the construc- 
tion of the contact-assembly piston 
booster on a 15-kv breaker. 

The total arcing time of a typical 
magne-blast breaker with air booster for 
all values of current is shown in Figure 16. 
Tests have shown this arcing time to be 
entirely independent of the direction in 
which the arc chute is pointing, whether 
this direction is upward, downward, or in 
a horizontal plane. The air-piston 
booster therefore encourages extreme 
flexibility in breaker design by permitting 
the arc chute to exhaust either hori- 
zontally, downward, or upward, thereby 
simplifying the design of this breaker for 
modern vertical-lift metal-clad equip- 
ment. Without the air booster, the arc- 
ing time at very light currents would be 
considerably longer, as shown by the 
dotted line at the top of the figure. The 
shape of this dotted curve is generally 
characteristic of all magnetic air breakers 
without boosters, regardless of the direc- 
tion of arc-chute exhaust. 

Early studies showed that the in- 
candescent gases exhausted from the 
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chute when interrupting high short- 
circuit currents in closed metal enclosures 
occasionally would cause flashover if 
these exhaust gases were not cooled 
properly before being released from the 
chute. To cool these exhaust gases, 
alternate plates of fiber and corrugated 
metal are assembled as a muffler and 
successfully cool exhaust gases to a low 
value before releasing them to the atmos- 
phere. By cooling these exhaust gases 
and reducing their volume before releas- 
ing them to the atmosphere, the audible 
report also is reduced to a fraction of its 
unmuffled value. 


THE BREAKER 


A proper combination of arc elonga- 
tion, arc cooling, and arc movement has 
provided a circuit interrupter that satis- 
fies all of the requirements and benefits of 
a high arc-resistance interrupter. Arc 
elongation is achieved by its movement in 
three planes to form a serpentine path. 
Arc cooling results by squeezing the arc 
between ceramic walls and moving it 
rapidly across these cooling surfaces. 
Arc movement is established and con- 
trolled by directing the circuit currents 
through multiple blowout coils designed 
to maintain a strong uniform magnetic- 
field transverse to the major plane of the 
arc chute. As accessories to this mag- 
netic field, air boosters assist arc move- 
ment at light currents, and a muffler cools. 
the exhaust gases of exceptionally high 
currents. 

The development of an interrupter, 
however, does not mark the completion of 
a circuit-breaker design. Contacts, oper- 
ating means, insulation, conductors, and 
accessories are all a vital part of the com- 
plete device. The magne-blast breaker, 
adapted for vertical lift metal-enclosed 
equipments, uses a heavy-duty solenoid 
mechanism to operate its contacts. These- 
contacts use fine silver primaries to carry 
load currents with minimum loss and to-. 
carry the inrush currents of a heavy fault. 
As the breaker trips open the current is. 
transferred to an intermediate contact in 
a parallel circuit. This intermediate 
contact handles the small arc that is es- 
tablished as the reactance of the first 
blowout coil is shunted into the circuit. 
through the arc-resistant alloy arcing 
contacts. The final interrupting arc then 
is drawn when the arcing contacts part 
and is carried, by the moving arc contact, 
to the lower arc runner where a second 
blowout coil assists in moving the are 
along the diverging arc runners and into. 
the arc chute. As the arc travels along 
these runners, supplemental blowout coils. 
are shunted into the circuit to extend the 
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magnetic field over the working area of 
the chute. 

The circuit breaker is well insulated by 
using conventional compound bushings 
around the conducting studs and by en- 
closing each phase in a removable hous- 
ing of insulation. This construction em- 
phasizes accessibility with increased re- 
liability. All operating parts may be 
exposed readily by removing these sub- 
assembled box barriers. The conven- 
tional construction of the operating 
mechanism, accessory devices, and gen- 
eral problems of application have profited 
by the experience of engineers responsible 
for the design of the many other varieties 
of power circuit breakers manufactured. 

A complete line of these breakers rated 
from 50,000 kva to 500,000 kva for use in 
modern vertical lift metal-clad switch- 
gear is shown in Figure 17. Figures 
18A and 18B are two typical oscillograms 
of the 500,000-kva breaker interrupting 
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in excess of 500,000 kva at 13,000 and 
14,500 volts respectively and illustrating 
the marked reduction in the last loop of 
short-circuit current caused by the high 
arc resistance even at these voltages. 

It is fortunate that this type of high- 
arc-resistance breaker conforms to the 
general pattern and size of correspond- 
ingly rated oil circuit breakers while it 
offers the advantages of no oil. Its 
application to the same type of metal- 
clad equipments which have proved 
their worth for oil circuit breakers is 
therefore comparatively simple. 
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The Short-Circuit Characteristics 
of D-C Generators 


G. E. FROST 


ASSOCIATE AIEE 


NOWLEDGE of the short-circuit 
characteristics of d-c machines is an 
essential factor in the design of d-c elec- 
tric systems having a large low-voltage 
machine capacity concentrated in a small 
area. This information is particularly im- 
portant in the design of systems such as 
those encountered aboard ship where cir- 
cuit breakers, fuses, relays, and other 
protective equipment must be so applied 
and co-ordinated as to provide a high de- 
gree of reliability and service continuity. 
Available information relative to d-c 
short-circuit currents has been limited to 
theoretical analyses based on formal solu- 
tion of the differential equations of cur- 
rent flow and the machine inductance and 
resistance values. Asa tool in the routine 
design of d-c systems, this information has 
not been adequate, particularly when 
estimates must be made of the effect of 
fault resistance, choice of machine con- 
struction, and so forth. 
_ For some years, the design of a-c sys- 
tems has been facilitated by the use of the 
transient and subtransient reactances and 
the corresponding time constants of syn- 
chronous machines. These constants, 
based on application of the theorem of 
constant flux linkages to the a-c machine, 
represent to practical accuracy the per- 
formance of that machine under rapidly 
varying conditions such as those existing 
during short circuits. Relatively simple 
tests can be made to determine the vari- 
ous reactance values for a particular ma- 
chine and form a basis upon which ma- 
chine and system design requirements 
may be developed. With the aid of this 
theory, it has been possible to conduct 
extensive calculations of short-circuit 
_ current flow on a-c systems under a wide 
variety of conditions of external resist- 
ance, external reactance, and so forth, 
without the formal differential equations 
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which otherwise would be required. The 
availability of this theory has contributed 
in no small measure to the high standard 
of performance which has been obtained 
on a-c electric systems. 

An analysis has been made of d-c ma- 
chine characteristics with the purpose of 
deriving a group of machine constants 
similar to those now applied to a-c ma- 
chines. It has been found that the effect 
of magnetic saturation is very large in the 
short-circuited d-c machine and must be 
taken into account if a useful analysis is 
to be made. However, this condition has 
not prevented derivation of a group of 
machine constants directly analogous to 
corresponding a-c machine constants 
which can be applied practically to d-c 
system design calculations. In addition, 
these constants provide a convenient 
method of describing the effect of series 
and compensating windings on d-c ma- 
chine performance. It is the purpose of 
this paper to describe this analysis. Al- 
though the calculation and application of 
machine constants is illustrated for the 
particular case of a 60-kw 250-volt shunt 
wound generator, tests have shown the 
theory to be applicable to machines of 
other types and sizes. 

Equations for the short-circuit current 
of a shunt wound d-c machine having 
negligible armature circuit inductance are 
derived from the differential equations of 
current flowin Appendix I. Similar equa- 
tions are derived for the compound wound 
machine in Appendix If. The assumption 
of negligible armature inductance permits 
armature current to rise practically in- 
stantaneously, thereby making the theo- 
rem of constant flux linkages applicable. 
Inasmuch as this theorem is understood 
more readily than the differential equa- 
tions and furnishes a useful physical inter- 
pretation of the machine constants, the 
results of the analysis will be described in 
terms of constant flux linkages. 


Short Circuit of the Shunt 
Wound D-C Machine 


Curves of armature and field current 
taken from an oscillogram of short circuit 
of a typical 60-kw 240-volt shunt wound 
d-c generator are shown in Figure 1. The 
construction of this machine is shown in 


Frost—D-C Generators 


Figure 2. The current changes following 
short circuit may be divided into two dis- 
tinct periods: (1) a period of rapidly in- 
creasing armature and field current (O-A, 
Figure 1) and (2) a period of slowly de- 
caying armature and field current (A-B, 
Figure 1). During the former period, 
total flux linkages in the shunt field wind- 
ing are maintained nearly constant by 
current change in that winding, and the | 
machine air-gap voltage changes only to 
the extent permitted by armature and 
field leakage flux. Current rise from zero 
to the peak value takes place at a rate 
determined by armature circuit induct- 
ance and the machine air-gap voltage. 
Shunt field current increases as required 
to maintain nearly constant the total ef- 
fective shunt field flux linkages. The 
latter period consists of a slow current de- 
cay during which shunt field flux linkages, 
and consequently armature and field cur- 
rents, are reduced from the value at the 
peak current point to the final steady 
short-circuit value. Current change dur- 
ing this period is so slow that armature 
circuit inductance has a negligible effect, 
and the rate of field and armature current 
decay is determined by the field circuit 
time constant corresponding to the peak 
value of field current attained. 

It is evident from this discussion that 
the short-circuit characteristics of a d-c 
machine are closely analogous to those of 
an a-c machine. In each machine in- 
creased armature current associated with 
the short circuit has a demagnetizing ef- 
fect on the field winding, which causes the 
field current to increase as required to 
maintain nearly constant the total effec- 
tive field flux linkages. Likewise, after 
the peak value of armature current is 
reached (rms current in an a-c machine), 
the armature current decays to a steady 
state value at a rate determined by the 
field circuit time constant. Furthermore, 
the d-c machine of Figure 1 reaches a 
steady state short-circuit current value of 
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“Figure 2. D-c machine typical of those 


tested 


about 1.3 per unit, a value not greatly 
different from the steady state short- 
circuit currents encountered on a-c ma- 
chines. 


MAGNETIZING EFFECTS 


Analysis of magnetizing effects during 
short circuit of a d-c machine can be made 
most conveniently by considering the ma- 
chine to have two sets of axes, as shown in 
Figure 3. The first set of axes, the direct 
and quadrature field axes, correspond to 
the actual field structure of the machine. 
Flux in the direct field axis links only the 
main field poles, whereas flux in the quad- 
rature field axis links only the interpoles. 
Since the shunt field winding is on the 
direct field axis, the flux linkages main- 
tained constant by that winding are the 
direct field axis flux linkages. The second 
set of axes, the brush axis and the quadra- 
ture brush axis, determines the actual 
generated voltage within the machine and 
the direction of armature magnetomotive 
force. Flux in the quadrature brush axis 
is effective in producing generated volt- 
age, whereas flux in the brush axis gives 
no generated voltage. The magnetomo- 
tive force produced by the armature, how- 
ever, is entirely along the brush axis. 
It is evident that when the brushes are 
located on the quadrature field axis (the 
so-called neutral axis), there is no distinc- 
tion between the pole position and the 
brush position, and the two sets of axes 
coincide. 

Figure 4 shows the steady state char- 
acteristics of a typical separately excited 
shunt wound d-c machine in terms of 
total field ampere turns, armature current, 
and quadrature-brush-axis air-gap flux. 
The latter quantity represents the ma- 
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Figure 3. Magnetic structure of d-c machine 


chine flux in the quadrature brush axis, 
and hence the effective flux generating 
armature voltage. The machine terminal 
voltage in per unit equals the quadrature- 
brush-axis air-gap flux in per unit less the 
per unit voltage drop caused by machine 
resistance. In the case of a zero resistance 
fault, there can be no terminal voltage, 
and the per unit quadrature-brush-axis 
air-gap flux must equal the machine resist- 
ance drop in per unit. Operation there- 
fore must be at some point along the ma- 
chine JR drop line of Figure 4. Since 
armature inductance effects are negligible 
during the current decay period (A-B, 
Figure 1), the current changes during this 
period can be considered to follow the 
IR drop line of Figure 4 as a locus, 
the rate of motion being determined by the 
rate of shunt field current decay. 

The curve of Figure 4 shows that with 


constant field current, quadrature-brush- 
axis air-gap flux decreases as armature 
current is increased. This change is 
caused by two demagnetizing components: 
(1) direct-field-axis armature magnetomo- 
tive force and (2) apparent direct-field- 
axis armature magnetomotive force as- 
sociated with the quadrature-field-axis 
armature magnetomotive force. The first 
component is the result of actual direct- 
axis armature ampere turns and is pro- 
portional to the sine of the angle of brush 
displacement. The second component re- 
sults from pole face and armature tooth 
saturation associated with cross flux from 
the quadrature axis armature magnetomo- 
tive force. As shown in Figure 5, the 
magnetomotive force added on one side 
of the main pole by quadrature-field-axis 
ampere turns is equal to that subtracted 
on the other side, but saturation causes 
the flux added to be less than the flux 
subtracted. Hence a lower value of aver- 
age flux results. Tests show that, for the 
values of brush shift normally encountered 
in d-c machines, the effect of direct-field- 
axis armature ampere turns is small com- 
pared to the apparent magnetomotive 
force caused by the saturating effect of 
quadrature-field-axis armature ampere 
turns. 

The effect of armature magnetomotive 
force just discussed is directly analogous 
to armature demagnetizing action in the 
a-c machine. There is one vital differ- 
ence, however, for the armature demag- 
netizing action in an a-c machine is nearly 
proportional to the reactive component of 
armature current, whereas the armature 
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Figure 5. Armature demagnetizing effect in 
a d-c machine 


demagnetization in a d-c machine largely 
results from magnetic saturation and is 
not directly proportional to armature 
current. In the a-c machine, the com- 
bined effect of reduced air-gap flux caused 
by demagnetization and internal voltage 
drop resulting from leakage reactance is 
lumped in the machine constant of syn- 
chronous reactance. A similar synchro- 
nous resistance may be used as a d-c ma- 
chine characteristic. However, any single 
value of this resistance is effective only 
between specific values of armature cur- 
rent, and some error is involved even if 
these values are relatively close together. 
In the case of the machine of Figure 4, 
for instance, synchronous resistance based 
on the line X-Y may be used at armature 
currents in excess of one per unit. This 
line corresponds to one per unit generated 
voltage (quadrature-brush-axis flux) drop 
for 3.49 per unit current or an apparent 
resistance of 0.29 per unit. Adding 0.02 
per unit ohmic resistance drop, a total 
synchronous resistance of 0.31 results. 


STEADY CURRENT 


Figure 4 shows that quadrature-brush- 
axis air-gap flux exists in a d-c machine 
even though no field current is flowing. 
This flux is the combination of two com- 
ponents: (1) residual flux in the direct 
field axis and (2) the quadrature-brush- 
axis component of interpole flux. The 
latter flux is determined by the angle of 
brush shift, being approximately propor- 
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tional to the sine of that angle. In the 
case of a generator, brush shift against 
rotation results in a positive voltage from 
interpole flux, whereas brush shift with 
rotation results in a negative voltage. 
The residual flux in the direct field axis is 
the result of previous magnetization of the 
field poles and is relatively independent 
of the brush position. Figure 6 shows the 
variation in quadrature-brush-axis air- 
gap flux at no field excitation when brush 
position is changed. It is evident from 
the figure that the principal source of this 
flux, within the brush angles shown, is the 
residual direct-field-axis flux. 


PEAK CURRENT 


In passing from the condition of normal 
quadrature-brush-axis air-gap flux (Figure 
4, point X) to the final short-circuit con- 
dition of 0.03 per unit quadrature-brush- 
axis air-gap flux (Figure 4, point B), the 
direct-field-axis flux is reduced substan- 
tially. In making this transition, how- 
ever, there can be no instantaneous change 
in shunt field flux linkages as the infinite 
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Figure 6. Effect of brush shift on steady 
state short-circuit current 


voltages required to make such change are 
not available in the shunt field circuit. 
Accordingly, shunt field current rises to a 
value sufficient to give constant total flux 
linkages. At this point the flux linking the 
shunt field winding differs from the net 
quadrature-brush-axis air-gap flux by the 
field and armature leakage fluxes. 

Figure 7 shows approximately the paths 
of armature and field flux components 
within a short-circuited d-c machine. 
Field flux consists of two components: (1) 
flux linking both the field and air gap, gra 
(Figure 7), and (2) flux linking the field 
winding but not the air gap, rz. Arma- 
ture demagnetizing effects may be con- 
sidered to produce two flux components, 
oppositely directed with respect to the 
main field flux. The first of these com- 
ponents, gy, links both the air-gap and the 
shunt field winding, whereas the second 
component, gz, links only the air-gap. 
Since the armature leakage flux y4, does 
not link the field winding, it can change 
instantaneously. The combined effects 
of armature leakage flux and field leakage 
flux may be lumped in a total effective 
leakage coefficient which may be used to 
represent the over-all performance of the 
machine. 

Figure 8 shows the results of a test to 
determine the magnitude of armature 
leakage flux. A short circuit was placed 
on the machine used in the test of Figure 1 
and suddenly opened one-fifth second 
later. Since the shunt field flux linkages 
were nearly the same value after opening 
the short circuit as before, the value of 
terminal voltage following opening indi- 
cates the magnitude of armature leakage. 
The value of armature voltage during 
short circuit indicated in Figure 8 repre- 
sents the actual quadrature-brush-axis 
flux computed from the product of arma- 


Figure 7. Basic flux paths in the d-c machine 
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ture resistance and armature current. 
The field current before opening the fault 
was about 0.8 per unit, giving a value of 
¢ra Of 0.8 per unit (neglecting saturation). 
Since the net air-gap flux is equal to 
¢ra—¢4a—%az (Figure 7) and is shown on 
the armature voltage curve to be 0.08, 
the sum of armature flux g, and armature 
leakage flux y4, is 0.72 per unit. The net 
shunt field flux is equal to gr4at¢rr—¢,4 
and is held constant by field current 
change. From the figure this value after 
opening the short circuit is 0.53 per unit. 
Assuming 0.2 per unit field leakage flux 
at one per unit field current, the field 
leakage flux component becomes 0.16 per 
unit at the 0.8 per unit field current prior 
to opening. Substituting this value of 
field leakage flux and field air-gap flux 
(0.8 per unit before the opening), the 
value of armature flux gy is 0.43 per unit. 
Since the sum of armature flux and arma- 
ture leakage flux is 0.72 per unit, the 
value of armature leakage flux gy, is 0.29 
and the armature leakage coefficient 
[t2=¢.1/¢.] is 0.67. Substituting this 
value of armature leakage flux and a value 
of 0.2 for the field leakage flux coefficient 
in equation 13, Appendix I, the value of 
apparent field leakage coefficient becomes 
unity. 

Analysis of the cause of armature leak- 
age flux in the d-c machine is complicated 
by the varying degrees of magnetic satu- 
ration existing throughout the magnetic 
circuit. However, a qualitative indica- 
tion of the origin of this flux may be 
gained from consideration of Figure 9, 
which shows an equivalent electric circuit 
for the simplified magnetic structure of a 
2-pole machine. In the figure batteries 
represent magnetomotive force values, 
and resistances represent reluctance. 
The two groups of four parallel resistance— 
battery combinations represent the four 
armature teeth assumed to be located 
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under each main pole. In order to repre- 
sent the effects of saturation, the reluc- 
tance values corresponding to the more 
saturated armature teeth and pole face 
areas are made larger than those corre- 
sponding to the less saturated portions of 
the magnetic circuit. From the figure it 
is evident that a substantial armature 
leakage flux exists in the circuit. If tooth 
and pole face saturation is neglected, this 
leakage flux becomes zero. Evidently 
this effect accounts for the high value of 
armature leakage flux shown in the tests. 

From this analysis, it is evident that 
the peak armature current of a short- 
circuited d-c machine equals the value 
determined on the basis of synchronous 
resistance plus a current increment tak- 
ing into account the increased field current 
required to maintain constant field flux 


Figure 9. Equivalent magnetic circuit of a d-c 
machine 


linkages. This current may be computed 
directly by regarding the d-c machine as 
having a transient resistance similar to 
direct axis transient reactance of an a-c 
machine. In Appendix I it is shown that 
the value of this transient resistance is 
Riut(n/1+n)R,., where R, is the arma- 
ture ohmic resistance, 7 is the total effec- 
tive field leakage flux coefficient, and R, 
is the equivalent armature resistance 
corresponding to the line X-Y, Figure 4. 
Designating transient resistance by R’,, 
the peak short-circuit current from full 
voltage, full load is 


1+kR’ 
= * per unit (1) 


where R, is the fault resistance. 

Equation 1 is directly analogous to the 
equation of peak transient short-circuit 
current for an a-c machine. The numera- 
tor of the equation can be considered to 
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represent the voltage behind the transient 
resistance or the flux remaining constant 
during the short-circuit interval. In the 
case of the a-c machine, this flux actually 
exists across the air gap, whereas in the 
case of the d-c machine it is a purely fic- 
titious flux since equation 1 is derived on 
the basis that armature demagnetizing 
effect does not commence until armature 
current reaches one per unit. The denom- 
inator of equation 1 represents the total 
effective circuit resistance retarding short- 
circuit current flow. 

As shown in Figure 4, a reasonably ac- 
curate approximation of the demagnetiz- 
ing effect of armature current in a d-c 
machine may be made by neglecting all 
armature demagnetizing effects for arma- 
ture currents less than one per unit. 
Equation 1 is derived on this basis with 
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Figure 10. Effect of neglecting armature 
inductance 
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Figure 12. Calculated d-c short-circuit current 


the further provision that initial armature 
current is one per unit. Inasmuch as the 
initial value of air-gap flux varies only to 
the extent required by armature resist- 
ance as initial armature current is changed 
from zero to one per unit, there is a very 
slight change in initial field flux linkages 
when armature current is changed within 
this range. Accordingly, equation 1 
applies very nearly to all short circuits 
from initial armature currents between 
zero and one per unit. 


CURRENT RISE 


Armature, interpole, and other arma- 
ture circuit inductances prevent the short- 
circuit current of a d-c machine from 
instantaneously reaching the peak value 
determined by transient resistance. The 
character of this current rise is exponen- 
tial if the armature demagnetizing effect 
behaves as a pure resistance and the arma- 
ture circuit inductances do not saturate. 
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A—Cumulative field 
B—Differential field 


Inasmuch as this does not represent the 
true condition, the current rise deviates 
from an exponential to some extent. 
Tests show that initial short-circuit cur- 
rent rise in small d-c generators (60-300- 
kw) is extremely rapid, varying from 500 
to over 1,000 per unit per second. In 
fact, this current rise has been so rapid 
that it has been impossible to determine 
the exact shape of the current rise curve 
from test data. 

Figure 10 shows the effect of the finite 
value of current rise on the calculated 
armature current following short circuit. 
The solid curve is the result of a computa- 
tion based on the assumptions of Appen- 
dix I, but taking into account armature 
and interpole inductance. It was as- 
sumed in this calculation that armature 
circuit inductance gave an initial current 
rise of 800 per unit per second. From the 
figure it is evident that the curves corre- 
spond in all respects, except for the peak 
value and rate of rise of armature and 
field current. In the peak values, an 
error of eight per cent is involved, a small 
error in view of the approximations used 
in the analysis. 


CURRENT DECAY 


Armature current decays from the value 
associated with transient resistance to the 
final steady value at a rate dependent on 
the field circuit time constant of the ma- 
chine. In the absence of saturation, this 
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decay is an exponential curve which be- 
comes astraight line when plotted on semi- 
log paper. Figure 11 shows a curve of this 
type for two short circuits of a 100-kw 
1,200-rpm_ shunt-wound machine, one 
with the brushes leading and the other 
with the brushes lagging. With the ex- 
ception of the first ten cycles, the decay 
is very nearly exponential, having a time 
constant of about 15 cycles. The effect of 
brush shift on current during the decay 
period is so small that negligible effect is 
shown in the figure. 

It is shown in Appendix I that the time 
constant of decay for a zero resistance 
fault may be computed from 

== Tro (2) 
where Tro is the field time constant at full 
load, full voltage and Rs the synchronous 
resistance. This relation is directly analo- 
gous to the equation for the transient 
short-circuit time constant of an a-c ma- 
chine. 


SUBTRANSIENT EFFECTS 


Figure 11 is typical of several tests 
which have shown that current during the 
first few cycles following sbort circuit of a 
d-c machine exceeds the value based on 
transient resistance. This evidently is the 
effect of pole iron, bolts, welded sections, 
and so forth, in maintaining flux for a 
short period of time, thus giving the d-c 
machine a subtransient resistance analo- 
gous to the subtransient reactance of an 
a-cmachine. From Figure 11 the approxi- 
mate value of this resistance is 12 per cent 
and the time constant three cycles (0.05 
second). These values are consistent 
with subtransient reactance and time 
constant values encountered on a-c ma- 
chines of similar size. 


ACCURACY 


To check the above theory, a calcula- 
tion has been made of the transient short- 
circuit armature current of the machine 
used to obtain the data of Figures 1, 4, 
8, and the equations of Appendix I. 
Values of synchronous resistance, effective 
field leakage coefficient, and open-circuit 
transient-time constant were taken as 
0.31 per unit, 1, and 0.5 second respec- 
tively. The corresponding transient re- 
sistance is 0.16 per unit. Armature re- 
sistance was assumed to be 0.02 per unit. 
The results of the calculation are shown in 
Figure 12. Itis evident that the computa- 
tion checks in order of magnitude the 
actual short-circuit current transient ob- 
tained, all that can be expected in view 
of the assumptions used in deriving the 
equations of the appendix. 
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Compounding and Compensation 


Figure 13 shows the short-circuit cur- 
rent of a d-c generator for two series field 
connections, one cumulative and the other 
differential. The peak armature current is 
practically the same value in each case, 
for the shunt field current maintained the 
same value of total field flux linkages 
nearly constant during the period of 
current buildup. That is the same air- 
gap flux, and therefore shunt field flux 
linkages, existed in the machine prior to 
each short circuit, and the same increase 
in total field magnetomotive force was re- 
quired to maintain constant these flux 
linkages. Since the maximum value of 
total field magnetomotive force is the 
same in each case, the peak short-circuit 
currents are identical. However, the rate 
of current decay following the peak cur- 
rent value for the differential field con- 
nection is greater than for the cumulative 
field connection because the shunt field 
current required to maintain constant 
shunt field flux linkages in the former case 
is substantially greater than in the latter. 
This condition results because of the in- 
fluence of the series field in supplying 
field magnetomotive force, aiding the 
shunt field in the cumulative wound ma- 
chine, and opposing the shunt field mag- 
netomotive force in the differential wound 
machine. 

In addition to determining the rate of 
decay following peak short-circuit current, 
the presence of a series field alters the 
steady state short-circuit current value. 
The magnitude of this effect may be esti- 
mated from the curves shown in Figure 8 
If a cumulative series field gives 0.1 per 
unit magnetomotive force at full load, for 
instance, there will be an added contribu- 
tion of 0.1 per unit field magnetomotive 
force for every one per unit armature cur- 
rent. Hence for the case of Figure 4, 
point B will be moved along the line JR 
until the total field magnetomotive 
force in per unit corresponds to ten per 
cent of the armature current value, there- 
by placing point B in a position corre- 
sponding to 2.4 per unit armature current 
(point C, Figure 4). 

The short-circuit curves of Figure 13 
are based on two series field connections 
for a particular generator. If a machine 
is designed to give a particular value of 
voltage regulation, the series field wind- 
ing may be used in lieu of other design 
changes to achieve this regulation. In 
particular, a large value of synchronous 
resistance may be used with a relatively 
strong cumulative series field to give 
the same voltage regulation as with a low 
synchronous resistance and no series field. 
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Figure 14. Steady 
state characteristic of 
compensated gener- 
ators (no brush shift) 


Curves 1, 2, and 3— 
1,100 kw 416-volt 
compensated gener- 


ators 
Curve 4—60-kw 
240-volt uncom- 
pensated generator 


QUAD. BRUSH AXIS AIR GAP FLUX 
(PER UNIT) 


In this case a smaller peak armature cur- 
rent on short circuit will be obtained than 
with the machine designed to achieve the 
same voltage regulation with only a shunt 
field winding. Tests show, however, that 
this effect is small with machines of 60 to 
300 kw capacity, and that these machines 
have substantially the same peak short- 
circuit current, whether designed as shunt 
machines or series machines meeting the 
same voltage regulation requirements. 

Compensating windings are provided 
in the pole face structure of d-c machines 
to reduce the magnetizing effects of arma- 
ture current, thereby limiting saturation 
caused by quadrature axis armature 
magnetomotive force and decreasing the 
value of machine synchronous resistance. 
A corresponding reduction in transient 
resistance can be expected. If the com- 
pensation secured is perfect, the demag- 
netizing effects of armature current are 
reduced to zero and, with the brushes on 
the neutral axis, the short-circuit current 
will rise to a value limited only by arma- 
ture resistance. On large machines this 
value may exceed 50 times normal cur- 
rent. Actually it does not appear that 
currents of this magnitude are to be ex- 
pected, for actual compensation falls far 
short of the theoretically perfect compen- 
sating winding. This condition is evident 
in Figure 14 which shows a plot of the 
variation of quadrature-brush-axis air- 
gap flux with armature current for three 
1,100-kw 416-volt compensated genera- 
tors. By comparison with the curve of 
the machine of Figure 4, it appears that 
these particular compensated machines 
probably have synchronous resistance 
values comparable to the uncompensated 
machine of Figure 4. 


Fault Resistance 


The influence of fault resistance on peak 
short-circuit current of a d-c generator 
may be calculated from equation 1. A 
plot of calculated peak short-circuit cur- 
rent as a function of fault resistance for a 
particular machine is shown in Figure 15. 
The two test points indicate that the re- 
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Figure 15. Effect of fault resistance on d-c 


short-circuit current 


@—Test points 


lation of equation 1 gives approximately 
correct results. 

The influence of fault resistance on 
steady state short-circuit current may be 
estimated from the steady state machine 
short-circuit characteristics shown in 
Figure 4. In this case, a new IR drop line 
corresponding to the new total armature 
circuit resistance is constructed and the 
steady value of short-circuit current read 
from that curve. 


‘ 


Commutator Flashover 


It generally is assumed that commuta- 
tor flashover on short-circuited d-c ma- 
chines can be prevented only by the use of 
circuit breakers having a combination of 
high operating speed and low trip setting 
which prevents buildup of armature cur- 
rent to the full short-circuit current value. 
A considerable number of tests on d-c 
machines of the shunt, stabilized shunt, 
and compound types varying from 60 to 
300 kw, 240 volts, and having peak cur- 
rents from 6 to 11 per unit have failed to 
produce a flashover. Although the tests 
were made under controlled conditions, 
they are considered to show that the prob- 
ability of flashover has been exaggerated 
somewhat. In fact, it appears that gen- 
erators in this range may be constructed 
economically to have a relatively low prob- 
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ability of flashover on short circuit, even 
after a period of service. 

If the machine is designed to withstand 
short-circuit current, or the probability 
of flashover is considered remote, there 
appears little need for circuit breakers 
having the high operating speeds and low 
trip settings normally used. The entire 
short-circuit curve of Figure 1 then be- 
comes available for use in establishing 
circuit-breaker settings, and co-ordination 
of circuit breakers may be obtained read- 
ily. Furthermore, if the circuit breaker is 
capable of withstanding the peak short- 
circuit current, an actual reduction in 
circuit-breaker duty may be achieved by 
intentional time delay. Inasmuch as the 
curve of Figure 1 is very similar to the 
short-circuit-current curve of an a-c ma- 
chine of equivalent size, the same prin- 
ciples used in establishing circuit breaker 
settings in a-c systems may be applied to 
d-c systems of equivalent size, thereby 
simplifying the design and construction 
of the d-c system and taking full advan- 
tage of a-c developments. 


Conclusions 


Calculations of the short-circuit current 
of d-c machines may be conducted by the 
use of machine constants of synchronous 
resistance, transient resistance, subtran- 
sient resistance, and the corresponding 
time constants. These values are directly 
analogous to the constants which have 
been applied to a-c machine calculations, 
The principal difference between the ap- 
plication of these constants to a d-c ma- 
chine and the application of analogous 
constants to an a-c machine lies in the 
necessarily approximate method which 
must be used to represent the effect of 
machine saturation. This approximation 
does not, however, prevent reaching useful 
results. 

The value of transient resistance for d-c 
machines is influenced to a considerable 
degree by the high value of armature 
leakage flux. This flux, apparently caused 
by the saturating effect of flux in the 
armature teeth, has given armature 
leakage flux coefficients of the order of 
0.7 and corresponding total apparent 
field leakage flux coefficients of unity. 
These high values, as compared with 
the effective field leakage flux coeffi- 
cient of from 0.2 to 0.4 on a-c machines, 
constitute an important distinction be- 
tween the performance of the two types of 
machines under transient conditions. 

The presence of a compound field 
winding has no influence on the peak 
value of short-circuit current attained by 
a d-c machine. However, a winding of 
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Figure 16. As- 
sumed d-c gener- 
ator characteristic 
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this type is of considerable importance 
in determining the rate of armature cur- 
rent decay from the peak to the final 
steady value and the value of the final 
steady current reached. Compensating 
windings, which theoretically should re- 
sult in extremely high values of transient 
resistance, do not appear sufficiently ef- 
fective to produce this result, and there is 
little reason to believe that the high values 
of short-circuit current sometimes as- 
signed to these machines actually will be 
reached. Further test data on these ma- 
chines, however, will be required before 
definite conclusions can be reached. 

In the case of small d-c machines, the 
probability of commutator flashover 
under short circuit appears to be some- 
what exaggerated, and it is believed pos- 
sible to establish circuit-breaker settings 
taking advantage of the probability that 
flashover will not occur. In this case the 
effective short current transient is very 
similar to that of equivalent a-c machine, 
and the methods developed for the design 
of a-c systems may be applied. 


Appendix |. Short Circuit of 
a Shunt Machine—Mathematical 
Analysis 


This analysis is based on the following 
assumptions: 

1. Generated voltage (quadrature-brush- 
axis air-gap flux) may be represented by the 
following two components: 


(a). A positive component proportional to field 
current, representing the magnetizing effect of 
field magnetomotive force. 


(b). A negative component proportional to the 
excess of armature current over full) load armature 
current, representing the demagnetizing effect of 


armature magnetomotive force (including satura- . 


tion of the pole faces caused by quadrature axis 
flux). 


This assumption amounts to representing 
the machine characteristics by the straight 
lines in Figure 16. 

2. Field current (in amperes) is negli- 
gible as compared with armature current (in 
amperes). 


Frost—D-C Generators 


8. The short circuit takes place from an 
initial condition of rated armature current 
and rated voltage. 


4, Armature and interpole inductance is 
negligible. From Figure 10 it is evident that 
no significant error in peak current or cur- 
rent during the decay period results from 
this assumption. 

Subject to these assumptions, the ma- 
chine circuit equations may be written: 


E,=t;—Relig—h) — Rata (3) 

E; pus ue (,—4) (4) 
dt dt 

y= Ryta (5) 

where 


E,=terminal voltage in per unit 

ig=field current in per unit (based on the 
field current for rated armature volt- 
age at no load) 

R,=armature ohmic resistance in per unit 

ig=armature current in per unit 

R,=equivalent armature resistance cor- 
responding to the demagnetizing ef- 
fect of armature current in per unit 

4,=current value above which R, is meas- 
ured in per unit (one per unit this 
analysis) 

Ry=field resistance in per unit (based on the 
units of 7;and E,) 

L,=field inductance in per unit (per unit 
field voltage induced by one per unit 
field current change per second) 

M=coefficient of mutual inductance repre- 
senting the shunt field voltage in per 
unit corresponding to one per unit 
armature current change per second 

R,=short-circuit resistance 


It is convenient to base the calculation of 
M on the conventional system of units. 
Then 


Fe 
M,=—“2-10-8 (6) 


2 


tg 


where 
M 4=value of M in henries 


i4=armature current change in amperes re- 
quired to produce a change in shunt 
field flux linkages of Nygy maxwell 
turns 
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From Figure 16 it is evident that an arma- 
ture current increase (above one per unit) 
equal to 1 /Re per unit causes the quadra- 
ture-axis air-gap flux to be reduced one per 
unit. The corresponding change in shunt 
field flux linkages can be shown to be 
1/l+mq per unit, where nq is the ratio 
¢at/¢a (Figure 7). Inasmuch as 1 /Re per 
unit current change produces 1/1+-nq per 
unit change in shunt field flux linkages, the 
current change required to make a one per 
unit change in shunt field flux linkages is 
(1+19)/Re. 

It is convenient to use as a basis of substi- 
tution in equation 6 the shunt field flux 
linkages upon which the shunt field induc- 
tance at no load, full voltage, is based. This 
value of flux is one per unit plus the shunt 
field leakage flux. If the shunt field leakage 
coefficient ny is equal to yrz/yr,4 (Figure 6), 
the shunt field flux at no load, full voltage 
is (1+-y) per unit. Since armature cur- 
rent must change (1+-2,)/R, per unit to give 
a one per unit change in shunt field flux link- 
ages, an armature current change of 
(1+q)(1+ny;)/R, per unit is required to 
give a shunt field flux linkage change cor- 
responding to the value of shunt field flux 
linkages at no load, full voltage. The value 
of this current in amperes is 


igu(1 +) (1-+n)) 
Me oa (7) 
é 
where 74, is the rated armature current in 
amperes. 

The value of Nye, at no load, full voltage 
is the value upon which the open circuit 
field time constant is based. If Ly is the 
shunt field circuit inductance (in henries) 
corresponding to this time constant, the 
value of Ny¢gy is 


Nyey = Lytyy 108 (8) 


where iy, is the shunt field current in am- 
peres at no load, full voltage (base field cur- 
rent). 


Then 
LyRetpu 
M,=>—— 9 
2a ea Cleen Alas @) 


The values of M4, and Ly in per unit nota- 
tion are 


Mii 

Maes (10) 

tee (11) 

where V is rated armature voltage. Hence 
Jb; 

ze ee ‘a 


It is convenient to consider the operation 
of the machine in terms of an equivalent 
shunt field leakage coefficient which com- 
bines the effects of field and armature leak- 
age. This leakage coefficient may be de- 
fined by 


(1+) = (1+) (1+) 


or 


n=(1+,)(1-+n,)—1 (13) 
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For small values of mg and ny, the value of 
n is nearly equal to mg+ny. Then 


_LpRe 
reaean 


Substituting equation 13 in equations 3, 
4, and 5 and eliminating, it follows that 


27-1 (RatRz +R,) tq a Retr 


, da 5 HER SG 
Ryi bl yet — Rata a cas ma => 


(14) 


(15) 


The Laplace transform of equation 15 is4 


Fis) MRR ER gyn 
(Ry-+Lys)is(s) — -[ ris i oe (16) 
ie Eke, 
=Lytyo— oe nie 


where i, and tg, are the initial field and 
armature current, respectively, and T, is 
the open circuit time constant of the field 
circuit. 

Assuming the fault to take place from an 
initial condition of full voltage, full load, 
the constants of equation 15 become 


R= TR! tot tt Re Ly Pin, Cay 


The value of 7; has been taken previously 
as one per unit and therefore 


Re 
—t,(s) +(Rg+Rz+Re)ig(s) = oe 


1 LTRs 
[se os +19 fd9- E Reta |x (17) 
ials) = Tod + Re) 
+n 
Solving 
ig(s) = ral ae 
Tq\S DL1-+R; 


cE (aR, ot Re | 


if(s) = 3] eer +sT, horns 


(Ra +R, +R;z) ny Tage chalga) )| 


Ra(1—Rz) +R, 
ma, 


n 
oT Ret Ret Ric) J (18) 


The inverse transformation of equation 17 
gives 


ig=A+(B—A)e~Y? ae 
ig=C+(D—C)e ~/7 
where 
A =steady value of armature current 
B=peak value of armature current 
C=steady value of field current 
D =peak value of field current 
T =time constant of decay 
and 
R 
“ (20a) 


A=————_*__ 
Ra(1 —R,) +Re 
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EG ga 
B= ‘I id (20b) 
RR ae 
pa Kes. 1+n 
__ ReRr(14+-Ry) 
FRR, Va Ral oe 
R, 
(Re-+Ra+Rz)(1+Rq) —(Re+R,) 
1+xz 
uy 7 nN 
RagtRz Shee 
(20d) 
(Rot+Re+ 7 Re) (14+Ry)T» 
= (20e) 


Ral — R;) +R, 


The time constant equation 20e may be 
simplified to 


(R.’+Rz) (1 +Ra) 


T=T 
SEN RISSR* Re 


(21) 
where R; is the synchronous resistance, and 
R,’ is the transient resistance. If full load 
field time constant T,(1+R,) is designated 
Tro, aud fault resistance is negligible, then 


ike , 


T= Trop 


(22) 


Appendix Il. Short Circuit of 
Compound Machine 


In the series machine, armature current 
contributes to direct axis magnetomotive 
force. If the ratio of series field magneto- 
motive force to shunt field magnetomotive 
force at full load is k, then equations 3, 4, 
and 5 become 


E,= (i7-+kiq) SRG —Re(tq —i) (23) 
: diy Cs ae 

Ey=Ryiptly 7— ME ia~it) (24) 

E, = Rytq (25) 


In addition to this change, the value of 14 
must be altered to take into account the in- 
creased mutual inductance associated with 
the presence of the series field. The total 
mutual inductance can be considered as 
comprising two components: (1) that re- 
sulting from R, and (2) that resulting from 
the series field. From equation 14 the 
mutual inductance attributable to R, is 
(LyRe)/(14+n). From a similar derivation, 
using the series field current required to 
produce a change in shunt field flux linkages 
equal to the no load full voltage linkages, it 
can be shown that the series field contribu- 
tion to mutual inductance is — Lyk (neglect- 
ing leakage flux between the shunt and 
series fields). The value of M then becomes 
Lyl(Re/1-+n) — 8]. 

In the compound wound machine, the 
initial value of field current must reflect the 
series field magnetomotive force contri- 
bution. For full voltage, full load, the shunt 
field current’is (1+ R,—k) per unit and the 
corresponding field resistance 1/(1+R,—k) 
per unit. 

Substituting and solving as in the case of 
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shunt machine, the constants A, B, C, D, 
and T of equation 18 become 


Re 


A= 
(Ra—k) — R;) +R, 


n 
12, eae 
on +Rot are 


n 
Rr+Rgt—— Re 
at ati, 


__ RRe(t+Ra—®) 
(Ra—k) (1 +Rr) ark 


(26) 
(RatRe+Rr—k) @! — Rg) oF 


ae (Rat+Rrtk 
Ae iy a £ nN) 


nN 


RrtRatRe 5 re 


(x +et7%,R.)O +R,—R) 
(Rg=k) er —R,) +R, 


T= 


The peak armature current obtained by 
tse of the values of equation 23 is 


n 
1+R,+— kR 
Sle atin e 


n 
Ry+RatRe Aes: 


or the same value as obtained from the 
values for the shunt machine given in 
equation 19. 
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Appendix Ill 


The equations derived in Appendix I 
and Appendix II disregard effects of residual 
flux, saturation, and armature inductance. 
It is convenient to have empirical relations 
taking these effects into account. These 
relations can be obtained by using the peak 
current values and time constants from Ap- 
pendix II and the initial rate of rise and final 
steady current from other data. The com- 
plete equation for armature current then 
becomes 


i,ef, 4 peer (ise (27) 
where 


I,=steady current value following short 
circuit 

I, =peak current value following short cir- 
cuit from equation 26, 


n 
1+Rk, +k —— 
Seria | 


n 
R,+RetKe — 


T=time constant of current decay from 
equation 26 


n 
(x. TROT R.)a +Ra—k) 
(Ra—k) (1 —R;) Gintte 


To 


T=time constant corresponding to the 
initial rate of current rise. If 2’ is 
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| 


the initial rate of current rise in per 


I,-—I 
unit per second, then T= Tat 
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The Influence of the Concentration and 
Mobility of lons on Dielectric Loss 
of Insulating Oils 


BUN PO KANG 


ASSOCIATE AIEE 


Synopsis: The causes of dielectric loss in 
insulating oils and the means to reduce it 
to a minimum have always been important 
in high voltage engineering. In this study 
the relationships between the amount of 
impurities, which furnish a source of free 
ions in an oil, and the viscosity, which in- 
fluences the mobility of the ions, on the 
one hand and the dielectric loss on the other 
are investigated. The results present some 
definite relationships between them and 
point out that in two oils of the same 
“electrical purity,” the one with higher 
viscosity will have lower dielectric loss. 


INCE DIBLECTRIC- LOSS- 1s. a 

matter of primary importance in 
high voltage insulation, many phases of 
the phenomenon have been a subject of 
frequent discussion among high voltage 
engineers. In liquid dielectrics, such as 
mineral oils which are used extensively 
for transformer and cable insulations and 
for many other purposes, the loss has 
been found to be caused largely by ionic 
conduction.!:? In a few cases, dielectric 
absorption caused by molecular polari- 
zation has been found to be present also.! 
However, polarization in oils resu'ting in 
an absorptive component of dielectric 
loss seldom appears significant. 

In the study of the nature of and the 
mechanism that causes dielectric loss 
in oil, where the loss is due to ionic con- 
duction alone, there are two important 
factors, which merit investigation. In 
order to have ionic conduction, the oil 
must possess ions, and the ions must be 
free to move. If the ion content of an 
oil is constant, the dielectric loss should 
vary inversely as the viscosity. It has 
been found that within a limited rage of 
temperature, this relation hoids true, 
and the product of the conductivity and 
the viscosity of the oil is approximately 
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a constant. This product has been 
suggested as a measure of the free ion 
content, which has also been termed the 
“electrical purity” of the liquid.* 

Under constant electric stress, the 
dielectric loss for liquids without sig- 
nificant dielectric absorption is propor- 
tional to the conductivity of the liquid. 


AB? 
POL, 


Ww (1) 


where 


A is the area of electrode in square centi- 
meters 

L is the electrode separation in centimeters 

E is the applied potential in volts 

d is the conductivity in mhos per centimeter 

W is the dielectric loss in watts 


Since in the cases of ionic conduction the 
conductivity should be directly propor- 
tional to the ion content, it follows that 
the ion content also should be propor- 
tional to the product of the viscosity and 
the dielectric loss. However, this is not 
always borne out by experiment except 
within a very small range of temperature. 
If the range of temperature be extended, 
the ion content is found to increase with 
temperature. Apparently this is caused 
by thermo-agitation, which in turn causes 
further ionic dissociation and the gen- 
eration of new ions within the oil.4 

For the same degree of purification, 
the dielectric loss is invariably lower in 
an oil of highei viscosity. Even though 
the amount of impurity and the number 
of ions present in two different oils may 
be identical, the mobility of the ions is 
much greater in the oil of lower viscosity 
and consequently the conduction current 
is higher. 

Since it is not only interesting but use- 
ful to know the relationships between 
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the concentration and mobility of the 
ions of an insulating oil on the one hand 
and dielectric loss on the other, it is the 
purpose of this work to establish a corre- 
lation between them. 


The Experiment 


Three original oils, designated as oil 
sample 1, oil sample 6, and oil sample 7, 
were used. Samples 1 and 7 were highly 
refined oils furnished by well-known re- 
fineries, sample 1 being of low viscosity 
and sample 7 being of high viscosity. 
Sample 6 was an oil known to be highly 
susceptible to oxidation and was sub- 
jected to severe oxidation at 150 degrees 
centigrade under atmospheric condition 
for seven days. Oil samples 2 to 5 were 
mixtures of samples 1 and 6 (by weight) 
at 10, 25, 50, and 75 per cent, respectively, 
of oil 6. Oil samples 8 to 11 were mixt- 
ures of oils 7 and 6 in similar percentages. 

For the measurements of viscosity 
and dielectric loss, these samples were 
classified into two groups. Group 4A, 
oil samples 1 to 6, consisted of the low 
viscosity samples, and group B, oil 
samples 7 to 12, consisted of the high 
viscosity samples. Samples 6 and 12 
were the same oil. 

Viscosity measurements were made 
with a standard Saybolt viscosimeter. 
The 60-cycle power factor measurements 
were made with an Atkinson bridge.’ 
The samples were measured in a nickel 
cell with an electrode area of 40.742 
square centimeters and a distance of 
separation of 1.27 millimeters at a voltage 
stress of 197 volts per millimeter. The 
values of dielectric loss given on the 
following figures are the total loss of each 
specimen under test. If the loss per 
centimeter cube is desired, these values 
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Table |. Viscosities of the Oil Samples at Different Temperatures 


Sample 40 C 60. C 80 C 100 C 120 C 150 C 
Loris hurries mest grate Rushagiictete OvOSGi ss cieeiage vio (iO eraroon coms ONOS Teateecte O02 erent. oo 
Dery stihiers sts ONQTAS. ecrastone OTOU Mae esis OOS sa cairerarere OROS8 Dire aerate (WEVA bs an nots alt =p 
Sioa e asa vals On COSrincpentatce« (OPES sas casi REO Ae ONOTB eo aretaratesaes OV OAG erat OOS patted etepacay = 
AA iy sre choctuate OGG Sy sicusietere cies (ORE Hs. hy cacenice (ie gina ocrac.d OMOGBie eee crsnereiate O04 i itivalereie wets J 
Out erecen tenes < WOO: sore sisters (sit Waa on cieneD O O20 iwpearerreer ts OnLOM aa recor OANGy serene Ou. ae 
Greteysesrsxered-re AS OO eras atace eee Ue1Oi Aes silence ORAO Mi gaiscrasretar Onder; es tinsseusiets O09 4 cise deur crete 0.048 
Ti ve ont shai BOON ciperraersvels SLA) noe cored OBS tens vete cet ORCA aortas (Oa V besseh ia wicca 0.074 
eo ate eg SN i Brak beet peas Sree 0:64 ees ey ta eas a Creme 0.069 
OR risers eters ma eie sila hevavals Be wohte poe ONSOB ean eetew tes ONDS Ret, ferent OSLS: Beem sottaste te 0.066 
LOMekarezaere see fee to Sere austen HSS Br aceretusle O.45O: (ore eietasio« O20 latent case OPLOB ase) toteneesterare 0.06 
Didi tearniescre ma HS ataleve/ Sree MOTO hat RS Gene 6 OPES. deneterein ane (eile Ahatoan ad (ais Kenia teers one 0.059 
TIA ieee BLOOM A voisteraeiet DO! Faves clelslevare ORAO ere ctalevetovene’s (SWAP EE, Bho ckoaide On 094s ns< cee are 0.048 

The values of viscosity given are in poises. 

Table Il. Power Factor and Dielectric Loss of Oil Samples in Group A 

EEE — 2 

Sample 40 C 60 C 80 C 100 C 120 C 150 C 
| Ee Capacitance ...... ae ar ra Giguere oes Gree sien oe Gist Meet h ek C520 0a xe _— 
levee caeteae Power factor ...... OS OS eerste (Or Une creta On GLA ayes LAOGhkesrte 
Lites Dielectric loss...... amen beeen PHL Le TP acs (eC Ms cradle V2 6 weyers DS's Ol eivoumtels — 
Ds cies Capacitance ...... Gian eyaroen GO Unannnanee = Gi Lier ae ROORO See ave G50) mtivents — 
Bae ice okie Power factor ...... (URIs ero OR Ue BOeorverere AN BON reise LOR ZO Ae axavsde [Si 255 ear — 
VARS AA Dielectric loss...... Ba B2ivvas oss PHD oc Bacio GORE se yowode NYRR Aoi PARAM O cigs 
eters e Capacitance ...... 6SLOs.y sects (Cy eRe Saepar no (AY Pest Sala matinee 66GB dots Fe 6620) Mana _ 
Beatinc s Power factor ...... OSD yeaa DEB Sinw acts Gia Oar nea P72 Sete a 83), Sipser et — 
Re needs Dielectric loss...... USO data tyes AV OOM tie wad plik Oe ota 2728 Oa nmie save SSOLO mts sets — 
i ear apa Capacitance ...... 694s es OS,S 4 chee GSiaB on aretess 67,6 ee asee ye ener _ 
A BAI a uate Power factor ...... Cty Aoi Mean Qe Dides stents SO agave ZOGAL inte es BOREL ido Poche == 
Bie Shere Dielectric loss...... HR OSE vase BANG BS ee DYE Bilosor SoZ AO Me nani: aa) Ae occ —_ 
Belclicutercre Capacitance ...... BO wer cietsiecetone 70-0 fea ke 694: chests s COLOR agit GSAS: 033 whee _ 
Diva cte store Power factor ...... OnsGiry <tes LISS serbia GR OZE a LOR Thy oe Bie Gans _— 
Bingen it Dielectric loss...... DRO Ura mage ROBY? sor odec LOOM erate: S221 Oh mankes G42, 08 aon cvs _ 
Oirnsiisielars Capacitance> ...... UA hs cis Pease Wilic Obra vatela ts TAUM SD erp eC CIO conte yee ee nto.n 68.1 
Goeraai bOwerMaCtOrs ns. «:<) ORLO Mette ONQSis cae we ANB Diegiesye Ma sorstoe.4 AD Sis ets 89.8 
Geilecseis Dielectric loss...... Srl Dseepeieye HG ea gyet cre eiese TONGw woe arecar 25830) eins 69320) Wet cme 1450.0 


Capacitance is given in micromicrofarads, power factor in per cents, and dielectric loss in microwatts. 


must be multiplied by a factor of 0.00312, 
which is the ratio of L/A, where L is 
the distance of separation and A is the 
effective area. The voltage stress was 
kept low to utilize the linear portion of 
the well-known current-voltage relation 
curve. For group A, the low viscosity 
oils, readings were taken at 40, 60, 80, 
100, and 120 degrees centigrade for each 
sample, and for group B, the high viscos- 
ity group, readings were taken at 60, 80, 
100, 120, and 150 degrees centigrade. 


Experimental Results 


The specific gravity temperature rela- 
tions of the three original oil samples 
are given in Figure 1. The specific 
gravity of each of the mixtures at various 
temperatures can be computed easily 
from these curves by the use of the fol- 
lowing relations: 


pp wee Wit Ws) (2) 
2 = 
piW.+p2.Wi 

where 

pi, p2 represent the specific gravities of the 
components 

pz represents the specific gravities of their 
mixture 

W;, W2 represent the weights of the com- 
ponents 
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After converting the viscosity readings 
at different temperatures for each sample 
from Saybolt seconds into poises, the 
results were given in Table I. To follow 
the more customary way of representing 
relationships of this kind, the logarithm 
of viscosity was plotted against the re- 
ciprocal of the absolute temperature in 
Figures 2 and 3. It is quite obvious that 
the relationship is essentially logarithmic. 
However, none of the curves is exactly a 
straight line but only very near to one. 

The values of power factor and di- 
electric loss for each mixture at different 
temperatures are given in Table II for 
group A, and Table III for group B. 
Figure 4 gives the relations of the loga- 
rithm of dielectric loss as a function of the 
reciprocal of absolute temperature. Sev- 
eral of these curves are essentially straight 
lines and others are quite near to straight 
lines within limited range of temperatures. 
These relations may be expressed as 


B 
W=A-— (3) 


where 


W is dielectric loss in microwatts 
T is temperature in degrees Kelvin 
A and B are constants 
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Figure 1. The variation of specific gravity 


with temperature of the original oil samples 
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Figure 2. The viscosity-temperature charac- 

teristics of the oil samples in group A, 7 being 

viscosities in poises, T being temperatures in 

degrees Kelvin, and numbers designating the 
oil samples 


which are similar to the expression used 


by Fuoss for the relation between con- ° 


ductivity and temperature.® 


Dielectric Loss and 
Viscosity Relation 


Based on the curves of Figures 2, 3, 
and 4, a relationship between viscosity 
and dielectric loss of each sample can be 
established. Figure 5 presents clear evi- 
dence that the relation is logarithmic, 


log W=A —B log n (4) 


The curves are approximately straight 
lines within reasonable allowance for 
experimental error, and each group of 
samples appears to have a constant slope 
of its own. These results confirm the 
prediction of other workers in this field.4 
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Discussion 


Since the dielectric loss of sample 6 
is much higher than that of samples 1 
and 7 (from 6 to 30 times under similar 
conditions), the ions present in the various 
mixed samples may be assumed as coming 
from sample 6. If there were no other 
causes for further dissociation in the oil, 
the dielectric loss-of each sample should 
be a linear function of the percentage of 
deteriorated oil added. Figure 6 shows 
dielectric loss as a function of percentage 
of deteriorated oil added at different 
constant temperatures. The curves of 
group A fortemperatures below 100degrees 
centigrade show an increase of dielectric 
loss with the percentage of deteriorated 
oil added, but only up to a certain point, 
and beyond this point the losses decrease 
again. The ascending portion of each 
curve is caused by the increase of ion con- 
tent of the specimen by adding a larger 
quantity of deteriorated oil. Since the de- 
teriorated oil, sample 6, has much higher 
viscosity than sample 1, upon addition 
of sample 6, the viscosity of the mixture 
increases rapidly. Even though the ion 
content continues to increase, the mo- 
bility of these ions is greatly reduced by 
the increase in viscosity. After reaching 
a certain point, the viscosity becomes so 
high that even though the ion content 
continues to increase, the mobility of the 
ions diminishes rapidly and the dielectric 
loss decreases again. 

Based on these curves, if one assumes 
that the ion content N is equal to the 
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Figure 3. The viscosity-temperature charac- 

teristics .of the oil samples in group B, 7 being 

viscosities in poises, T being temperatures in 

degrees Kelvin, and numbers designating the 
oil samples 
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Table Ill. Power Factor and Dielectric Loss of Oil Samples in Group B 


—— 


Sample 
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Capacitance is given in micromicrofarads, power factor in per cent, and dielectric loss in microwatts. 


product of viscosity » and dielectric 
loss W, mathematical analysis shows that 
in Figure 6 all curves in group A should 
pass through a maximum, but not the 
curves in group B. This is found to be 
true. However, because of the fact that 
sludges and other solid impurities might 
have been formed in oil 6 because of oxida- 
tion, the viscosities of the mixtures did 
not follow exactly the relation usually 
used for computing the viscosity of mix- 
tures of nonpolar liquids. 


=== 4 (8) 


where 


Ny 1» Nz are viscosities of the components 
and the mixture 
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Figure 4. The variation of dielectric loss 

with temperature, loss being given in micro- 

watts, temperature in degrees Kelvin, solid 

lines for oils in group A, and dotted lines for 
oils in group B 
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X is the percentage of the liquid with 
viscosity 71 


The theoretical values are lower in com- 
parison with experimental data. Based on 
theoretical considerations, one can show 
that the maximums of dielectric loss occur 
when 


pears Te 
2(m—n) 


(6) 


provided , is not equal to m2. The 
experimental values deviated from this 
prediction somewhat because of the high 
viscosities obtained. However, the gen- 
eral shapes of the curves support very 
well the assumption that 


N 
W=- 
n 


(7) 


In group B, both samples 6 and 7 have 
approximately the same viscosity; in 
fact, the viscosity of sample 6 is a little 
lower than the viscosity of sample 7, and 
consequently the increase of the per- 
centage of deteriorated oil increases both 
the concentration and mobility of the 
ions, and the conduction current and 
dielectric loss also are increased. 

In a limited range of temperature 
within which new ions are not generated . 
by thermo-agitation in the oil, the di- 
electric loss should be proportional to the 
percentage of deteriorated oil added if 
the viscosity of the mixture is kept con- 
stant. This is found to be true for 
samples of higher viscosities according 
to Figure 7, curves B and C. In this 
group the viscosities of the two compo- 
nents were only slightly different, and 
the temperature differences were small 
when the samples were brought to the 
same viscosity. Consequently, thermal 
effects may be considered negligible. 

If the viscosities of the two components 
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Figure 5. The variation of dielectric loss 
with viscosity, loss being given in microwatts 
and viscosity in poises 


DIELECTRIC LOSS — MICROWATTS 
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Figure 6. The variation of dielectric loss 
with percentage of deteriorated oil added at 
various temperatures, solid lines representing 
oils in group A and dotted lines, oils in 
group B 
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Figure 7. The influence of deteriorated oil 
on dielectric loss at constant viscosity for 
high viscosity mixtures 


Curve A at 0.15 poise, curve B at 0.2 poise, 
and curve C at 1.0 poise 
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Figure 8. The influence of deteriorated oil 
on dielectric loss at constant viscosity for low 
viscosity mixtures 


Curve A at 0.08 poise, curve B at 0.15 poise, 
and curve C at 0.2 poise 
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Figure 9. The variation of ion content with 
temperature, solid lines representing oils in 
group A and dotted lines, oils in group B 


of the mixture are greatly different, the 
dielectric loss does not follow the per- 
centage of deteriorated oil added. Figure 
8 shows this relation. The increase in 
temperature required to bring the heavier 
oil to the same viscosity causes thermo- 
agitation and results in furthur ionic dis- 
sociation in the oil, principally from the 
impurity content, which accounts for the 
unusually rapid rise of dielectric loss at 
the higher percentages of the added de- 
teriorated oil.’ 
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Figure 10. The influence of deteriorated 
oil on ion content at constant temperature 
for low viscosity mixtures 


In order to substantiate the assumption 
that temperature increase will increase 
the concentration of ions in the oil, two 
sets of curves are plotted in Figure 9, 
using ion content as a function of tem- 
perature for each mixture. The values of 
ion content for different samples are taken 
as that which was suggested by White- 
head, namely, the product of conduc- 
tivity and viscosity. For want of a 
suitable unit to express ion content, these 
values are expressed in poise-watts. In 
these particular cases, dielectric loss is 
used instead of conductivity. As it has 
been seen in equation 1 that for a constant 
value of applied voltage, the dielectric 
loss is a linear function of conductivity. 
The curves will have the same slope 
whether dielectric loss or conductivity is 
used as the ordinate. If the temperature 
rise should have no effect on the ion con- 
tent, these two sets of curves ought to 
be horizontal lines. In the actual cases 
the curves are found to rise with tem- 
perature, having almost similar constant 
slopes for each group. Based on the 
average slope of these curves, the rela- 
tions may be expressed in the equation 


1 = =0.0087 (8 
0 4 
: N, ) 


where 


NN; is the ion content at temperature 1 

Ny» is the ion content at temperature 2 

T is the difference in temperature in degrees 
Kelvin 


In a more general form, this expression 
may be written as 


No=Nye°? 
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A New Electronic Timing Relay for 
Reducing Outages on Power Circuits 


FRANK S. DLOUHY 


ASSOCIATE AIEE 


Synopsis: This paper describes a new tim- 
ing relay for controlling relaying time on 
automatically reclosed circuit breakers on 
which inverse-time overcurrent relays are 
supplemented by instantaneous overcurrent 
relays. This device incorporates the ad- 
vantages of instantaneous circuit breaker 
opening on the first, and in some cases the 
second, tripout to clear transient faults, and 
inverse-time opening on subsequent tripouts 
to obtain co-ordination with branch or sec- 
tionalizing fuses. It was designed for uni- 
versal application on feeder circuits of the 
Oklahoma Gas and Electric Company sys- 
tem. Certain features which provide for 
optimum service reliability were incorpo- 
rated in the design. 


VEN THOUGH all possible protective 
measures of prevention have been 
taken in the design of overhead circuits, 
faults, the majority of which are transi- 
tory in nature, still will occur. In order 
to minimize damage to equipment and 
interruption to service, the faulted sec- 
tion must be isolated promptly from the 
rest of the system. Experience has shown 
that transmission and distribution cir- 
cuits, on which fault duration is limited 
to a maximum of 0.2 second, will seldom 
be out of service for long periods of time 


as a result of damaged insulators or 
burned conductors at the point of fault, 
except in peculiar cases of rare occurrence. 
Thus, the speed with which protective 
relays and circuit breakers operate to 
clear abnormal conditions has a direct 
bearing on service reliability. 

The practice of instantaneous tripping 
of the source breaker for a fault at any 
point on the circuit is, by definition, a 
protective measure of amputation. But, 
when supplemented by rapid automatic 
reclosing, its effect on the ultimate load 
entitles it to be classified as a protective 
measure of mitigation. It limits the oc- 
currence of permanent faults which are 
initiated by transient disturbances. In 
addition, it restricts branch or sectionaliz- 
ing fuse operation, where possible, to 
faults of a permanent nature, and thereby 
reduces long outages on branches or sec- 
tions of the circuit. Consequently, the 
realization of theadvantagesofinstantane- 
ous tripping supplemented by immediate 
initial reclosure has furnished an incentive 
for designing many ingenuous relaying 
schemes. 

Probably the most effective and cer- 
tainly the most economical method of 


securing high-speed relaying on circuit 
breakers serving multibranch fused cir- 
cuits is that of superimposing controlled 
instantaneous overcurrent relays on in- 
verse-time overcurrent relays, and utiliz- 
ing immediate initial reclosure. This 
applies to the ground relay as well as the 
phase relays on grounded neutral circuits. 
The instantaneous relays are set, where 
possible, to initiate circuit breaker clear- 
ing of faults at any point on the circuit. 
When these relays are utilized for the 
second as well as the initial tripout, inrush 
magnetizing current transients following 
the initial reclosure may place a minimum 
limit on the pickup setting. 

The co-ordination desired from this 
type of protective scheme is protection 
to the entire circuit during the first, and 
in some cases the second, tripout, in order 
to give temporary faults, such as flash- 
overs resulting from lightning or momen- 
tary conductor contacts, an opportunity 
to clear before permanent damage occurs 
and before a branch or section is inter- 
rupted by fuse operation. Thus, in the 
case of faults which are cleared on the 
initial tripout, a momentary service inter- 
ruption is substituted for a long outage 
from damaged equipment or blown fuses. 
In effect, this momentary service interrup- 
tion is no more adverse than the voltage 
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This gives further substantiation that 
the ion content is a function of tem- 
perature. 

Following this indication, it suggests 
that if temperature should be kept con- 
stant, the value of ion content would be 
a definite function of the percentage of 
deteriorated oil added. Curves plotted 
using ion content as a function of per- 
centage of deteriorated oil added at each 
temperature are shown in Figure 10. 
These curves show definitely that the 
ion content is a linear function of the 
percentage of deteriorated oil added 
when temperature is reduced to a 
constant. 


Conclusion 


This study shows that 


1. Provided there is no dipole loss, the 
relationship between the dielectric loss W 
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and viscosity 7 of an insulating oil may be 
expressed as 


log W=A —B log n 


which points out that the mobility of ions 
is an important factor in dielectric loss of 
an insulating oil. 

2. Thermo-agitation, which causes further 
dissociation of the oil, increases dielectric 
loss by increasing the number of ions 
present. 


3. Dielectric loss is increased rapidly by 
the addition of deteriorated oil. This bears 
out that dielectric loss is a function of the 
concentration or content of free ions in the 
oil. 

4. An increase in concentration of ions in 
an oil may result in an actual decrease in 
dielectric loss if the viscosity is increased 
to the point where the mobility of the ions 
is decreased relatively more than the ion 
concentration is increased. 

5. If nonpolar oils of the same degree of 
“electrical purity’? are used for the low 
frequency or 60-cycle applications where 
the flow of the liquid is not important, it 
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is seen that an oil of higher viscosity is 
preferable from the standpoint of lower 
dielectric loss. 
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disturbance created by a longer clearing 
time of afuse. When instantaneous relay 
protection is also utilized on the second 
tripout, the time interval between the 
initial and the second reclosure should be 
made as short as the imposed circuit 
breaker duty will permit in order to 
minimize outage time. Thus, in the case 
of transient faults which are not cleared 
initially but disappear on the second trip- 
out, a 30- to 60-second service interrup- 
tion is substituted for a probable long 
outage on some portion of the circuit. 

To provide backup protection and 
selectivity between the circuit breaker and 
the branch or sectionalizing fuses in the 
event of a permanent fault, the instan- 
taneousrelays must be removed from serv- 
ice prior to the initial, or in some cases 
the second, reclosure, and the inverse- 
time relays depended upon for subsequent 
tripping. Through time-magnitude co- 
ordination, the inverse-time relays will 
permit branch or sectionalizing fuses to 
clear the faulted section before initiating 
breaker operation for backup protection. 
Where sufficient co-ordination can be 
realized, these relays are seldom called 
upon to clear a fault. 

Also, in the event of punctured insula- 
tors or lightning arresters, the prolonged 
arcing time secured on the inverse-time 
relays may produce additional damage 
and perhaps shatter the faulty equipment. 
This will permit the fault to be more 
easily located by patrolmen. 

Once removed from service, the in- 
stantaneous relays should be held in- 
operative for a definite time after a re- 
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closure as assurance that the fault was 
not permanent; otherwise, in the absence 
of selectivity a lockout of the circuit 
breaker will occur, resulting in a needless 
long outage on the entire circuit. To ac- 
complish this, a preset time delay must be 
interposed between each reclosure and re- 
establishment of the instantaneous re- 
lays. This reset timing is as important in 
preventing long outages as the instan- 
taneous relays themselves. It should be 
the minimum time necessary to determine 
a successful reclosure in order to provide 
instantaneous relay protection against 
the contingency of rapidly recurring tran- 
sient faults. 

It is apparent from the foregoing that 
an auxiliary device capable of the follow- 
ing functions is required: 


It must remove the instantaneous relays 
from service prior to the initial, and in some 
cases the second, reclosure. 


It must hold them inoperative until a suc- 
cessful reclosure is assured and then rein- 
state them to re-establish initial conditions 
for future disturbances. 


Description of the Timing Relay 


In view of the fact that a device fulfill- 
ing the foregoing requirements was not 
available and that existing methods of 
changing relaying time have certain un- 
desirable features, an electronic timing 
relay was designed for universal applica- 
tion with relaying schemes utilizing in- 
stantaneous and inverse-time overcurrent 
relays. Briefly, it consists of an assembly 
of two telephone type relays, a thyratron 
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TO TRIP CIRCUITS 


Figure 1. Schematic 

diagram of the elec- 

tronic timing relay 
assembly 


LS SWITCH. 


timing tube, and associated electronic 
control components mounted in a small 
drawout case. Figure 1 is a schematic 
diagram of the assembly in which: 


Thyratron GT is a gas tetrode, similar to 
type 2050, operated as a negative control 
tube. Its operation is discussed under 
“Theory of the Timing Circuit.” 


Relay QA is a telephone type electric-inter- 
locking relay. It consists of two quick- 
acting relays mounted as a unit with their 
armatures mechanically interlocked. When 
lockup relay QA-O is energized, its armature 
latches and holds its contacts in the operated 
position until the release relay QA-R is 
energized to trip the latch. The release re- 
lay QA-R does not latch, but drops out when 
it is de-energized. Since these relays are 
pulse operated through their own contacts, 
a filter consisting of capacitor Cp in series 
with resistor Ry is shunted across each coil 
to assure positive operation. 


Relay FA is a telephone type a-c relay 
operated as an equivalent circuit breaker 
auxiliary switch. Its unoperated position 
corresponds to the closed position of the cir- 
cuit breaker. 


Lever Switch LS is a double-pole double- 
throw selector switch which provides the 
selection of either one or two instantaneous 
relay operations. 


Transformer T is a voltage dropping trans- 
former for supplying the heater of the thyra- 
tron. 


Other components: Resistors Rg and Rg 
aremerely current limiting resistors. Capac- 
itor Cg provides protection against high 
voltage transients. The functions of the 
other components are discussed with refer- 
ence to Figure 3 under ‘“‘Theory of the Tim- 
ing Circuit.” 


To avoid confusion, the graphical sym- 
bols used in all the diagrams are, insofar 
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Figure 2. Location 

of electronic timing 

relay contacts in 

breaker tripping cir- 
cuits 
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as possible, those recommended by Ameri- 
can Standards Association. Device con- 
tacts are shown for the de-energized or un- 
operated position of the device. All tube 
voltages are referred to the equipotential 
cathode. Instantaneous values of varying 
electrical quantities are represented by 
lower case letters, and their peak values 
by capital letters. Where possible, sub- 
scripts are chosen so as to be indicative of 


I—Instantaneous 
overcurrent relay 
T—Inverse-time 
overcurrent relay 
QA—Electronic tim- 
ing relay (Figure 1) 

A—D-c method 
B—Capacitor method 


C—Transformer method 
D—Reactor method 


that portion of the circuit to which they - 


apply. 
Theory of the Timing Circuit 


The basis of the timing relay design is 
the electronic timing circuit shown sche- 
matically in Figure 3, in which timing 
action is obtained by grid amplitude bias 
of the gas tetrode GT, acting as an inertia- 
less circuit closing or opening device in 
series with relay QA. 

An alternating voltage e, of commercial 
frequency is impressed between L1 and 
L2, and the tube heater circuit is energized 
from a filament transformer (not shown). 
The fixed resistors R; and Rp» in series 
with potentiometer P form a voltage 
divider circuit for controlling the poten- 
tial applied to the control grid Gl. With 
switch S1 open and switch S2 closed, uni- 
directional pulsating electron current 
flows from the cathode K to the grid Gl 
during the half cycles in which L1 and the 
grid are positive with respect to L2 and 
the cathode. As a result of this recti- 
fication, a charge of the indicated polarity 
will accumulate in the timing capacitor 
Cr and which will be maintained as long 
as switch SI is open. Also, with switch 
S1 open, the cathode K is connected 
through resistor Rg to line L2 and is 
approximately at the same potential as 
the anode P; consequently, no electron 
current flows from cathode to the anode 
to energize the relay even though switch 
S2 is closed. 
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Figure 3. Schematic 
diagram of the elec- 
tronic timing circuit 


When switch S1 is closed, the cathode 
is connected directly to line L1 which 
impresses voltage e, across the anode- 
cathode circuit and superimposes an 
alternating voltage eg (in phase with the 
anode voltage) on the negative grid bias 
voltage Epc of the timing capacitor Cp. 
The alternating component ég of the grid 
bias voltage e, tends to drive the grid 
positive at the same time the anode is 
positive; however, the tube does not 
conduct between cathode and anode until 
the grid bias voltage e, is equal to or more 
positive than the critical ionization value 
determined from the tube’s control char- 
acteristic. 


The instantaneous relationship of the 
anode and control-grid voltages is shown 
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graphically in Figure 4, in which time is 
reckoned from the instant switch S1 is 
closed, and the alternating voltages are 
zero and increasing in the positive direc- 
tion. It is apparent from this graphical 
representation that the magnitude of the 
grid bias voltage is a time function of both 
the unidirectional component ége and the 
alternating component eg and defined by 
the equation 


ec =eroteg (1) 
in which 

aes 
ero=Epce*t? (2) 


is the solution of the differential equation 
defining the time-voltage characteristic of 


TRANSACTIONS 409 


capacitor Cp discharging through resistor 

Rr, where 

Erc =potential difference across Cr at the 
time discharge is initiated (¢=0) and 
is approximately equal to E,—Eg¢ if 
Ro+Rx is small in comparison with 
Rr 

Cp =capacitance in farads 

Rr=resistance in ohms 

f=time in seconds from initiation of dis- 
charge 

¢=base of natural logarithms (2.718 . . .) 


Solving equation 2 for time gives 
E 

t=RrCpz loge =F (3) 
ere 


from which the time required for Epc to 


t=O 


SWITCH S| CLOSED TUBE CONDUCTS 
TIME DELAY 


POSITIVE 


NEGATIVE 


Figure 4. Instantaneous relationship of 
anode and control grid voltages 


decay to a desired value of ego may be 
calculated. 

Since the values of the timing capacitor 
Cp and discharging resistor Ry are fixed, 
the time constant is fixed and the time 
range is determined by the setting of the 
potentiometer P and the relative values 
of the components in the voltage divider 
circuit. The upper end of the potenti- 
ometer determinesthe minimum peak volt- 
age to which the timing capacitor charges 
before initiation, the maximum peak volt- 
age of the grid bias component after ini- 
tiation, and therefore the minimum time 
delay between initiation and energization 
of relay. Conversely, the lower end of 
the potentiometer determines the maxi- 
mum peak voltage to which the timing 
capacitor charges before initiation, the 
minimum peak voltage of the grid bias 
component after initiation, and thus the 
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maximum time delay between initiation 
and energization of relay. 

After expiration of a preset time delay, 
the tube ‘‘fires” and conducts current in 
the anode-cathode circuit during the half 
cycles in which the anode is positive with 
respect to the cathode, energizing relay 
OA and charging the filter capacitor Cp. 
The relay is held in during the noncon- 
ducting half cycles by the energy stored 
in the filter capacitor. Thus, the relay 
will remain picked up until the anode- 
cathode circuit is opened by switch S1. 
Opening switch S1 re-establishes initial 
time (f=0) conditions. By properly co- 
ordinating the circuit components, the re- 
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set time requires only a few cycles, after 
which the timing cycle may be repeated. 
By merely reversing the sequence in 
which switches S1 and S2 are operated, 
essentially instantaneous energization of 
relay QA is obtained. With switch S2 
open and switch S1 closed, the peak volt- 
age to which timing capacitor C7 charges 
is approximately equal to the peak voltage 
of the alternating grid bias component, 
so that the grid is approximately at 
cathode potential during the positive peaks 
of the alternating grid bias component. 
That is, Epc is approximately equal and in 
phase opposition to Eg; consequently, 
after switch S2 is closed, ionization will 
occur on or near the first positive peak of 


eq. 
External Connections 


The timing relay is operated from any 
120-volt a-c source connected across ter- 
minals 1 and 2, and it is controlled through 
a contact of the circuit breaker auxiliary 
switch (152) connected between terminals 
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land 3. These connections are indicated 
on Figure 1 by the broken lines. In a 
majority of cases the timing relay may be 
controlled directly from the circuit breaker 
indicating light or alarm circuits since 
the only requirement is energization of 
relay FA when the circuit breaker is 
open. 

Contacts QA;, QA», and QAs brought 
out on terminal 4-5, 6-7, and 8-9 are con- 
nected into the circuit breaker tripping 
circuit as shown in Figure 2. Only one 
of these contacts is required for multi- 
phase potential or shunt trip methods (A 
and B of Figure 2), since the contacts of 
all the instantaneous overcurrent relays 
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are paralleled and actuate a single trip 
coil. But, in the case of multiphase cur- 
rent or series trip methods (C and D of 
Figure 2) a separate contact for each in- 
stantaneous overcurrent relay is required, 
since these actuate separate tripping ele- 
ments. 

Contact QA, brought out on terminal 
10 may be used for initiating an alarm or 
operation counter. 


Operation for One Instantaneous 
Tripout 


Where instantaneous relay protection 
on the initial tripout with inverse-time 
relay protection on subsequent tripouts is 
desired, lever switch LS is set in the un- 
operated ‘‘off”’ position as shown in Figure 
1, in which position the timing relay is 
set up for immediate operation to open the 
trip circuits of the instantaneous relays 
prior to the immediate initial circuit 
breaker reclosure. 

When the circuit breaker opens, auxil- 
iary switch contact 152 closes and ener- 
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gizes relay FA which closes the anode 
circuit through contact FA,, and tube 
conducts immediately to energize lockup 
relay QA-O. Asaresult: The trip circuits 
of the instantaneous overcurrent relays 
are opened by contacts QA, QA, or 
QA;3; lockup relay QA-O is de-energized 
(but not released) by contact QAs; *re- 
lease relay QA-R is connected into the 
anode circuit by QAs; and the cathode is 
opened by contact QA,, allowing timing 
capacitor Cp to charge for reset timing. 
All of which occurs within 0.05 second 
after the circuit breaker trips. This 
operating time provides definite assurance 
that the instantaneous overcurrent relays 
are inoperative in advance of immediate 
circuit breaker reclosure, since the average 
operating time from initiation of tripping 
to reclosure of circuit breakers, such as 
employed for feeder service, ranges from 
about 0.5 to 1 second. 

On_reclosure of the circuit breaker, 
auxiliary switch contact 152 opens and 
de-energizes relay FA. This closes the 
cathode circuit through contact FA;, and 
the tube conducts after a preset time- 
delay to energize release relay QA-R 
which releases lockup relay QA-O. Asa 
consequence, the timing relay will reset 
to re-establish initial conditions if the cir- 
cuit breaker remains closed through a 
timing cycle. However, in the case of 
faults which are not cleared on the initial 
tripout, the circuit breaker will be tripped 
by the inverse-time overcurrent relays, 
and the timing relay will remain in its 
operated position to maintain inverse- 
time tripping until the circuit breaker is 
successfully reclosed. The reset time de- 
lay should be the minimum necessary to 
co-ordinate with the circuit breaker clear- 
ing time on the inverse-time overcurrent 
relays, in order to provide instantaneous 
relay protection against the contingency 
of rapidly recurring faults. 


JuLy 1946, VoLUME 65 


Operation for Two Instantaneous 
Tripouts 


Where instantaneous relay protection 
on the second, as well as the first, tripout 
is desired, lever switch LS is set in the 
“on’”’ position, so that contacts LS; and 
LS; are open, and LS, and LS, are closed. 
In this position the timing relay is set up 
for time-delay operation, since when the 
cathode circuit is open through contacts 
FA; and QA;, timing capacitor Cp is pre- 
charged for timing action. 

When the circuit breaker opens, auxil- 
iary switch contact 152 closes and ener- 
gizes relay FA which closes the cathode 
circuit, but the tube does not conduct 
until after the preset time delay. If the 
immediate initial reclosure is successful, 
relay FA is de-energized, and initial con- 
ditions are re-established. However, if 
the fault is not cleared initially, this time 
delay allows the circuit breaker to be 
tripped again by the instantaneous over- 
current relays: 


In the case of faults which are not 
cleared on the second tripout, the tube 
“times out” and then energizes lockup re- 
lay QA-O. Asaresult: The trip circuits 
of the instantaneous overcurrent relays 
are opened by contacts QA,, QAs, or QA3; 
lockup relay QA-O is de-energized (but 
not released) by contact QA.; _ release 
relay QA-R is connected into the anode 
circuit by contact QAs; and the cathode 
circuit is opened by contact QA; which 
permits timing capacitor Cp to charge for 
reset timing. All of which occurs prior 
to the second reclosure, so that subse- 
quent tripping of the circuit breaker is 
initiated by the inverse-time relays. 


Following a successful reclosure, the 
timing relay will reset in a manner similar 
to that described under ‘‘Operation for 
One Instantaneous Tripout.”’ 
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Since the timing adjustment (potenti- 
ometer P) is common to both operation 
and reset, it must be such that the pre- 
ceding requirements are fulfilled. In 
some cases, it may be desirable to have 
less time-delay on reset than on operation, 
and this is accomplished by short-circuit- 
ing a section of the timing capacitor dis- 
charging resistor as shown by the dotted 
connection of contact QAjo across resistor 
Ry. in Figure 1. The reverse can be ac- 
complished by making QAj a normally 
closed contact. 


Conclusions 


The most salient features of the timing 
relay are: 


1. Universal application regardless of cir- 
cuit breaker mechanism or method of con- 
trol. 


2. Selection of either one or two instantane- 
ous tripouts. 


3. Independent of the control source volt- 
age during fault conditions. 


4. Reset timing independent of reclosing 
relay. 


5. Ease of installation. 


The initial installation of this equip- 
ment was made February 1945 on a 
breaker serving a high exposure 24-kv 
grounded Y circuit. As a result long 
time outages previously experienced on 
this circuit practically have been elimi- 
nated. 

Sixty similar installations will be made 
on the Oklahoma Gas and Electric Com- 
pany system during 1946. 

With certain changes in the internal 
wiring, this device can be converted into 
an instantaneous or time-delay ‘‘one-shot”’ 
recloser with quick reset on a successful 
reclosure. 
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Silicone-Resin-Ireated Magnet Coils 


GRAHAM LEE MOSES 


MEMBER AIEE 


AGNET COILS present somewhat 
different insulation problems from 
rotating machines. This was recognized 
when separate magnet coil standards'~* 
were set up by AIEE, National Electrical 
Manufacturers Association, and Ameri- 
can Standards Association which permit 
higher maximum observable tempera- 
tures than do the rotating machine 
standards. AIEE Standard 1 states, 
‘How long an insulation will last will de- 
pend not only on the class of material 
used but also upon the physical support 
of the insulation and the severity of the 
physical forces tending to disrupt hts. 
Following this line of reasoning, AIEE 
Standards 15 and 16 permit higher ob- 
servable temperatures on magnet coils 
as shown in Table I. Work by Erikson‘ 
indicates the desirability of separate con- 
sideration of magnet coils and suggests 
the possibility of higher operating tem- 
peratures even with organic insulation. 
This distinction became more pro- 
nounced with the development of silicone 
insulation. Magnet coils were therefore 
considered as a special study of the basic 
work previously reported®:® on the general 
application of silicone varnishes to elec- 
tric machinery. The test on coils was 
planned with the view of determining: 


(a). The temperature-life relationships of 
the silicone varnish. 


(b). The maximum operating temperatures 
of magnet coils for normal life expectancy. 


(c). The effect of aging at various tempera- 
trtes on the thermal conductivity of the 
assembly. 


(d). Design advantages offered by higher 
temperature operation. 


Test Program 


Paralleling the motor test program’ a 
like series of tests was planned for magnet 
coils. Briefly this program consisted of 
operating coils at different temperatures 
to determine the thermal life expectancy 
of the coils. In order that these tests 
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might be useful and representative of 
standard practice, a commercial contactor 
and coil design were chosen. This is a 
conventional magnetic contactor for d-c 
control circuits which is widely used for 
industrial and railway service. The gen- 
eral construction is shown in Figure 1. 
All tests were run on this design of con- 
tactor in order that results obtained 
would be subject to direct comparison. 

The operating temperatures from 200 
to 275 degrees centigrade were chosen. 
The top limit was chosen because it was 
anticipated that at 275 degrees centi- 
grade failures by short-circuited turns 
would probably occur in a few weeks. 
Another factor limiting the test to 275 
degrees centigrade was the melting point 
of the solder (304 degrees centigrade) 
which held the coil leads to the terminals. 
Early estimates based on extrapolated 
curves for silicones indicated that 200 
degrees centigrade would be the maximum 
operating temperature resulting in the 
full life expectancy of the coils. Thus the 
tests were started with 12 coils, three each 
at 200, 225, 250, and 275 degrees centi- 
grade. 

The data desired were to be obtained 
by day to day operating temperature 
readings (by resistance), mechanical 
stressing by thermocycling and operating 
the contactors, periodic measurement of 
cold resistances to determine wire oxida- 
tion and possible short-circuited turns 
(indications of failure), notation of color 
changes of resin on surface, and power 
input. 


Coil Design 


The coils tested were essentially a 
standard mechanical design to simulate 
normal conditions. They were wound 
with number 25 (0.0179 inch diameter) 
single glass covered copper wire (silicone 
Silicone wire enamel 
was not used because at that time the 
enamel development had not progressed 
far enough. All winding and insulating 
details were fiber glass and fiber-glass- 
backed mica (all bonded and treated 
with silicone resins). The spool was fabri- 
cated of fiber glass laminated tubes with 
a special resin bond (not silicone) and as- 
bestos phenolic end washers. At the time 
these coils were made, thermosetting 
silicone moulding resins had not been 
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developed to a usable state. 
minals were soldered with a high tempera- 
ture solder (304 degrees centigrade 
solidifying temperature). 
materials such as paper, cotton tape, 
string, glue, shellac, or varnish were used 
in the coil construction. The complete 
chil was treated by vacuum-pressure im- 
pregnation with DC-990-A silicone var- 
nish, a product of Dow Corning Corpora- 
tion, at 70 per cent solids and baked for 
24 hours at 225 degrees centigrade. This 
was followed by a dip in 50 per cent solids 
DC-990-A silicone varnish and baked at 
225 degrees centigrade for 16 hours. 

The following design data give signifi- 
cant details of the coils used for this 
test: 


Spool—3!/4 inches long by 1°/s2 inches inside 
diameter by 3 inches outside diameter. 


Washers—1/8 inch thick. 


Double insulating tube construction, each 
1/16 inch thick. 


Magnetic core—11/s inch diameter. 


3,500 turns of number 25 wire having a re- 
sistance of 61 ohms (25 degrees centigrade). 


Winding volume—11.6 cubic inches. 


Barrel surface—25 square inches. 


Test Procedure 


The coils were connected to a 120-volt 
d-c motor generator set through variable 
nichrome resistors. Thus the current in 
each coil could be controlled without af- 
fecting the others. 

The general testing procedureis detailed 
in Appendix I. Volt-ampere readings 
were taken every day, after which the 
coils were switched on and off ten times. 
Approximately once every week the cool- 
ing curves were run to check the hot volt- 
ampere resistance readings of each coil. 
The coils were then left off overnight and 
then cold resistance readings made the 
following morning, and the coils again 
energized. 

Changes were made periodically to cor- 
rect the test conditions for increases in 


Table |. Comparison of Permissible Tempera- 
ture Rise and Observable Temperature for 
Magnet Coils and for General Purposes 


Equivalent Maxi- 
mum Observable 
Maximum Permissible Temperature,* 
Temperature Rise by Deg C 
Resistance, Deg C 


Mag- 
Magnet net 
Class General! Coils? General! Coils? 
ANE steel eis CU RoGagac Bb Pecos te TOO Keene 125 
Birctarersterer SO ion oretaars AOS 7 sheep L200 seereteets 145 


* Rise plus 40 degrees centigrade as maximum per- 
missible ambient. 
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The ter- 


No organic ~ 


“K” FACTOR 


140 160 180 
TEMPERATURE RISE — C 


200 220 


Figure 2. Effect of temperature rise on K 
factor and watts 


cold resistance of the winding due to oxi- 
dation of the copper. After one year of 
operation without a failure, it was be- 
lieved that the test could be made more 
severe by additional thermal cycling of 
the coils. The thermal cycling consisted 
of switching the power off the coils twice 
each day. The coils would be de-ener- 
gized for approximately two hours in 
which time the coils would cool to a little 
above room temperature. Then power 
would be applied for four hours, a period 
more than sufficient for them to reach 
stabilized operating temperature. The 
power was then turned off for two hours 
and then left on overnight. Once each 
week the power would be off overnight 
and a cold temperature reading made the 
following morning. 


Test Results 


The change in heat dissipation factor 
K was used as a basis for observing insu- 
lation aging. This K factor is the aver- 
age temperature rise divided by watts 
input and represents the temperature the 
coil must attain to dissipate the energy 
liberated within its body. Since average 
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Figure 1. Labora- 

tory test setup show- 

ing magnet coils 

under test being ex- 

amined by Mr. 
Torok 


temperatures by resistance were used, the 
heat dissipating ability of the boundaries 
of the coil was only one factor involved. 
The heat transmission within the coil 
has an appreciable influence as it deter- 
mines the distribution of temperature 
within the body of the coil. If the heat 
conductivity of the body is low, the in- 
ternal temperature may be much higher 
than the surface temperature, where the 
heat is dissipated. Thus the average 
temperature being higher, the coil would 
have a very high K factor. However, if 
the heat conductivity within the coil 
were very good, the surface and internal 
temperature would be more nearly the 
same and a low K factor would result. 
Thus a change in K factor may represent 


IN“K FACTOR (El) 


INCREASE 


PERCENT 


HOURS AGING (MULTIPLY BY IO”) 


Figure 3. Effect on K factor of aging at ele- 
vated temperatures 
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a change in the rate of heat dissipation, 
but more likely the change in thermal 
conductivity within the body of the coil. 

Aging and heat deterioration in organic 
and semiorganic materials generally are 
accompanied by weight loss, which results 
in dimensional changes or the formation of 
voids. The resinous bonds between the 
turns in the coil act not only as physical 
supports but as thermal conductors. As 
the impregnant ages, it shrinks or other- 
wise forms voids and its thermal conduc- 
tivity diminishes. Resins shrink slightly 
as they cure and cause some voids which 
manifest themselves as a rise in K factor. 
Figure 2 shows the original K factor as a 
function of temperature rise above 25 
degrees centigrade ambient temperature. 
Figure 3 shows the per cent increase in K 
factor as a function of hours aging under 
each temperature condition. 

After the tests had been in progress, 
changes in cold resistance were observed. 
Thereafter periodic observations of cold 
resistance were made and the changes 
recorded. Figure 4 shows the per cent 
change in cold (25 degrees centigrade) 
resistance as a function of time of aging 
at various temperatures. 

No definite coil failures occurred. Only 
two coils encountered trouble during the 
whole test and these were the result of 
faulty soldered joints at the terminal. 
They were detected by variable resistance 
readings. 

Figure 5 shows the conditions of coils 
2, 4, 5, 8, 9, 10, 11, and 12 after the con- 
clusion of the test. All the coils except 
number 4 had been at temperature 12,615 


8.0 


PERGENT INCREASE IN COLD RESISTANCE DURING AGING 


eee Ty 


6 8 10 l2 
HOURS AGING (MULTIPLY BY 103) 


Figure 4. Effect of aging at elevated tempera- 
tures on the cold (25 degrees centigrade) 
resistance of magnet coils 
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Figure 5. Coils showing external condition 
after 12,000 hours aging at temperatures of 
200, 225, 250, and 275 degrees centigrade 


hours. Coil 4 had been at temperature 
11,006 hours. 

The coils shown in Figure 5 were sub- 
jected to electrical tests as follows: 


(a). All passed the standard low-voltage 
short-circuit test (‘‘E” iron balanced watt 
meter tester). 


(b). All the coils except numbers 11 and 12 
successfully withstood surge comparison 
tests’ up to 10.6 kv (the limit of the tester 
available). Coils 11 and 12, which were 
aged 12,615 hours at 275 degrees centigrade, 
failed at 8 kv. These test voltages were 
surge peak values across two coils in series. 


After electrical tests, the coils were cut 
open for physical examination. The 
condition of typical coils is shown in 
Figure 6. Detailed observations are 
given in Table II. These may be sum- 
marized in the following statements: 


(a). Coils at 200 degrees centigrade were 
jn excellent condition showing few if any 
signs of aging. 


(b). Coils at 225 degrees centigrade were 
beginning to age, but were well bonded and 
in good condition. 


(c). Coils at 250 degrees centigrade showed 
unmistakable signs of aging, but were still 
in fair condition, being well bonded but 
brittle. 


(d). Coils at 275 degrees centigrade were 
still operable. However, they were in a 
condition which might be expected to result 
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Figure 6. Coils showing internal condition 
after 12,000 hours aging at temperatures of 
200, 225, 250, and 275 degrees centigrade 


in failure under actual service conditions, 
as the bonding between wires as well as 
parts of the spool was near the failure point 


Thermal decomposition of silicones pro- 
duces a reversal of color change from that 
normally encountered in organic resins. 
Organic resins decompose to carbon, a 
black conducting substance, whereas 
silicones decompose to silica, a white 
insulating substance. The aging of these 
coils clearly shows this color change which 
was an important indication. (The real 
significance of this color change requires 
further study.) 


Examination of 
Copper Conductor 


One of the coils which had operated on 
this test for 9,000 hours at 275 degrees 
centigrade was cut open for examination. 
The microstructure of this wire was nor- 
mal for electrolytic tough-pitch copper 
and no hydrogen embrittlement could be 
detected. A black coating was present 


on the wire (about 0.0004 inch thick) 

which was found to be a mixture of cu- 
prous and cupric oxide by X-ray diffrac- 
tion analysis. The X-ray pattern for this 
copper was normal. 

It was concluded that the test condi- 
tions had no deleterious effect on the cop- 
per wire except for slight oxidation of the 
surface. This surface oxidation resulted 
in increase in conductor resistance. 


Discussion of Test Data 


Over 12,000 hours (11/3; years) operation 
at temperatures of as much as 275 degrees 
centigrade did not destroy a single coil or 
produce a case of serious trouble (except 
the two which were attributable to origi- 
nal workmanship in soldering). 

The change in heat dissipation factor 
K shows an upward trend as the coils 
age. The rate of increase in K factor is 
greater at higher temperatures as shown 
in Figure 3. The initial rise in K factor 
may be considered as indicating comple- 
tion of internal cure. However, the 
abrupt break in the curve for coils at 
275 degrees centigrade (at 8,000 hours) is 
believed to indicate thermal degradation. 

Resistance changes, though definite, 
were not of a serious nature even on coils 
at 250 degrees centigrade for the full 
period of the test. At 275 degrees centt- 
grade the resistance change shown in 
Figure 4 is approaching a serious condition 
indicating that the temperature limita- 
tion may be established by copper rather 
than insulation. The rate of copper oxi- 
dation is known to increase as the tem- 
perature rises. Since copper oxide at low 
potentials is effectively an insulator, the 
rate and extent of oxidation can be 
determined by the change in resistivity 
of the copper wire. Periodic coil resist- 
ance readings were necessary to deter- 
mine the extent of oxidation of the wind- 
ings. The cold resistances remained es- 
sentially unchanged until the test had 
progressed to above 6,000 hours, then 
they started to rise and approach a con- 
stant level except at 275 degrees centi- 
grade. At that temperature, no satura- 
tion level was observed. This level rose 
at an increasing rate as the temperature 


Table Il. Physical Condition of Magnet Coils After Thermal Aging for Approximately 
12,000 Hours 
Aging Condition of Winding 
Temperature, Coil Condition of 
Deg C Numbers Washers Color Bond Strength 
200) canes es re eee Well bonded ere 8 ss en eM SN Ua Excellent 
D2 5 ene Q=10 eee os Well bonded .... Beginning to lighten..... Good 
ZEO scoters: tack SO re eee Fairly wellbonded. 2%. -UAght ss pene Geet Still bonded but brittle 
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rose above 200 degrees centigrade. This 
seems to indicate that the copper oxide 
forms a protective film over the copper 
which decelerates the oxidation for a given 
temperature. That the oxidation did not 
appear until about 6,000 hours as com- 
pared to an almost immediate rise in K 
factor also indicates that the silicones’ 
adhesion to copper is good and it is the 
last place where voids begin toform. The 
extent of oxidation might be greatly re- 
duced if the bare copper wire had a pro- 
tective coating, such as cadmium plating, 
under the insulation. 


Interpretation of Data 


One of the main objectives of this pro- 
gram was to obtain some idea of the order 
of magnitude of the thermal life of the 
silicone resins and composite silicone insu- 
lation. A recent review" of the aging 
characteristics of insulation disclosed 
general agreement that thermal aging of 
insulation is a logarithmic function of 
temperature. This concept was utilized 
in extrapolating the results of this series 
of tests. Extrapolation of short time 
tests is recognized as difficult but if pre- 
dictions are to be made, it offers at least 
an opportunity for an “‘intelligent guess.” 

Figure 7 has been constructed as fol- 
lows to extrapolate these data: 


(a). The actual test hours at the various 
temperatures were plotted as points A, B, 
C, and D. 


(b). A suggested life curve for silicone in- 
sulated motors was plotted for reference, 
with a 12 degree centigrade slope for half- 
life. (By coincidence this passes through 
point B.) 

(c). From examination and tests, it was 
concluded that there is little likelihood of 
failure at the condition resulting from the 
250 degrees centigrade test (point C). How- 
ever, the condition resulting from the 275 
degree centigrade test (point D) was inter- 
preted to be near the end point. These 
points were therefore assumed to represent 
minimum and maximum life and were used 
to locate the boundaries of the ‘‘probable 
failure zone.’’ Curves then were drawn 
through these points parallel to the suggested 
life curve for silicone insulation on motors.’ 


(d). A reference bench mark is drawn at 
7 years and reference points are shown on 
this line for class B motors and class B 
magnet coils, at temperature limits estab- 
lished by AIEE Standards, as indicating 
probable life expectancy. 


From this curve, it can be seen that the 
probable ‘“‘minimum life” curve for mag- 
net coils intersect the bench mark line at 
225 degrees centigrade. It is of interest 
that this is 25 degrees centigrade above the 
probable motor insulation life curve which 
is the established difference for magnet 
coils over motors for class A and class B 
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insulation (see Table I). Thus the test 
results indicate that the increase in tem- 
perature for comparable life is consistent 
between motors and magnet coils with 
silicone insulation when compared to the 
present allowed temperatures for class B 
motors and magnet coils. 

The proposed temperature allowances® 
for silicone motor insulation correspond- 
ing to AIEE Standard 1 are 160 degrees 
centigrade observable by resistance. This 
is well below the insulation life value in- 
dicated by tests on motors.’ It, therefore, 
is consistent and conservative to suggest 
a permissible temperature for silicone 
magnet coil insulation below the indicated 
value of 225 degrees centigrade by resist- 
ance. It is the opinion of the authors 
that a value of 200 degrees centigrade as 
observed by resistance would be satis- 
factory. 


Effect of Operating 
Temperature on Design . 


The permissible operating temperature 
is an important factor in magnet coil de- 
sign. Temperature rise above ambient 
temperature can be approximated at con- 
ventional operating temperatures for a 
given coil design by the following formula: 


iA a At ) 
a K 934.544, 


where 


E=continuous rated voltage for tempera- 
ture rise of At 

R=cold resistance of winding at tempera- 
ture of tg 
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Figure 7. Thermal aging curve interpreting 
test results 


Moses, Torok—Magnet Coils 


At=temperature rise by resistance above fg 

tg=ambient temperature (for operating or 
test conditions) 

K =heat dissipation constant of coil design, 
in degrees rise per watt 


This formula assumes that the tempera- 
ture rise is proportional to the watts 
generated in the coil winding. This is 
reasonably accurate until the higher tem- 
peratures are reached when the K factor 
tends to decrease (heat dissipation is not 
a linear function of temperature rise). 

The relation between continuous volt- 
age rating and temperature rise is shown 
in Figure 8 based on the foregoing formula. 
This curve also shows that the ampere 
turns, while increasing with rated voltage, 
do not increase in the same ratio because 
of the increase in winding resistance at 
the higher temperature. 

From Figure 8, it is clear that the pres- 
eut difference between class A coils at 
85 degrees centigrade rise, and class B 
coils at 105 degrees centigrade rise (as- 
suming the same space factor), is some- 
what less than nine per cent improvement 
in ampere turns. This difference is not 
of sufficient importance to justify the use 
of class B magnet coils on most applica- 
tions, hence they are not used generally. 
To obtain a significant advantage from in- 
crease in operating temperature (with a 
standard size of coil), it would be neces- 
sary to increase the permissible rise from 
85 degrees centigrade to approximately 
160 degrees centigrade (about equivalent 
to one standard wire size). 

Figures9and 10 illustrate theadvantage 
to be gained in reduced size of winding 
through increase in temperature rise. 
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Figure 8. Effect of temperature rise on voltage 
and hot ampere-turns of magnet coils 
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Figure 9. Effect of temperature rise on active 
coil length and copper weight 


These calculations are based on a constant 
value of minimum hot ampere turns at a 
specific percentage of rated voltage. The 
coils used as the basis for these calcula- 
tions are the same size and construction 
as used for the tests reported herein. 


Conclusions and Recommendations 


One unmistakable conclusion drawn is 
that the combination of fiber glass and 
silicone resin makes an important con- 
tribution to improving the thermal life 
of magnet coil insulation. The end of the 
reliable life of such coils is believed to be 
determined by the failure of the silicone 
resins as bonds. The glass fibers provide 
positive turn separation and the by- 
products of silicone decomposition are 
nonconducting. Therefore, the proba- 
bility of short-circuited turns is not great, 
even at the condition described herein as 
“maximum life,’ unless there is severe 
mechanical distortion of the winding. 

The tests were begun about 21/2 years 
ago and employed DC-990-A resin which 
was the best silicone resin available at 
that time. Silicone resins have been im- 
proved (the corresponding improved 
resin is known as DC-993). Other short 
time tests indicate that similar coils with 
DC-993 will have even greater thermal 
endurance than indicated by the tests 
reported herein. Parallel tests employing 
the improved resins are in progress. 

Though the experience is meager, there 
is considerable evidence to indicate that 
silicone insulated magnet coils employing 
fiber glass insulated wires can be rated at 
temperatures appreciably above the 160 
degree centigrade temperature by resist- 
ance proposed for silicone insulation on 
rotating machinery. 

Increase in permissible temperature 
rise will provide a real design advantage 
through an appreciable increase in net 
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Figure 10. Effect of temperature rise on coil 
diameter and copper weight 


ampere turns. This advantage is ob- 
tained at some sacrifice in efficiency, as 
the watts per ampere turn are increased 
at elevated temperatures. 

It is recommended that other investi- 
gators study this problem in order that 
sufficient confirming data be obtained to 
warrant establishing a new standard for 
silicone magnet coils, and particularly 
that they explore the elevated tempera- 
tures where designers may obtain an ap- 
preciable advantage (one standard wire 
size change). 

It is the recommendation of the authors 
that an observable temperature limit of 
200 degrees centigrade by resistance be 
considered as a future standard for sili- 
cone insulated magnet coils employing 
fiber glass conductor insulation. This 
would permit a temperature rise of 160 
degrees centigrade (above 40 degrees 
centigrade ambient temperature) as ob- 
served by resistance. 


Appendix |. Test Specification 
tor Temperature Runs on Magnet 


Coils 


Set up complete apparatus with coil as- 
sembled in its normal operating position. 
Shield apparatus from abnormal drafts 
where necessary but leave unrestricted room 
for flow of normal ventilating air. 

Apply several thermocouples to coil sur- 
face. These should be distributed around 
the surface so as to obtain several readings 
for an average indication. 
these are in intimate contact with coil sur- 
face and that the sensitive element is 
covered with a small felt pad or insulating 
cement. 

Place a thermometer in room air adjacent 
to the apparatus to record ambient tem- 
perature. This should be near enough to the 
apparatus to indicate accurately the sur- 
rounding room air temperature but should 
not be in a position where the apparatus 
temperature will affect it. 
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Make sure that . 


Next accurately measure the coil resist- 
ance and record it with the coil surface tem- 
perature as well as the ambient tempera- 
ture. 

Only after these preliminaries should 
power be applied. The voltage specified for 
test should be held constant throughout the 
test. During the early part of the test, fre- 
quent readings should be taken, but in the 
latter part, as the coil temperature ap- 
proaches a steady state, less frequent 
readings will suffice. Heating data should 
be observed and recorded as follows: 


Time of reading with reference to cold start. 
Volts applied to coil terminals. 

Amperes flowing through coil. 

Surface temperatures. 

Room air temperature. 


ene te 


After all observed values reach a steady 
state (or the increase does not exceed the 
variation due to change in ambient tempera- 
ture) take a set of shutdown readings. Ar- 
rangements should be made before power is 
shut off to change the coil connections 
quickly to a Wheatstone bridge. The time 
that power is shut off must be observed ac- 
curately and related to the cooling data 
taken. After power is shut off, frequent 
readings of coil resistance should be made 
until the change in coil resistance is at least 
half the total increase due to temperature 
rise. The coil resistance at the instant of 
shutdown is determined by plotting the 
values observed during the cooling period 
and extrapolating to the time that power 
was removed. 
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~ Inductive Co-ordination Aspects of 


Rectifier Installations 


AN AIEE COMMITTEE REPORT 


HIS REPORT discusses the inductive 

co-ordination aspects of rectifier in- 
stallations from the standpoint of effects 
on the a-c side and presents methods of 
classifying proposed installations into 
one of the three following categories: 


Category I. Very unlikely to cause impor- 
tant induction problems. 


Category II. Indeterminate. 


Category III. Very likely to cause impor- 
tant induction problems. 


Suggested dividing lines between cate- 
gories are set up in terms of estimated har- 
monic currents or voltages and types of 
power and telephone systems involved. 
In using these figures, it is important to 
keep in mind that the phenomena in- 
volved are complex and that simple esti- 
mates are necessarily approximate: a 
difference of less than about 25 per cent 
in any of the results obtained by these es- 
timates is ordinarily not significant. It 
is particularly important that none of the 
figures be construed to be any sort of 
limit. (For working material, see pages 
420 and 421.) 

Among the advantages of classification 
of installations in the manner described 
herein are: 


1. Considerable time and effort can be 
saved by avoiding useless detailed studies 
and tests in connection with installations 
which simple analyses would show to be 
relatively innocuous, that is, to be in cate- 
_gory I. After an installation in this cate- 
gory is placed in service, a few tests may be 
made to check the indications of the rough 
estimates and catalogue the case for future 
reference. 


2. It will be easy to recognize those instal- 
lations in which the only way to find out 
definitely whether remedial measures are 
needed—and if so the best type—is by de- 
tailed tests of power system influence and 
telephone noise before and after the rectifier 
is put into operation, that is, installations 
in category II. 


3. The occasional situation in which the 
rectifier load would cause immediate and 
severe problems, that is, installations in 
category III, can be recognized and suitable 
precautions taken. These precautions are, 
usually, to provide remedial measures in 
advance, or if this is not feasible, to confine 
the harmonics to areas where they can do 
little harm until tests can be made and 
remedial measures designed and installed. 


4. It will facilitate co-operative advance 
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planning, for example, selection of methods 
of pewer supply and number of phases, to 
minimize the probability of important in- 
duction problems. 


5. Where tests are required, it will facili- 
tate setting up test programs to obtain in- 
formation of the maximum usefulness with 
minimum effort. 


While this report is devoted primarily 
to rectifiers of the sort usually encoun- 
tered in industrial, railway, and radio ap- 
plications, methods are given later for 
treating certain of the types encountered 
less frequently. The following matters 
pertaining to harmonics associated with 
rectifiers are not covered, but references 
to other information are included as indi- 
cated: 


1. Harmonics on the d-c side of rectifiers 
(see items 21, 32, 33, 34, 35, and 36 in 
References). 


2. Effect of harmonics on the a-c side on 
heating of power equipment and on balance 
of rectifiers (see items 3, 16, and 31 in 
References). 


8. Single-phase rectifiers (see item 36 in 
References). 


More complete treatments of specific 
aspects of the subject are contained in the 
literature listed under References, which 
are referred to in the following text. Ap- 
pendixes I and II contain, respectively, 
brief discussions of the fundamentals of 
induction and of the propagation of har- 
monic currents and voltages over power 
circuits, which may be found useful in ob- 
taining a more comprehensive picture of 
the phenomena involved. Appendix III 
gives pertinent data on a few of the in- 
stallations which have been studied. 


Nature of Problem 


In this section are discussed the basic 
factors of the inductive co-ordination 
problem relating to rectifier installations 
from the point of view of the a-c power 
system. An understanding of these fac- 
tors will be helpful in analyzing situations 
involving inductive co-ordination prob- 
lems and in finding remedial measures. 


Facrors AFFECTING PROBLEM 


Considering the a-c side of a rectifier 
installation, the only significant effect of 
the installation from the inductive co-or- 
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dination standpoint is the production of 
harmonic currents and voltages in the 
power system,1» 2) 3, 8 9 17, 30, 31, 32, 34, 53 
These harmonic currents and voltages set 
up magnetic and electric fields of corre- 
sponding frequencies about the power 
lines; they, in turn, may induce voltages 
of the same frequencies in paralleling tele- 
phone circuits which may cause noise in 
these circuits. Induction caused by 
power circuit currents is called magnetic; 
that caused by power circuit voltages is 
called electric (see Appendix I). Whether 
noise problems will occur and, if so, their 
severity and extent, will depend on the 
magnitudes of the harmonic currents and 

voltages at various places over the power 

system, the characteristics of the power 

system, the amount, type and location of 

situations of proximity between power 

and telephone circuits (that is, ‘“‘expo- 

sures’), and the characteristics of the 

telephone circuits. These matters are 

discussed more fully in Appendix I. 


GENERATION OF HARMONICS 


The current taken by a rectifier unit 
from the a-c line has a step-type wave 
shape resulting from the flat top wave 
shape of the anode currents. Typical 
wave shapes of rectifier a-c line currents 
are shown in Figure 1. 

Table I shows the orders (that is, the 
multiples of the fundamental frequency) 
of the harmonics on the a-c circuits asso- 
ciated with rectifiers of different numbers 
of phases. The magnitude of any har- 
monic which is present with any particu- 
lar number of phases is the same as for a 
6-phase rectifier if all other conditions are 
the same. For example, the magnitudes 
of the twenty-third and twenty-fifth 
harmonics are approximately the same 
whether the rectifier has 6, 12, or 24 
phases.?: 5,8,9, 20,31 

The magnitudes of the harmonic cur- 
rents have a definite relation to the mag- 
nitude of the total rectifier current and 
also depend on the order of the harmonic. 
The higher the order of a harmonic, the 
smaller is its magnitude. 


Paper 46-105, recommended by the AIEE com- 
mittee on electronics for presentation at the AIEE 
summer convention, Detroit, Mich., June 24-28, 
1946. Manuscript submitted March 26, 1946; 
made available for printing April 17, 1946. 
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ing Company, Milwaukee, Wis. 
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EFFEecT OF POWER Circuit IMPEDANCE 


In Figure 2 is shown a simple power 
supply circuit for a rectifier installation. 
The rectifier unit R is supplied from a 
power source G over a 3-phase line A. 
The power supply circuit has an imped- 
ance Z, which includes the impedances 
of the line and the power source. From 
the point of view of the power circuit, the 
rectifier unit can be considered as a gen- 
erator of harmonic currents. The imped- 
ance of the power supply circuit will effect 
some reduction in the harmonic currents, 
the extent of the reduction depending 
on the magnitude of the impedance. 

If a harmonic current J, flows from 
the rectifier over the line to the power 
source, a voltage drop in the line will re- 
sult because of the impedance Z, of the 
power circuit at the harmonic frequency. 
This will produce at point S a harmonic 
voltage E, = 1,Z,. Via communication 
circuit should have an exposure to the 
power line A, experience shows that the 
controlling inductive effect in such a case 
is almost always caused by the harmonic 
current rather than by the harmonic 
voltage; the latter can, therefore, be neg- 
lected without much error for an expo- 
sure to the main supply feeder. 

However, if the power line should have 
an extension B for supplying other loads, 
as shown in Figure 3, the harmonic volt- 
age at S will cause a harmonic current to 
flow over that line also, although the 
power to the rectifier is supplied only over 


Table |. Harmonics Arising in Rectifiers 


= 


Orders of Harmonics Present With 
Balanced Operation* 


no 

o- 
o% Su ok ou ar Ons SS 
gi 2g 22 28 #3 23 b5o¢, 
BERS RE AG AG AE FSSee 
on Sa Sa Se Se Be meEsad 
Sipe Soe ae hn ee 300 
Pease eet Petty. Sey as 420 
Teme ey ae ee a 660 
ey Doak eee cae ens ee oe 780 
RE NAT hee ce mn Th LODO 
ify ooh ea NC inn rae ee ee eee BS) 
es Mae ht 28 despre ey eel S80 
OS. Bt whee ween ieee eee BCLS 0 
DOF we Pee Meee a pete) OLTAO 
i UA et BOE ee a ay oy ee REO 
SB Oe BES GOEL OS eel 8100 
37. ..37. ..8% == ..378* = .. 2,220 
oe te AE ee oe eS 4K 
Ag) ER 8) Oa, ES RES hai 
gt airs senate. rapa sine Sige! BILE S896 
49149 (== ..49**, = ° | 49#*) 1 9.040 
(iy ch ASEM Yeas 2S serie OE ONE scree 
Boe BBaee A eS Seas OD 
RS chart ta aL eta ry) 
61**. .61**,..— 2. — — 3,660** 


* Other harmonics may be present if the rectifier is 
unbalanced, as by differences in load or phase con- 
trol between units, or by harmonics in the power 
supply. 


** The series continues above these values. 
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line A. This harmonic current in, as well 
as the harmonic voltage on, line B and any 
lines that may branch from it could cause 
induction in communication lines ex- 
posed to them. 

The higher the value of impedance Lig 
the greater will be the harmonic voltage 
at S and the higher the magnitude of the 
harmonic current flowing over line B. 
Actually, the harmonic currents from a 
rectifier can flow into any part of an a-c 
system to which it is connected, as de- 
termined by the impedances of the vari- 
ous branches of the system at the har- 
monic frequencies, regardless of the loca- 
tion of the source of power supply or the 
direction of power flow.!8° In practice, 
however, the circuit over which the recti- 
fier receives its power usually has the low- 
est impedance and draws the greater part 
of the harmonic currents. 


Errect or A-C LINE VOLTAGE 


For a given kilovolt-ampere input to a 
rectifier installation, the higher the a-c 
line voltage the lower is the a-c line cur- 
rent and the lower the magnitude of the 
harmonic currents, because the magnitude 
of the harmonic current components has 
a definite relation to the rms value of the 
rectifier current. When the harmonic 
currents are lower, usually the harmonic 
voltages produced by them are also 
lower. Also, there are fewer long close 
exposures of telephone circuits to high- 
voltage transmission circuits than to 
power distribution circuits. Thus as the 
voltage of the line supplying a rectifier 
installation is increased, the probability 
of interference in communication circuits 
in the vicinity of the rectifier installation 
is decreased. 

Harmonic currents and voltages can be 
transmitted through power and distri- 
bution transformers in the a-c system and 
their magnitudes changed in accordance 
with the transformation ratios of the 
transformers. However, the factors con- 
trolling the propagation of harmonics 
over power networks are different quanti- 
tatively from those controlling the funda- 
mental, as discussed in more detail in 
Appendix IT. 


EFFECTS OF PHASE CONTROL 


Phase control is used on a rectifier for 
the purpose of reducing the d-c output 
voltage below the value obtained without 
phase control. It is accomplished by re- 
tarding the firing point of the anodes in 
the alternating-voltage cycle, through 
grid or firing control. When phase con- 
trol is used, there is no change in the 
transformation ratio of the rectifier trans- 
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former, and the ratio between the recti- 
fier d-c current and the a-c line current 
remains practically unchanged. 

If the d-c output is maintained constant 
while the d-c output voltage is reduced 
by phase control, the kilowatt output of 
the rectifier unit is reduced while the mag- 
nitude of the a-c line current and the kilo- 
volt-ampere input remain unchanged, the 
power factor at the a-c line terminals of 
the rectifier transformer being lowered 
thereby. The result is that the magnitude 
of the harmonic components in the a-c 
line current, per kilowatt output of the 
rectifier, is increased. 

Phase control also produces a steeper 
rise and fall of the anode currents at the 
beginning and the end of the anode firing 
period, while the current is commutated 
between successive anodes (see Figure 4). 
This is reflected in a steeper change of 
current between successive steps of the a-c 
line current wave, which results in har- 
monic components of higher magnitude.*-* 

These effects increase as the amount of 
phase control employed is increased. T he 
use of an appreciable amount of phase 
control is therefore likely to increase the 
co-ordination problem between a power 
system supplying rectifiers and communi- 
cation circuits. It is important, there- 
fore, that the use of phase control in 
excess of actual requirements be avoided, 
particularly in the range of full-load and 
overload ratings of rectifiers. 


I-T Propuct anD VOLTAGE TIF 


In the remainder of the body of the re- 
port, the terms ‘‘I-T product” and “‘volt- 
age TIF” are used freely. These terms 
are discussed in Appendix I. At this 
point it is sufficient to note that I-T prod- 
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Figure 1. A-c line currents 
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Figure 2 


uct is a measure of the over-all noise in- 
fluence of a current (including funda- 
mental and harmonics); voltage TIF is a 
similar measure for voltage of known 
rms value.?7:% 


GROUND RETURN AND 
BALANCED HARMONICS 


Harmonics arising in rectifiers supplied 
on a 3-phase basis start out as balanced, 
that is, the phase currents are equal and 

' 120 degrees apart, as are also the phase-to- 
neutral voltages. If the power system 
were perfectly balanced, that is, if at har- 
monic frequencies the series impedances 
of the three phase wires were equal and 
also if the admittances to ground of 
these wires were equal, these currents 
and voltages would remain balanced. 
However, with three or more wires on a 
pole head, the series impedances of the 
different wires are usually not identical 
nor are the admittances to ground identi- 
cal. In many cases these inequalities are 
accentuated by the presence of single- 
phase branches and single-phase loads. 
As a result, on distribution circuits (and 
to a limited extent on transmission cir- 
cuits), the vector sum of the harmonic 
phase currents or of the phase-to-ground 
voltages is not zero; the vector sum is 
called ‘‘residual.’’ That part of the resid- 
ual harmonic current which returns in 
the ground is called ‘ground return”; 
it has a larger inductive effect than cur- 
rents confined to the wires. Similarly, 
the effect of residual voltages is larger 
than that of balanced voltages. These 
matters are discussed in more detail in 
Appendix J, 10,11,12,23 


bron 


WITHOUT PHASE CONTROL 


WITH PHASE CONTROL 


Figure 4. Anode currents 
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RELATIONS BETWEEN HARMONIC 
VOLTAGE AND HARMONIC CURRENT 


Harmonic voltages on a power system 
may be important from two standpoints, 
namely: 


1. Where open wire telephone circuits are 
involved, the induction from these voltages 
may beimportant. 


2. In many situations, the more important 
effect of harmonic voltages is in causing 
harmonic currents in parts of systems on 
which these voltages are impressed. For 
example, in Figure 3 the effect of a harmonic 
voltage Ey, in causing a harmonic current in 
part B of the system is likely to be more im- 
portant than the direct effect of Hy. This is 
particularly likely to be true if part B is 
unbalanced, as by single phase branches and 
loads, so that part of the current becomes 
ground return. 


In connection with 1 above, the har- 
monic current into B at any frequency 
fn is the impressed harmonic voltage of 
that frequency E, divided by the imped- 
ance looking into B at that frequency. 
This impedance is not the series imped- 
ance of the wires of B alone; it depends 
not only on these series impedances but 
also on the impedances in shunt with the 
circuit, such as, for example, the imped- 
ances of loads or capacitors connected to 
the circuit and of the capacitances of the 
wires to each other and to earth. All of 
these impedances vary with frequency— 
some directly, some inversely, and some 
in a complex manner. Estimating the 
I-T on an actual circuit under these con- 
ditions would, therefore, be quite in- 
volved. For rough estimates only, it 
has been found useful to assume a direct 
relation between the voltage TIF on the 
circuit and ground return I-T. 


Procedure in Classifying 
Proposed Installations 


On pages 420 and 421 are shown the 
steps involved in the classification of a 
proposed rectifier installation together 
with essential data and equations. In 
the remainder of this section, these steps 
and data are discussed. 


Step 1 (REFER TO TABLE III, Pace 420) 


It is convenient to start with a sche- 
matic diagram of the power supply system. 
A typical diagram, shown in Figure 5A, 
includes the rectifier and its transformer, 
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Figure 3 


the supply feeder and its transformer, 
and associated power sources which may 
involve generators, a supply network, or 
both. In addition, the location of present 
or proposed telephone circuits, in relation 
to power circuit feeders, should be deter- 
mined as illustrated by exposures to power 
feeders A, B, C, and N. These exposures 
illustrate the groupings that are conven- 
ient in classifying installations from the 
co-ordination standpoint. While in a 
detailed study it is necessary to have ra- 
ther complete information on exposure 
conditions, it usually is sufficient for 
classification purposes to know their gen- 
eral type and extent; for example, the 
extent to which the power circuits are or 
are likely to be involved in joint use of 
poles with telephone cables or in joint 
use or roadway exposures to telephone 
open wire. 

It is usually convenient, next, to draw 
an impedance diagram similar to Figure 
5B. In this diagram the reactances of 
the various parts of the circuit through 
which power flows to the rectifier are in- 
dicated as percentages on the total rectifier 
transformer kilovolt-ampere base. If the 
rectifier transformer kilovolt-amperes is 
known, it is used directly; if it is not 
known, a sufficiently good approximation 
for the present purpose can be obtained 
from equation 1. The per cent commutat- 
ing rectance (%X,») of the rectifier trans- 
former can be obtained from the manu- 
facturer or can be approximated from 
Table II.* 


* The per cent impedance given on rectifier trans- 
former nameplates should not be used because it 
applies only to the case where voltage is applied to 
the primary, and all of the secondary terminals are 
short-circuited. 


Table Il. Approximate Per Cent Com- 
mutating Reactance of Rectifier Transformers 


Approximate Reactance, Per Cent 


Rectifiers 

Voltage Rectifiers for for 
Class on Railway and Electro- 
A-C Side, General Indus- chemical 
Kv trial Service Processes 

Up to 15 cng Biciskeforeuotsiaraiata tetas 9 

Ae Bie apes rence cls ele Circo cteets suelo 9 

GW acca denon be siicucer rac oa 9 

LG Bisa: crete etree wi OME ieanie restores 10 

AG Vee nee aida a ais ca ete WV oa ok 6 OR ae 12 

DELO here ceetecbom 14 Fo coisa ute ness: 14 
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Tablelll. Summary of Classification Procedure 


Step 1. Schematic and Impedance Diagrams of 
Power Supply System (as Figure 5) 


1. Indicate exposures 
Classify circuits as to type (as A, B, C, or N) 


3. Determine per cent reactance of circuit ele- 
ments at 60 cycles on total rectifier trans- 
former kilovolt-ampere base 


A. Commutating reactance of rectifier trans- 
former from Table JI or from manu- 
facturer 

B. 60-cycle power source reactance (use name 
plate data or Tables VIII and IX for 
reactances, and equations 4 and 5 for 
conversion to rectifier transformer 
kilovolt-ampere base) 

C. Rectifier feeder (see equations 2 and 3) 


4. Obtain total per cent commutating reactance 
(total %Xc) on total rectifier transformer 
kilovolt-ampere base by combining items 
3A, 3B, and 3C above; or 


5. If data on reactances are not available, assume 
total per cent commutating reactance of 
eight per cent for industrial and railway in- 
stallations supplied from distribution circuits 
and the values in Table II plus two per cent 
for all other installations 


Step 2. Direct-Feeder Exposure (Exposure A» 
Figure 5) 


1. If phase control is not used at rectifier rated 
load, estimate I-T product from Figure 6 


A. Interpolate between curves, using total 
%Xc obtained in item 4 or 5 of step 1 

B. Divide ordinate by phase-to-phase volt- 
age in kilovolts and multiply by total 
rectifier transformer kilovolt-amperes 


2. If phase control is used at rated load, obtain 
I-T product as discussed under “Substantial 
Amounts of Phase Control” rather than from 
Figure 6 


3. Classify exposure as in Table 1V* 


Step 3. Indirect Distribution Exposures (Exposure 
B and C of Figure 5) 


1. If phase control is not used at rectifier rated 
load, estimate voltage TIF on bus supplying 
feeder B or C, from Figure 7 

A. Interpolate between curves, using total 
commutating reactance (%Xc) obtained 
in item 4 or 5 of step 1 

B. Multiply ordinate by per cent reactance 
from (and including) 60-cycle power 
source to point of power supply to feeder 
BorC 

2. If phase control is used at rated load, obtain 
voltage TIF as discussed under “Substantial 
Amounts of Phase Control” rather than from 


Figure 7 
3. Classify exposure as in Table V* 
Step 4. Exposures to Supply System Network 


(Exposure N, Figure 5) 
1. Starting with the I-T product obtained in 
step 2 

A. Obtain division of this I-T product be- 
tween network (N) and generator (G) 

on basis of their inverse impedances 
B. Multiply network I-T from (A) above, 
by line voltage of direct feeder (A) and 

divide by line voltage of the network 


2. Classify exposures as in Table VI* 


Estimates of per cent reactance of 
other circuit elements on total rectifier 
transformer kilovolt-ampere base can be 
obtained from equations 2, 3, 4, and 5. 
The following suggestions may be of help 
in estimating reactances to use in these 
equations: 


1. For generators and other synchronous 


*In Tables IV, V, and VI, the classification of in- 
stallations into categories has the following general 
significance: 


Category I. Very unlikely to cause important in- 
duction problems. 


Category II. Indeterminate. 


Category III. Very likely to cause important induc- 
tion problems. 
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Table IV 


SS ___ 


Approximate I-T Product on Feeder A for 


Type of — 
Type of Feeder A Telephone Plant Category I* Category II* Category III* 


a a ae ee 


Cable Hate Al 

Overhead circuit, but so... All 
located that there are 
and will be no exposures 
more than a few spans 
long 

Overhead distribution cir- 


ey ee: — a _— 
.. All ee — aie — 


...Less than about... About 10,000 to... More than about 
cuits with normal exist- 10,000 about 100,000 100,000 
ing or possible future ex- Long open wire...Less than about...About 5,000 to,..More than about 
posures 5,000 about 50,000 50,000 

Rural, with present or... Long open wire... _ eae ee — 
possible future exposures 


Cablet 


t Feeder of low capacity with single-phase loads. 


+ With or without short open-wire extensions. 


Table V 


Approximate Voltage TIF on B or C for 


a 


Type of 


Distribution Circuit Type of 


Involved in B and C Telephone Plant CategoryI* Category II* Category III* 
Cable eh ALL dere stl Agi _— cAog — 
Overhead, so located that no exposures....All aiatee Po agate _ a erate — 


more than a few spans can exist 
Overhead, urban, with no capacitors....Cablef 
more than a few blocks away from 
the rectifier 
Overhead, urban with a likelihood of....Cable or open....Less than....About 40 to....More than 
capacitors some distance away wire about 40 about 100 about 100 
Overhead circuit supplying scattered....Long open wire....Less than..,.About 30 to....More than 
industrial and residential loads in about 30 about 75 about 75 
relatively open country and without 
extensive single-phase branches 
Ruralt 


....Less than....About 50 to....More than 
about 50 about 150 about 150 


....Long open wire....Less than....About 20to....More than 
about 20 about 50 about 50 


+ With or without short open-wire extensions. t Feeder of low capacity with single-phase loads. 


Table VI 


I-T Product Into the System (N) 


Characteristics of Supply System Category I* Category II* Category III* 


Extensive cable networks of type....All ete _— fea _ 
found in large cities 
Overhead subtransmission systems. ...Less than about 20,000.... About 20,000 to... .Over about 100,000 
about 100,000 
Extensive high-voltage transmis- 
sion systems: 
A. Rectifier with 6-24 phases...... Less than about 5,000 ....5,000 to 25,000 ....Over 25,000 
B. Rectifier with 30-48 phases..... Less than about 10,000....10,000 to 50,000... .Over 50,000 
C. Rectifier with 72 or more....All eisiscls = Was — 
phases 


Table VII. Equations Used in Estimating Reactances Associated With Rectifier Installations 


Num- 


Nature of Reactance Equation ber 


To estimate: - (100+ % phase control) 
A-c line kva of rectifier transformer (kva)R kvar=1.15 : 100 


from rectifier kw and phase control 


X rectifier kw (1) 


Here ‘‘% phase control” is amount of phase con- 
trol at rated voltage and load 


Phair (0.00375) (L) (kvar) (2) 
ms 4-kv circuits 
Per cent reactance (% XL) of line of length ng 
L (in miles), on rectifier transformer kva AXL= (0:075) (1) (evar) (3) 
base Eu? 


for 13-kv and higher-voltage circuits, where 


EL is phase-to-phase voltage, in k 
To find: sf iy ‘ 


Per cent reactance (%Xkz), on rectifier 


transformer kva base (kvar), of equip- kvar 

ment having a known per cent reactance TX R= ToXx k (4) 
(%Xzxz) with respect to some other kva bbe 

base (kvaz) 

Per cent reactance (%XRz), on rectifier k 
transformer kva base (kvar), of a react- %X Rz = (Xz) (eva) (5) 
ance given in ohms (Xz) ina line of volt- 10EL? 
EL is phase-to-phase voltage, in kv 


age Ex 
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Figure 5. Typical power-supply and tele- 
phone exposure diagram for classifying rectifier 
co-ordination problems 


A=feeder to rectifier 
B=distribution system extending beyond recti- 
fier station 
C=distribution system fed from supply sub- 
station 


| EXPOSURE A j 


(5a rary 
FEEDER A 
RECTIFIER 
KVAR 

NETWORK N TRANSFORMER 

ACTING AS iS Bae 

FeURGe e RECTIFIER woUntE 

[exposure C | 


| EXPOSURE B | 
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(A) SCHEMATIC DIAGRAM 


D=transformer bank supplying distribution 
system 
G = generator 
%Xon=per cent commuteting reactance of 
rectifier transformer 
%X,4=per cent reactance of feeder A, on 
rectifier transformer kilovolt-ampere base 

%Xp=per cent reactance of transformer D, 
on rectifier transformer kilovolt-ampere base 
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HoXp ZB 


"/oXen 


RECTIFIER 


(B) IMPEDANCE DIAGRAM 


%Xq=per cent reactance of generator G, 
on rectifier transformer kilovolt-ampere base 


%Xy=per cent reactance of network N, on 
rectifier transformer kilovolt-ampere base 


Zz = impedance presented by distribution cir- 
cuit B, to voltages of nth harmonic frequency 


Zc = impedance presented by distribution cire 
cuit C, to voltages of nth harmonic frequency 


6705-7 


CURVES PLOTTED FOR THREE VALUES OF TOTAL 


CURVES PLOTTED FOR THREE VALUES OF TOTAL 80 COMMUTATING REACTANCES (Xc) EXPRESSED IN 


COMMUTATING REACTANCES (Xc) EXPRESSED IN 


PER CENT ON RECTIFIER TRANSFORMER KVA BASE 


30 APPROXIMATE FACTORS 
TO GIVE GENERAL IDEA 
OF EFFECTS OF PHASE CONTROL 4 


1-T/ KVA, FOR LINE VOLTAGE OF I KV 


OURCE 
BASE 
Ww - 


190 LTOTAL %oXC= 


VOLTAGE TIF OF POWER SOURCE / PER CENT S 
REACTANCE ON RECTIFIER TRANSFORMER “KVA 


MULTIPLY ORDINATE BY FULL 
LOAD KVA OF RECTIFIER AND 


DIVIDE BY THE LINE VOLTAGE, 


(0) !2 24 36 48 
NUMBER 


Figure 6. |-T per kilovolt-ampere of rectifier 
transformer capacity for 1-kv line voltage versus 
number of rectifier phases (60-cycle systems) 


machinery, the average of the subtransient 
and negative sequence reactances may be 
used. If these reactances are not known, 
the approximate percentages on the machine 
kilovolt-ampere base, shown in Table 
VIII,!4:37 may be used. 


2. If the reactance of a power transformer 
bank is not known, the approximate figures 
in Table IX may be used. 
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Table VIII. Approximate Reactances of 
Synchronous Machines 


Reactance on Own 
Base for Use in 


Type of Machine Equation 4, Per Cent 


2-pole turbine generator..........+++5 9 
4-pole turbine generator............4- 15 
Salient pole generator or motor 
With Campers. cig saree woke dace ns eters 24 
Without dampers:........-eesesees 45 
Synchronous condemser........++++++- 25 
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APPROXIMATE FACTORS 
TO GIVE GENERAL IDEA 
OF EFFECTS OF PHASE CONTROL 


TOTAL %Xc=5% 
TOTAL %X¢=8% 


TO DETERMINE VOLTAGE TIF AT A 
GIVEN POINT: 

MULTIPLY ORDINATE (FROM ABOVE) 
BY THE PER CENT REACTANCE (ON THE 
RECTIFIER TRANSFORMER KVA BASE) 
FROM THE POINT IN QUESTION BACK 
TO(AND INCLUDING) THE 60-CYCLE 
POWER SOURCE 


24 36 48 60 Te 


NUMBER OF RECTIFIER PHASES 


Figure 7. Source voltage TIF per per cent 

source reactance on rectifier transformer kilo- 

volt-ampere base versus number of rectifier 
phases (60-cycle systems) 


8. Where the ‘‘network acting as power 
source” includes a transformer bank be- 
tween the lines and the bus, about the best 
approximation is to consider the impedance, 
looking into it from the bus as being equal to 
the reactance of the transformer bank alone. 
This approximation is good if the network is 
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Table IX. Approximate Reactances of Power 
Transformers 


Approximate Reactance 
on Own Base for Use in 
Equation 4, Per Cent 


Voltage Class on High- 
Voltage Side of Trans- 
former, Kilovolts 


Opry WE ape daopodeds odeoac 5 
Ure AePreyehe CHeo nites OO ALODNO 7 

COMPA Sane eee eh ies te 8 

ATO e Pigiaa orsiiee cones: 10 

NGI Sa¢baouaunsonorD on 12 

D380 eee seer cistern tegeuaferyiecs © 14 


a high voltage system; it gets successively 
poorer as the voltage of the network ap- 
proaches that of the bus. 


Having set down the reactances as per- 
centages on the total rectifier transformer 
kilovolt-ampere base, they are com- 
bined to obtain the approximate total 
commutating reactance in per cent on rec- 
tifier transformer kilovolt-ampere base, 
that is, total %X,.* In cases where data 
are not available on reactances, total 
%X, of eight per cent can be used for 
industrial and railway installations sup- 
plied from distribution systems and the 
values shown in Table II plus two per 
cent for all other installations. 


Step 2. Direct EXPOSURES TO 
RECTIFIER FEEDERS (EXPOSURE A 
IN FIGURE 5) 


Step 2 covers a direct distribution type 
feeder supplying power to a rectifier. As 
indicated under ‘‘Nature of Problem,” 
experience indicates that in practically all 
such cases, magnetic induction is con- 
trolling, and that electric induction can 
be safely neglected. While the ground 
return I-T is the most significant measure 

_ of magnetic influence, it is difficult to esti- 
mate; however, for given power circuit 
conditions, the ground return I- T is about 
proportional to phase I-T, and the latter 
provides a sufficiently reliable indication 
for classification purposes. 

It has been found for installations of 
ordinary rectifiers of a given number of 
phases operated at full load without 
phase control, that the quantity “I-T 
product per kilovolt-ampere of rectifier 
transformer capacity” usually lies within 
a fairly narrow range. In Figure 6 are 
plotted average values of ‘“I-T product 


per kilovolt-ampere of rectifier trans- 


* For rectifier installations of 12 or more phases, 
strict theoretical accuracy would require applica- 
tion of correction factors to the a-c system react- 
ances before combining them with the commutating 
reactance of the rectifier transformer to obtain total 
%Xc. For the purposes of this report, this refine- 
ment was not considered essential and was omitted 
for the sake of simplicity. 


** It has been found by experience that the minimum 
I-T is secured when the loads among units in a 
multiphase installation are well balanced even if 
this requires the use of small amounts of phase con- 
trol in some of the units. 
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former capacity’ for a 60-cycle system 
having a phase-to-phase voltage of one kv. 
Three curves are shown for values of to- 
tal commutating reactance (total %X-) 
of 5%, 8%, and 12% on the rectifier trans- 
former kilovolt-ampere base. The total 
commutating reactance at rated load may 
be determined as explained previously 
and then used to interpolate between the 
three curves of Figure 6. The I-T per 
kilovolt-ampere thus obtained, when 
multiplied by the rectifier transformer 
kilovolt-amperes and divided by the a-c 
phase-to-phase voltage in kilovolts, will 
give the I-T product for feeder A. The 
data from Figure 6 also apply if phase con- 
trol is used only at fractional load or if 
small amounts of phase control (not over 
a few per cent) at full load are used to 
balance loads among units forming a mul- 
tiphase installation.** If larger amounts 
of phase control are used in normal oper- 
ation, the methods outlined in ‘‘Installa- 
tions Using Substantial Amounts of 
Phase Control’ should be used. 


With known I-T product, installations 
can be classified from the standpoint of 
exposures similar to exposure A as in 
Table III. 


STEP 3. INDIRECT DISTRIBUTION 
EXPOSURES (EXPOSURES B AND C 
oF FicurE 5) 


From the standpoint of exposures B 
and C in Figure 5, the factor of primary 
interest usually is the ground return I-T 
product. This factor, however, is very 
difficult to estimate, and for that reason, 
the voltage TIF impressed on the feeders 
and their extent and type are usually em- 
ployed. This approximation is rather 
poor quantitatively but is good enough for 
classification purposes. Where open wire 
telephone circuits are involved, the volt- 
age TIF itself is of importance. 


The voltage TIF on feeder C at the 
substation is produced by the voltage 
drops caused by the harmonic currents 
flowing through the reactances of trans- 
former bank D and the source as explained 
in ‘‘Nature of Problem.’”’ The voltage 
TIF may be estimated with the aid of 
Figure 7. The value of the total com- 
mutating reactance obtained in step 1 
is used to interpolate between the curves 
of Figure 7. The ordinate thus obtained 
for the particular number of rectifier 
phases is the voltage TIF contribution 
per ‘‘per cent power source reactance”’ on 
the rectifier transformer kilovolt-ampere 
base. This value when multiplied by the 
appropriate per cent power source react- 
ance gives the voltage TIF on the feeder. 
‘‘Power source reactance,” as here used, 
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is the reactance on the power source side 
of the point considered. In case of feeder 
C, the power source reactance includes the 
reactances of transformer D and of the 
power supply to it. 

In thus using Figure 5, the estimated 
voltage TIF impressed on feeder B is the 
voltage TIF per per cent source reactance 
as estimated above times the power 
source reactance to the point where feeder 
B is supplied. The per cent source re- 
actance to the point where feeder B is 
supplied is equal to the source reactance 
used for feeder C plus the per cent react- 
ance of feeder A. The reactance of feeder 
A can be determined conveniently from 
equation 2 or equation 3, depending on 
the circuit voltage. 

Having obtained estimates of voltage 
TIF at the points supplying power to 
feeders B and C, installations can be 
classified from the standpoint of expo- 
sures B and C asin Table V. 

If no exposures exist or will be created 
in the future in a particular location, there 
is no occasion for estimating voltage TIF 
for that feeder location or supply bus. 


Srep 4. EXPOSURES TO SUPPLY SYSTEM 
Network (Exposure N IN FIGURE 5) 


The power supply system may range 
from a single generator G to many gener- 
ators and may include an extensive trans- 
mission or subtransmission network. 
Where such a network is involved, the 
primary consideration from an induction 
standpoint is whether the harmonic cur- 
rent fed to it will have a significant effect 
on the influence of distribution systems 
(particularly rural) connected to it and 
over how large an area this will occur. 
The rectifier harmonics do, of course, tend 
to increase the influence of the high volt- 
age circuits themselves, but as a rule 
problems from this cause are less wide- 
spread or important than problems asso- 
ciated with the effects on distribution 
systems supplied by these circuits. Ex- 
perience has shown that the most useful 
factors in estimating the effect of rectifier 
harmonics from this standpoint are: 


1. ThelI-T product put into the network 
by the rectifier. 


2. The general characteristics of the net- 
work. 


The I-T product on the direct feeder A 
has already been obtained in step 2. This 
I-T product will divide between the gen- 
erator and network circuits in the inverse 
ratio of their impedances, from which the 
I-T product put into the network can be 
estimated. Where the network is con- 
nected to the bus through a transformer 
bank, the impedance looking into the 
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(B) IMPEDANCE DIAGRAM ON RECTIFIER TRANSFORMER KVA BASE 


network can be assumed to be that of the 
transformer bank; where there is no 
transformer bank, the safest assumption 
is that all of the I-T goes into the net- 
work. In estimating magnitude of I-T 
products at various points, it is, of course, 
necessary to take into account the ratios 
of any transformers through which the 
currents pass. 

While a wide range of supply network 
and exposure conditions may be encoun- 
tered, the most useful and convenient 
classification from the co-ordination 
standpoint is based on the information 
outlined in Table VI. 


DISCUSSION 


Rectifier co-ordination problems in- 
volve complex phenomena. As a conse- 
quence, a few installations which appear 
to be in category I cause important prob- 
lems; conversely, a few installations 
which appear to be in category III turn 
out to be innocuous. Categories I and 
III have been set up so as to make them 
as definite as practicable, while category 
II covers a wide range of intervening con- 
ditions. The chance of a particular case’s 
actually falling outside of its indicated 
range depends to a considerable extent 
upon its nearness to the edge of the range. 

Certain additional factors may be 
considered qualitatively in estimating 
the likelihood of important induction 
problems for installations, particularly 
those in category II. Some favorable 
and unfavorable factors in exposures to 
distribution circuits (exposures A, B, and 
C of Figure 5) are: 
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Illustrative example of installation 
to be classified 


Figure 8. 


1. Heavy industrial type feeders supplying 
mainly 3-phase loads provide a favorable 
factor. The lighter the load, the more scat- 
tered it is; and the larger the proportion of 
single-phase line and load, the greater will 
be the likelihood of a co-ordination problem, 
assuming normal urban exposure conditions. 


2. Large banks of capacitors at or near 
rectifier installations of 12 or more phases 
are usually favorable; for 6-phase installa- 
tions they may be favorable or unfavorable. 
The reason for the differentiation is that 
resonance between capacitors and urban 
distribution circuits is most likely to be im- 
portant for frequencies of from 200 to 500 
cycles, which are normally suppressed with 
rectifiers of 12 or more phases. 


3. Capacitor banks electrically remote 
from rectifier installations may be unfavor- 
able, particularly for 6-phase rectifiers. 


Certain additional favorable and unfavor- 
able factors in exposures involving the 
supply network (exposure N of Figure 5) 
Ane: 


1. For urban power cable networks, the 
greater the lengths of cable which the har- 
monics must traverse before reaching over- 
head circuits, the less is the likelihood of a 
problem. 


2. The larger the number of transformers 
through which the harmonics must pass be- 
fore they reach overhead distribution cir- 
cuits, particularly rural circuits, the smaller 
is the likelihood of a problem. 


3. Supply to a rectifier direct from a gen- 
erator bus is favorable; a generating station 
connected to a high voltage transmission 
system through transformers may be favor- 
able or unfavorable; usually the effect is 
not large. 
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In a number of the cases investigated, 
it was found that the rectifiers were op- 
erating with unnecessarily large amounts 
of phase control at full load. Asa result, 
the I-T product and voltage TIF were 
substantially higher than would normally 
be expected. In most of these cases, se- 
lection of different transformer taps and, 
occasionally, readjustment of the phase- 
control mechanism reduced the harmonics 
substantially. 

In some installations, one or more of 
circuits A, B, or C may be missing and 
need not be considered in the classifica- 
tion procedure. For example, some in- 
stallations are supplied from high voltage 
networks through transformer banks 
which supply power only to the rectifiers 
and the plants in which they are located; 
in such cases only the I-T into the high 
voltage network is of interest. 


ILLUSTRATIVE EXAMPLE 


In order to illustrate the application of 
these methods, consider Figure 8. 


Step 1. Figure 8A shows a sche- 
matic diagram of anassumed power system 
associated with a rectifier, and Figure 
8B shows an impedance diagram on the 
rectifier transformer kilovolt-ampere base. 

Assume that the exposures to A, B, and 
C are normal urban, miscellaneous joint 
use and roadway, and that power circuits 
B and C extend into residential areas. 

The reactances in Figure 8B were de- 
termined as follows: 


0.075 X 1.5 X 2,300 
Ney 
=1.538% (using equation 3) 


%X a= 
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2,300 
%Xm=8X 35 000 


=0.62% (using equation 4) 
2,300 
20,000 

=0.81% (using equation 4) 


%Xg= 10% — 
Nes aa 0 00 


=1.15% (using equation 4) 
MX gt HX 72=1.15+0.81 =1.96% 


Reactance of 7; and generator branch 
in parallel is 


ToX 1,= 7X 


1 1 1 
——=——— = — = 047% 
‘se is Me 0.514+1.61 2.12 
1.96 0.62 

The total commutating reactance on 


rectifier transformer kilovolt-ampere base: 
Total %X,=6.2+1.538+0.47 =8.20% 


Step 2. The total I-T in feeder A 
is determined as follows: 

With a total X, of 8.2 percent, the I-T 
per kilovolt-ampere on a 1-kv circuit is, 
from Figure 6, about 180. The total I-T 
in A is then: 


180 X2,300 
a = 32,000 


From Table IV, the installation would 
be classified in category II from the 
standpoint of the direct feeder A. 


Step 3. The per cent power source 
reactance used to estimate the voltage 
TIF on feeders C is the reactance of the 
generator branch and 7; in parallel, 
which is 0.47%. From Figure 7, the 
voltage TIF per per cent source reactance 
is (for a total X, of 8.2%) about 50. The 
voltage TIF impressed on C will thus be 
about 500.47 = 24. 

From Table V, the installation would 
be classified in category I, from the 
standpoint of feeders C, 

The per cent power source reactance 
used to estimate the voltage TIF im- 
pressed on B is 0.47+X ,=0.47+1.538= 
2.00%. Again, the voltage TIF per per 
cent is 50; the voltage TIF on B will then 
be about 50X2.0= 100. 

From the standpoint of circuit B, the 
installation will be (from Table V) in 
category II. If capacitors are to be used 
on the power system, it will be near the 
upper edge of category II. If circuit B 
should be used to supply a rural system, 
the installation would probably be in 
category III from the standpoint of the 
rural system. 


Step 4. The total I-T on a 13-kv 
base going into the generator and high 
voltage network branches in parallel is 
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(from step 2) 32,000. That going into 
the generators is of no interest. That go- 
ing into the transmission network is 


1.96 
382,000 X 


———_— = 24,000 
1.96 +0.62 


On the 132-kv high voltage network, 
this I-T is reduced by the ratio of trans- 
formation of transformer Ty, or it is 


13 
4,000 X—~ = 2,400 
24, 739 


From Table VI, it will be seen that from 
the standpoint of the high voltage net- 
work, the installation is in category I. 


DISCUSSION OF EXAMPLE 


From the analysis, it can be seen that 
the area in which problems are most likely 
to occur when the rectifier is placed in 
operation is that supplied by feeder B. It 
is possible that there will be some prob- 
lems associated with feeder A, but unless 
the exposure extends practically the 
whole length of the feeder, they probably 
will not be unduly severe. The chances of 
problems associated with feeder C or with 
remote distribution systems fed from the 
132-kv network are small. 

It would seem wise in this case to ex- 
amine the situation with regard to feeder 
B in more detail before placing the recti- 
fiers in operation; for example, ascertain 
whether capacitors are used at, widely 
separated points, the general degree of 
circuit balance, and the amount and 
type of exposure (particularly between 
the rectifier and the capacitors). Ar- 
rangements might be made for applying 
telephone cable sheath shielding in ad- 
vance of the start of rectifier operation 
and for some method of emergency opera- 
tion to take care on a temporary basis of 
any difficulties that might develop until 
permanent measures could be applied if 
tests indicated their necessity. 

It probably also would be advisable, 
if practicable, to make tests on feeders A 
and B and on some telephone circuits 
exposed to them before the rectifier is 
brought up to full load, possibly during 
the preliminary tests of the rectifier. 

Little, if any, attention need be given 
to the high voltage network or to feeders 
C except possibly to make a few tests 
after the rectifier is in regular operation 
to be sure that no unforeseen conditions 
exist. 

It is of interest to note that in this case 
a ten per cent voltage reduction at full 
load by phase control would result in 
more than doubling the I-T’s and voltage 
TIF’s with a consequent substantial in- 


crease in likelihood of problems; for ex-- 
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ample, it would result in putting the in- 
stallation well into category III from the 
standpoint of B, in category II from the 
standpoint of C, and close to category II 
from the standpoint of the high voltage 
network. (See example under ‘‘Installa- 
tions Using Substantial Amounts of 
Phase Control.’’) 

On the other hand, if the installation 
were 12 phase without phase control at 
full load, the I-T’s and voltage TIF’s 
would be reduced 35 per cent to 45 per 
cent, with a consequent substantial re- 
duction in the likelihood of problems. 


SMALL RECTIFIERS OF 
THREE OR FouR PHASES 


For small rectifier installations, the 
capacity may be less than that of 6 or 12 
tubes of conventional size. For these 
cases it may be desirable to use four or 
eight rectifier tubes with a transformer 
connected in Scott/4-phase cross, or three 
tubes with a transformer connected in 


_ delta/3-phase zigzag. Estimates of har- 


monic effects of these connections may 
be based on the methods of analysis and 
the data given for 6-phase rectifiers, and 
increasing the I-T product and voltage 
TIF factors by the multipliers given in 
Table X. 


Table X 
Relative I-T 
and Voltage 
Phase TIF Factors* 
ame ei It CRO OA OCAAT. A 1.20 
Bisreictorepcisveve ig Tie farchove ec eiae.t ar ers sievehe’s) oisieeiel 1.33 


* These multiplying factors are to be applied to esti- 
mates based on 6-phase rectifiers. 


APPLICATION TO SYSTEM OF 
OTHER THAN 60 CYCLES 


In order to apply the methods outlined 
here in cases where the power system fre- 
quency is other than 60 cycles, it will be 
necessary to obtain voltage TIF and I-T 
products from other sources.*8917 With 
these factors known, installations can be 
classified as outlined in the foregoing. 


Co-ordinative Measures 


The solution of problems involving 
rectifiers where the application of co- 
ordinative measures is indicated is no 
different from other types of inductive 
co-ordination problems, in that close co- 
operation of all interested parties is nec- 
essary. Guiding principles and general 
practices are given in the report on ‘‘Prin- 
ciples and Practices for Inductive Co-ordi- 
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nation,” by the Edison Electric Institute 
and the Bell Telephone System,” which 
recognizes that characteristics of both 
the power and the telephone systems must 
be taken into account. Of the various 
kinds of co-ordinative measures applica- 
ble to the power or telephone system, the 
following are the most important in con- 
nection with rectifier problems: 


1. Advance planning of the method of 
supplying the rectifier from the standpoint 
of minimizing wave shape distortion.*? 


2. Phase multiplication of rectifier installa- 
tion.?.5,6,20 


3. Frequency selective devices.?!:32 


4. Reduction of power system unbalance 
to ground. 10.11,12,23 


5. Co-ordinated transpositions.*4 (Trans- 
positions in power distribution circuits are 
of negligible value but may in some cases 
be useful in transmission circuits.) 


6. Reduction of telephone system unbal- 
ance to ground. 10+11,12,23,28 


7. Shielding of telephone cable circuits.* 


Some of these already have been referred 
to as factors in evaluating the likelihood 
of a given installation’s causing trouble. 

It is impracticable within the scope 
of this report to present a sufficiently de- 
tailed discussion of these measures to 
provide the information required for 
reaching a solution of a particular situa- 
tion. However, the following general dis- 
cussion of these measures, with some in- 
dication of their field of use, may be help- 
ful in a more detailed examination of the 
material listed in the references. 

Induction problems associated with 
rectifiers are most likely to involve ex- 
posures between power distribution cir- 
cuits and telephone exchange circuits. 
The difficulties of applying and maintain- 
ing co-ordinative measures on a specific 
exposure basis, where power and tele- 
phone distribution circuits are involved, 
has led in recent years to relying more and 
more on the maintenance of the lowest 
practicable susceptiveness* of telephone 
circuits in general and of the smallest 
practicabie wave shape distortion on 
power circuits in general. This is particu- 
larly true in rural areas where changes 
and extensions are frequent and where 
the power circuit influence is very greatly 
affected by wave shape. 

Improved balance-to-ground of the 
newer types of telephone subscriber and 
central office equipment, which reached 
the stage of large-scale production just 
prior to the war, was most helpful in this 
connection. Another helpful factor in 
the prewar years was the increase in use 


——_————————— $$ 


* See Appendix I for explanation. 
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of carrier on telephone toll circuits, 
which was accompanied by much more 
effective telephone transposition arrange- 
ments. Of great importance from the 
standpoint of power system influence 
was the development and application of 
the principle of phase multiplication, par- 
ticularly in view of the tremendous ex- 
pansion during the war in large scale 
rectifier installations. 

Figures 6 and 7 have illustrated the ef- 
fectiveness of phase multiplication in re- 
ducing the I-T and voltage TIF. This 
results from a reduction in the number of 
harmonic orders present as indicated in 
Table I. Another advantage of a rela- 
tively large number of phases is that 
power system resonance conditions tend- 
ing to magnify the effects of harmonics 
are much less likely, to occur at frequen- 
cies above the twenty-fifth harmonic (60- 
cycle base). Furthermore, if induction 
problems do arise, remedial measures are 
much less expensive than for a smaller 
number of phases because 


1, Thenumber of harmonics to be cared for 
is smaller. 


2. The volt-ampere capacity of devices to 
reduce harmonics goes down rapidly as the 
lowest frequency which they must handle 
goes up. 


The number of phases in an installation 
is, of course, limited to the number of 
anodes. To secure the greatest effective- 
ness of phase multiplication, the d-c loads 
on the individual rectifiers must be well 
balanced. Where they are not well bal- 
anced, shifting the phase of successive 
rectifier units to obtain phase multipli- 
cation will be much less effective. When 
one of the units in a multiphase installa- 
tion is out of service, as for maintenance, 
the effectiveness of phase multiplication 
is reduced, but in only a small number of 
cases has this presented a problem of im- 
portance. 

While phase multiplication is a power- 
ful tool in the larger capacity installations, 
there are still many smaller installations 
of limited number of anodes where it can- 
not be employed. The only presently 
available method of controlling harmon- 
ics, other than phase multiplication, is 
some form of frequency selective device. 
Most of these devices have consisted of 
several resonant shunts or of a series re- 
actor and shunt capacitor, per phase. 
The use of series reactors increases the 
voltage regulation of the rectifier unit 
which must be taken into account in 
many cases. Resonant shunts involve 
precision tuning and, where several shunts 
are used per phase, may involve special 
mounting arrangements. 
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‘With the more extensive use of power 
factor correction capacitors on power sys- 
tems, a somewhat different approach to 
the frequency selective device design 
problem may, in some cases, be advanta- 
geous. This approach is first to consider 
what capacitor installations have been 
made or can be justified for power reasons 
and next to consider whether they will, or 
can be made to, produce harmonic con- 
trol. For example, if a fairly large block 
of capacitors can be justified for power 
reasons at or near the rectifier location, 
they may be adequate alone, as has been 
the case in several large metallurgical 
rectifier installations, or coils to tune the 
entire bank broadly or to tune parts of 
the bank to particular frequencies might 
be added. The same thing might be done 
with capacitors at a supply substation bus 
if harmonic currents in the direct feeder 
are not important. In any such installa- 
tions—whether equipped with tuning 
coils or not—the chances of adverse res- 
onance at the lower harmonic frequencies 
need to be considered. In general, the 
reduction in I-T and voltage TIF would 
not be expected to be as large with the 
broadly tuned arrangement as with sev- 
eral sharply tuned resonant shunts, but 
in view of its very low cost (assuming the 
capacitors would be available, anyway), 
it may be advantageous in some cases, 
particularly where large reductions are 
not needed. 

The extent to which other measures 
can be substituted in place of control of 
the rectifier harmonics in a specific case 
depends on many circumstances which 
cannot be described in detail here. How- 
ever, a few of the more general consider- 
ations can be given, namely: 


1. Situations where the effect of the recti- 
fier is confined to the feeder between the 
source of supply and the rectifier offer the 
best field for the use of measures other than 
harmonic control, or a combination of these 
measures with a moderate degree of har- 
monic control. 


2. Incases where the effect of the rectifier 
spreads beyond the feeder, but only to a 
limited extent, the same situation exists, 
although the advantage of reducing the har- 
monics is greater because of the greater un- 
certainties as to conditions in the future. 


8. In cases where the effects spread over 
wide areas and involve numerous power 
distribution systems, it is almost hopeless to 
attempt to correct induction conditions 
without limiting the harmonics at the recti- 
fier. 


Installations Using Substantial 
Amounts of Phase Control 


For installations employing substantial 
amounts of phase control at rated load, 
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Figures9,10,11. 1-T perkilovolt-ampere on 
1-ky circuit for 6-, 12-, and 24-phase rectifiers 
with different amounts of phase control 
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For 60-cycle systems 

lg=actual d-c load current 

lap = rated d-c load current 

Total %X.=per cent commutating reactance 

of rectifier transformer bank and supply sys- 

tem on rectifier transformer bank kilovolt- 

ampere base 

a=phese control angle of retard 

A=amount of phase control or per cent volt- 

age reduction below output voltage with 
zero phase control (A=1— cos a) 


To find I-T 


1. Determine the value of /I¢/lg, times total 

%X, for the particular load under considere- 

tion. Where the I-T for the rated capacity 
only is desired, total %X, is used directly 


9. From the curve for the appropriate number 
of phases and amount of phase control, deter- 
mine the |-T per kilovolt-ampere 


3. Multiply the |-T per kilovolt-ampere read 

on the curves by the actual kilovolt-ampere 

and divide by the phase-to-phase line voltage 

in kilovolts. This is the estimated phase |-T. 

Actual kilovolt-amperes can be obtained by 

multiplying rated kilovolt-amperes by the 
ratio Ig/Ig, 


426 TRANSACTIONS 


Ig/Idr TIMES TOTAL %Xc 


Figure 11. Twenty-four-phase rectifiers 


Figures 6 and 7 cannot be used to obtain 
I-T products and voltage TIF’s. How- 
ever, I-T products can be estimated from 
Figures 9, 10, and 11 which show I-T per 
rectifier kilovolt-ampere on a 1-kv line 
with various amounts of phase control, 
for 6-, 12-, and 24-phase installations, re- 
spectively, operating in a balanced man- 
ner. Voltage TIF can be estimated by 
using Figures 12, 13, and 14, which show 
voltage TIF per per cent power source re- 
actance on rectifier transformer kilovolt- 
ampere base, with various amounts of 
phase control, for 6-, 12-, and 24-phase 
installations, respectively, operating in a 
balanced manner. 


To illustrate the use of these curves, 
consider the example discussed under 
“Procedure in Classifying Proposed In- 
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stallations’’ (see Figure 8), but assume ten 
per cent phase control at rated output 
voltage and current. The I-T product 
on the direct feeder A and the voltage 
TIF on B will be estimated: 


1. The rectifier transformer kilovolt-am- 
peres required for this rating will be (see 
equation 1) 
100-+10)2,000 
se +10)2,0 
100 


Lai! = 2,530 kva 


2. The parallel reactance of the generator 
and 7; on the rectifier transformer kilovolt- 
ampere base will be 0.47 (2,530/2,300) = 
0.52 per cent (equation 4). 


3.. The line reactance (X 4) on rectifier 
transformer kilovolt-ampere base will be 
1.53(2,530/2,300) =1.7 per cent. 


4, The total %X,=0.52+1.7+6.2=8.4 
per cent. 
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Figures 12, 13,14. Woltage TIF per per cent 

reactance of power source for 6-, 12-, and 

24-phase rectifiers with different amounts of 
phase control 


For 60-cycle systems 

Iq = actual d-c load current 

lap = rated d-c load current 

Total %X,=per cent commutating reactance of 

rectifier transformer bank and supply system on 

rectifier transformer rated kilovolt-ampere base 

a=phase control angle of retard 

A=amount of phase control or per cent volt- 

age reduction below output voltage with 
zero phase control (A=1— cos a) 
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Ig/Idr TIMES TOTAL %Xc 


Figure 14. Twenty-four-phase rectifiers  - 


To find voltage TIF: 


1. Determine the value of Ig/la, times 
total %X, for the particular load under con- 
sideration. Where the TIF for the rated capac- 
ity only is desired, total %X, is used directly 


2. Determine the per cent power source re- 
actance on the base of actual rectifier kilo- 
volt-amperes. For partial load, this can be 
found by multiplying source reactance on the 
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base of rectifier transformer rated kilovolt- 
amperes by the ratio I¢/la, 


3. From the curve for the appropiate number 

of phases and amount of phase control, deter- 

mine the voltage TIF per per cent source react- 
ance 


4. Multiply the value read on the curves by 
source reactance found in step 2. This is the 
estimated voltage TIF 
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5. From Figure 9, the I-T per kilovolt-am- 
pere on a 1-kv circuit for total %X_ of 


8.4 per cent, 72 /equal to one, and phase con- 


dr 
trol of ten per cent, is about 410; or on a 


13-kv circuit, it is 410/18=32. The total 
I-T on feeder A is then 322,530 =80,000. 
6. From Figure 12, the voltage TIF per 
per cent power source reactance is about 120. 
The total per cent power source reactance to 
point B is 0.52+1.7=2.2 per cent. The 
estimated voltage TIF at point B is, then, 
120 X2.2=260. 


To illustrate the method of obtaining 
I-T products and voltage TIF’s at partial 
load, suppose it is desired in the example 
just illustrated (that is, the same as Fig- 
ure 8 but with a 2,530-kilovolt-ampere 
rectifier transformer) to find the condi- 
tions at a current output of 0.6 times rated 
output, but with 15 per cent phase con- 
trol at this load. Proceed as follows: 


ale a xX %X-=0.6 X8.4=5.0 per cent. 
ar 


2. I-T per kilovolt-ampere on 1-kv circuit 
with 15 per cent phase control is (from 
Figure 9) about 5380. On a 13-kv circuit, it 
would be 530/18=41. The kilovolt-am- 
pere input can be taken as 2,5380X0.6= 
1,520. The total I-T on the feeder is 
1,520 X41 =62,000. 


8. The voltage TIF per per cent power 
source reactance is (from Figure 12) about 
163. To estimate voltage TIF at point B 
in Figure 8, multiply per cent power source 
reactance by 0.6; that is, 0.6X2.2=1.3. 
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Figure 15. Nature 
of electric induction 


Figure 16. Nature 
of magnetic induc- 
tion 


Next, multiply by 163, that is, voltage 
TIF at B equals 1.8163 =212. 


Figures 10, 11, 13, and 14 assume bal- 
anced operation between the 6-phase 
units making up the 12- and 24-phase in- 
stallations; that is, it is assumed that the 
d-c loads are equal, that the voltages of 
the d-c transformer windings on all units 
are identical, that the differences in phase 
control between units are small and that 
the harmonic voltages on the power sup- 
ply system are too small to result in un- 
balances. If the d-c winding voltages of 
the rectifier transformers differ between 
units (which may be caused by operation 
on different transformer taps) and differ- 
ent amounts of phase control are used, the 
curves no longer give accurate results, 
even if the d-c loads are balanced. Under 
such conditions, the suppression of the 
‘normally suppressed”’ harmonics is likely 
to be impaired and partial suppression of 
“normally unsuppressed”’ harmonics may 
occur. 


Other Forms of 
Conversion Equipment 


Co-operative investigations have been 
made in connection with two installa- 
tions of large frequency changers con- 
necting 60-cycle and 25-cycle 3-phase 
systems.!539 Tests have also been made 
on two installations of equipment for con- 
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verting from 3-phase 60 cycles to single- 
phase at a frequency on the order of 1,000 
cycles. The test results indicate that 
the methods outlined herein can be ap- 
plied in connection with such installations 
without large error. 

Data are not available for estimating 
I-T products and voltage TIF’s for other 
forms of conversion apparatus, stich as 
electronically controlled motors. It ap- 
pears, however, that where the power sup- 
ply to such devices is balanced 3-phase, 
estimates made along the lines discussed 
herein would provide at least a good start- 
ing point in studies. 

The inductive effects of single-phase 
rectifier installations are subject to much 
wider variations than 3-phase installa- 
tions, and the methods outlined herein 
cannot be applied to such installations. 


Appendix|. Fundamentals of and 
Terms Used in Noise Frequency 
Co-ordination Work 


In this appendix, fundamentals of and 


terms used in noise frequency inductive co- - 


ordination work are discussed. 


Electric and Magnetic Induction— 
Coupling 


Voltages induced on telephone circuits by 
power circuit voltages are said to be caused 
by electric induction; voltages caused by 
power circuit currents are said to be the 
result of magnetic induction. These forms 
of induction exist independently and must 
be so treated. 

The process of electric induction in its 
simplest form is shown in Figure 15. The 
power wire has on it a harmonic voltage E 
to ground. 


1. Between the power wire and a nearby tele- 
phone wire, electric coupling, represented by ca- 
pacitance Cpr, exists. The magnitude of this 
capacitance is directly proportional to length of ex- 
posure and increases as separation between the 
wires decreases. Its impedance is inversely pro- 
portional to frequency. 


2. The telephone wire has finite impedances to 
ground, Z4 and Zp, outside the exposure. These 
impedances are usually much smaller than the im- 
pedance of Cpr. The current to the telephone wire 
is therefore controlled by Cp7; it is directly propor- 
tional to the coupling and to frequency and magni- 
tude of E. The voltage on the telephone wire is the 
current through Cpr times Z4 and Zz in parallel; 
it is roughly proportional to coupling and frequency. 


The magnetic induction process in its 
simplest form is shown in Figure 16. 


1. A mutual reactance, or magnetic coupling, exists 
between the power wire and the nearby telephone 
wire by virtue of the fact that the magnetic flux as- 
sociated with the power wire current links the tele- 
phone wire. The total amount of flux (per unit of 
power wire current) which links the telephone wire 
is proportional to length of exposure and increases 
as separation is decreased. 


2. The voltage e induced along the telephone wire 
is proportional to the total flux which links it and 
is also proportional to frequency. The current in 
the telephone wire is this voltage divided by 
(ZA+ZpB). The voltage to ground at one end of 
the exposure is this current times ZA; at the other, 
times Zp. 
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Figure 17. TIF weightings 


Voltage TIF and I-T Products 


The frequencies in human speech range 
from the order of 125 cycles to upwards of 
10,000 cycles per second. A much narrower 
band of frequencies is sufficient to carry on 
a satisfactory conversation and most tele- 
phone circuits are designed to transmit such 
a narrower band. 

. Each harmonic voltage or current in a 
power system induces a voltage of the same 
frequency in a paralleling telephone circuit 
which, in turn, may actuate a telephone re- 
ceiver and cause an audible sound. The 
composite of the sounds of all such fre- 
quencies present usually results in a hum- 
ming sound commonly called noise. Differ- 
ent frequencies in this noise have different 
interfering effects”. depending on the 
characteristics of the telephone circuits, 
receiver, the human ear, and other factors; 
relative interfering effects are called noise 
weightings and have been ascertained by 


RECTIFIER (AND 
RECTIFIER 
TRANSFORMER) 


Figure 18. Production of ground-return |-T 
by balanced voltage acting on unbalanced 
power circuit 


The situation shown is for a multigrounded 
neutral circuit, but comparable effects occur 
with 4-wire unigrounded or 3-wire circuits 


Jury 1946, VoLUME 65 


extensive tests. The composite of the noise 
voltages in the circuit can be measured by 
means of a noise measuring set which con- 
tains networks having frequency-transmis- 
sion characteristics in accordance with the 
noise weightings, and a meter which adds 
components as the square root of the sum of 
the squares. 

Since the effects of both electric and mag- 
netic coupling are directly proportional to 
frequency, the relative noise influence of 
voltages and currents on the power system 
is proportional to the product of noise 
weighting and frequency. For any fre- 
quency, this product (times a constant) is 
known as TIF (telephone influence factor) 
weighting. TIF weighting curves as func- 
tions of frequency are shown in Figure 17. 

There are three different sets of TIF 
weightings which reflect changes in trans- 
mission-frequency characteristics of tele- 
phone circuits and instruments over a long 
period, namely: 


1. The “1918” weightings. These were known as 
telephone interference factor weightings, and this 
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name is still used to distinguish them from the 
later weightings which are called telephone in- 
fluence factor weightings. 


2. The ‘1935” weightings. 28 


8. The tentative ‘1941’’ weightings. 
weightings have not been standardized yet. 


These 


The very small weightings of 60 cycles 
explains why, from the noise frequency in- 
duction standpoint, only the harmonics are 
of interest. 

While much induction work is carried 
on on the basis of individual harmonics, it 
frequently is desirable to use an over-all 
measure of the influence of a current or a 
voltage in a power circuit. This over-all 
measure is obtained by multiplying the 
magnitude of each harmonic present (am- 
peres, for current; kilovolts for voltage) by 
its TIF weighting, and taking the square 
root of the sum of the squares of these prod- 
ucts. The result is, for current, I-T 
product; for voltage, KV-T product. 
These products can be measured directly 
by the use of a noise measuring set and a 
TIF coupler, the latter having a transmis- 
sion-frequency characteristic directly pro- 
portional to frequency. So-called TIF 
meters also can be used. 


Balanced, Residual, and Ground 
Return Currents and Voltages 


Suppose in Figure 16 there were another 
power wire very close to the one shown there 
and that it carried a current equal and op- 
posite to the current in the original wire; 
such a set of currents would be called bal- 
anced. The flux cutting the telephone wire 
then would be only the difference between 
the fluxes at that point arising from the cur- 
rents in the two power wires. If the sepa- 
ration between the power wires were small, 
this difference would be small and hence the 
coupling would be small as compared to that 
for current which goes out on one or more 
wires and returns through the earth, that 
is, ground return current. 

A similar analysis with respect to voltages 
would indicate the same conclusions. 

For a power circuit of any number of 
phases and wires, the following terms ap- 


ply: 


1, Ground return current is the vector sum of the 
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actual currents in all the wires of the circuit. 


2. Residual current is the vector sum of the 
actual currents in the phase wires. In a 3-phase 
3-wire circuit, residual and ground return currents 
are the same. In a 4-wire 3-phase circuit, part of 
this residual current may stay in the neutral wire, 
and the influence of this part is about the same as 
if it were balanced. Ina 2-wire circuit consisting of 
an extension of a phase wire and neutral of a 3- 
phase 4-wire circuit, phase and residual current are 
the same; part of this residual current is ground 
return. 


3. Balanced currents are those components of the 
actual phase currents whose vector sum is zero. 


4. Residual voltage is the vector sum of the volt- 
ages between phase wires and earth. 


5. Balanced voltages are those components of the 
actual phase-to-ground voltages whose vector sum 
is zero. 


The over-all influence of any one of these 
components is measured by its I-T or KV-T 
product. For distribution circuits, and in 
many cases for transmission circuits, over- 
all influence is controlled by ground return 
I-T, or residual KV-T. In dealing with 
voltages of known magnitude, voltage TIF is 
frequently used instead of KV-T; it is 
KV-T divided by voltage in kilovolts. For 
residual voltages on 3-phase generators, 
residual component voltage TIF is some- 
times used; it is one third residual KV-T 
divided by phase-to-neutral voltage. 

In a 3-phase circuit with no single-phase 
extensions or loads, the ground return I-T 
and the residual KV-T are usually small 
except for triple harmonics (third and odd 
multiples thereof). If, however, there are 
single-phase taps or loads, ground return 
harmonic currents can occur even though 
the harmonic voltages are impressed in a 
perfectly balanced manner, as by a rectifier. 
The conditions leading to this effect are 
shown in Figure 18. Here is shown a feeder 
from a power source to a rectifier; there is 
a single-phase extension. For simplicity in 
explanation, a multigrounded neutral cir- 
cuit is shown; comparable effects may occur 
with unigrounded neutral or 3-wire cir- 
cuits as explained later. 

As explained in “Nature of Problem” in 
the main body of this report, the harmonic 
currents produced by the rectifier load flow 
through the phase wire reactances and pro- 
duce harmonic voltages. The harmonic 
voltage-to-neutral thus caused at point A 
in Figure 18 is impressed on the single- 
phase tap. Capacitance exists between the 
phase wire in the tap and the neutral (Cy) 


and between the phase wire and ground 
(Cg). The load likewise presents a finite 
impedance between the phase wire and the 
neutral and ground in parallel. Harmonic 
currents flow through the capacitance and 
load impedances. Part of this current flows 
in the neutral wire (about 40 per cent in the 
usual case) and part in the ground (usually 
about 60 per cent). The ground current 
returns to the power circuit via the neutral 
ground on the supply transformer bank. 
Thus on the tap itself and on the portion of 
the 3-phase circuit between the tap and the 
power source, there is ground return har- 
monte current. Harmonic currents through 
single-phase loads connected directly to the 
3-phase line produce ground return harmonic 
current in a similar fashion. In an actual 
circuit, there are usually numerous single- 
phase taps and single-phase loads; ground 
return current can circulate between one 
tap or load and other taps or loads, so that 
the ground return I-T is likely to be differ- 
ent at different places along a 3-phase circuit. 

That comparable effects can occur on long 
unigrounded neutral or 3-wire circuits can be 
shown as follows: 


1. Consider first a 4-wire unigrounded neutral 
circuit with a single-phase tap. Imagine that, in 
Figure 18, all grounds on the neutral are removed 
except the one at the power supply bank and series 
inductances and shunt capacitance are distributed 
along the neutral as well as the phase wires. Har- 
monic current can still flow through the capacitance 
between the phase wire and ground; this current is 
ground return. Furthermore, under some condi- 
tions, substantial voltages to ground can exist on 
the neutral at harmonic frequencies; they may cause 
harmonic currents through the neutral-to-ground 
capacitance, and these currents are ground return. 


* 2. On a 8-wire circuit, the single-phase tap would 


be connected to two of the phase wires. Harmonic 
currents can flow through the capacitances to 
ground from both phase wires and become ground 
return. Even if there is no neutral-to-ground con- 
nection at the power supply bank, these ground re- 
turn currents can exist; they return to the system 
through the capacitance to ground of the remaining 
phase wire in other parts of the system. 


As a general rule, overhead urban distri- 
bution systems are so short that the ca- 
pacitances can be neglected. Ground return 
current can occur in such systems only if the 
neutral is multigrounded. Rural systems, 
however, are usually long enough so that the 
harmonic currents through the capacitance 
are frequently controlling; substantial 
ground return I-T can occur regardless of 
whether or not a neutral wire is present or 
where or how the system is grounded. 


a Mice >< _—| MILE——————>| eek 
| jO.4w jo4w | j0.4w j0.40 | 
| | | ADpiTIONAL 
| =j182,000w | -5182,000w | MILE 
| SECTIONS 
(A) LINE REACTANCES AT 60 CYCLES 
| MILE 1 MILE ————-> 
| jlow jlow | JlOw jlow | 
| 
| | ADDITIONAL : 
| -}7,300w | 7,300 | MILE Figure ee Phase- 
| SECTIONS to-neutral inductive 


(B) LINE REACTANCES AT 25TH HARMONIC 


430 TRANSACTIONS 
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ancesof typical trans- 
mission line 
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There are three other methods by which 
ground return harmonic current can be 
caused by balanced impressed harmonic 
voltages or currents (as by a rectifier), 
namely: 


1. The currents in the phase wires magnetically in- 
duce voltages along the neutral or ground wire. If 
the phase wires are not disposed symmetrically with 
respect to the neutral, the voltages induced along 
the neutral wire by the balanced currents in the 
three individual phase wires will not be equal. The 
vector sum can, in a multigrounded neutral circuit 
or a transmission circuit equipped with a ground 
wire, cause current to circulate between the neutral 
or ground wire and ground; this current is ground 
return. This effect usually is important only in 
cases where the circuit is very well balanced other- 
wise. 


2. Ona multigrounded neutral urban circuit with 
capacitors, small differences between the reactances 
of the individual phase wires can cause substantial 
ground return harmonic current if the capacitors 
and circuit are very close to resonance at one of the 
harmonic voltages present. This phenomenon is 
discussed more fully in Appendix II. 


3. In some cases the minor differences in the re- 
actances of the phase wires can cause ground return 
harmonic currents even in the absence of capacitors. 
Such ground return currents can occur only when 


(a). The circuit is long enough to permit appreci- 
able currents through the natural capacitances, or 


(b). There are two or more transformer bank neu- 
tral-to-ground connections between which the 
ground returo current can circulate. 


Metallic and Longitudinal 
Telephone Voltages and 
Currents—Susceptiveness 


Assume that in Figure 16 another tele- 
phone wire is added parallel and close to the 
first. The second wire will be linked by 
nearly the same flux as the first, and the dif- 
ference in the voltages along the two wires 
will be a small fraction of that along either 
one. If these two wires are used as a metal- 
lic telephone circuit, the noise voltage acting 
around this circuit will be a small proportion 
of that which would act in a telephone cir- 
cuit consisting of one wire with ground re- 
turn, that is, a ground return circuit. 

The same analysis could be carried through 
for electric induction with the same con- 
clusions. 

Thus in a metallic telephone circuit, there 
is longitudinal circuit induction which is the 
voltage along or to ground on the conductors 
in parallel, and direct metallic circuit induc- 
tion, which is the difference between the 
voltages along or to ground on the two wires, 
the direct metallic circuit induction being 
much the smaller. 

Direct metallic circuit induction can be 
reduced still further by transposing the tele- 
phone circuit, that is, interchanging the 
positions of the conductors periodically so 
that the voltages on both tend to be equal. 
In open wire circuits the reduction obtain- 
able, while large, is limited by unavoidable 
irregularities in exposure conditions. In 
cable circuits the pairs are twisted so as to 
be continuously transposed, and direct 
metallic circuit induction can be neglected. 
In addition, the telephone cable sheath pro- 
vides practically perfect shielding against 
electric induction if grounded at one or more 
points, and it provides some shielding 
against magnetic induction if grounded at 
both ends, the degree of shielding being 
limited by the resistance of the sheath and 
of the grounds. 

Longitudinal circuit induction can cause 
noise in a metallic circuit by acting on, tele- 
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Figure 20. Sending-end phase-to-neutral im- 
pedance of typical transmission line with far 
end open and short-circuited 


Sending-end inductive reactance 
Sending-end capacitive reactance 


Impedances are for condition of no losses in 
circuit. For effect of losses, see text 


phone circuit unbalances. These unbal- 


ances are of two types: 


1. Series impedance unbalances, that is, differ- 
ences in the impedances of the two wires of the 
circuit. 


2. Shunt admittance unbalances, that is, difter- 
ences in the admittances between the two wires of 
the circuit and ground. 


Unbalances can occur in line, station, or 
central office equipment. Typical types of 
unbalances in these three locations are: 


1. Lines. Series unbalances may be caused by 
imperfect joints or by variations in cross section or 
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composition of the two conductors of a circuit. 
Shunt unbalances may be caused by such things as 
missing insulators, foliage touching the wires, 
transposition irregularities, and unbalances in ca- 
pacitance to ground in cables. 


2. Stations. Shunt unbalances only need to be 
considered. The principal unbalance is the ringer- 
to-ground connection used for party-line ringing. 
Its magnitude depends on the impedance of the 
ringer and the details of the subset connections. 


3. Central office. Series unbalances can occur on 
account of unbalances in relays used for supervision, 
differences in capacitance of condensers used to 
block direct current paths, and so forth. Shunt 
unbalances may be caused by differences in the in- 
ductances of relay, retard or repeating coil windings 
connected between the wires and ground, differences 
in the capacitances to ground of wires, repeating coil 
windings, and other factors. 


The degree to which a telephone circuit 
can be affected by given extraneous electric 
and magnetic fields is called its susceptive- 
ness. Susceptiveness depends on such things 
as balance and adequacy of transpositions, 
and on the frequency response of the cir- 
cuits and instruments and the level (magni- 
tude) of the telephonic current and voltages 
at the point where the exposure exists. 
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Inductive Co-ordination 


It is theoretically possible to have power 
circuits with practically zero influence (for 
example, by having no harmonics), they 
would not cause noise in any telephone cir- 
cuit regardless of its susceptiveness. It is 
theoretically possible to have telephone cir- 
cuits of practically zero susceptiveness (for 
example, by having perfect balance and 
transpositions); they would not be noisy 
regardless of the influence of nearby power 
circuits. Also, of course, if the power and 
telephone systems were separated by large 
distances, the coupling, and hence the noise, 
would be negligible. None of these methods 
is practicable, in general, in the present 
state of the art. The practical job of noise 
frequency inductive co-ordination consists 
of so controlling coupling, influence, and 
susceptiveness within practical limits that 
telephone circuit noise is controlled ade- 
quately at minimum cost and maximum 
satisfaction to both power and telephone 
customers. : 


Appendix Il. Propagation of 
Harmonic Currents and Voltages 


Line Characteristics 


For short feeders between a source of 
power supply (generator or substation) and 
a rectifier installation, only the inductive 
reactances need be considered in estimating 
harmonic voltages and currents. But for 
longer circuits such as transmission or rural 
distribution circuits, the capacitances be- 
tween the different wires and between the 
wires and ground must be taken into ac- 
count when dealing with harmonic fre- 
quencies. 

Why the capacitances associated with the 
wires have a greater effect at harmonic fre- 
quencies than at 60 cycles can be shown by 
considering the constants of a typical trans- 
mission line as illustrated in Figure 19. 
Here are shown the series inductive react- 
ances and shunt capacitive reactances on a 
phase-to-neutral basis for such a line 
(Figure 19A) at 60 cycles and (Figure 19B) 
at the twenty-fifth harmonic. It can be 
seen that at 60 cycles the shunt capacitive 
reactances are very large compared with the 
series inductive reactances; a line of short 
or moderate length can be considered simply 
as consisting of 70.8 ohm per mile. But 
at the twenty-fifth harmonic, the series im- 
pedances are increased 25 to 1, and the shunt 
impedances are decreased 25 to 1. At the 
twenty-fifth harmonic, the total series im- 
pedance becomes as large as the total shunt 
impedance in 19.1 miles of line (that is, 
19.1 X20 =382 =7,300/19.1), whereas in the 
case of 60 cycles, this equality does not occur 
until the line is about 480 miles long. 

To obtain an idea of how, quantitatively, 
this difference affects line performance, con- 
sider Figure 20, which shows the sending- 
end impedance of a typical transmission 
line with the far end open and with it short- 
circuited, as a function of length and fre- 
quency, neglecting losses. These curves are 
computed from the formulas: 


Sending-end impedance with far end open 
=—jZ, cot 6 
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a 
Figure 21. Ratio of current at far end to cur- 


rent at near end with far end short-circuited and 
ratio of voltage at far end to voltage at near 
end with far end open 


Ratios are for condition of no losses in circuit. 
For effect of losses, see text 


Sending-end impedance with far end short- 
circuited =jZ, tan 0 
where 


Z,=characteristic impedance to neutral 
(880 ohms in the example) 

@=line angle (or phase shift) in degrees= 
frequency times length times 360 di- 
vided by velocity of propagation 


Since, in a smooth circuit without losses (a 
good approximation for power transmission 
circuits at harmonic frequencies), the veloc- 
ity is independent of frequency, the curves 
can be plotted using length times frequency, 
that is, kilocycle-miles, as abscissas.* For 
example, a 100-mile line at 60 cycles is 
0.06 kilocycle times 100 miles =6 kilocycle- 
miles; a 20-mile line at 1,500 cycles is 30 
kilocycle-miles, and so forth. For such lines 
the velocity is about 180,000 miles per 
second. 

With a velocity of 180,000 miles per 
second, 0, or phase shift, is two degrees per 
mile per kilocycle, which can be derived as 
follows: 


180,000 miles 


Wave length at frequency f= j 


Wave length =360 degrees 


180,000 
Whence ———— miles =360 degrees 
D fe ea oe 
er mile =———— = -—— 
Sele Eatge sae a 180000 1,000 


If f is in kilocycles, degrees per mile=two 
degrees times f (in kilocycles). 
It will be noted from Figure 20 that 


1. With the far end open, the impedance looking 
into the near end is capacitive reactance up to 45 
kilocycle-miles; with the far end short-circuited, 
it is inductive reactance up to that length. Above 
45 kilocycle-miles, the signs are reversed. 


* That frequency and length can be combined is also 
obvious from the fact that the inductive reactance 
as well as the capacitive admittance (reciprocal of 
reactance) are directly proportional to length and 
frequency. 
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2. At 22.5 and 67.5 kilocycle-miles, the imped- 
ances with the far end open and short-circuited are 
the same in magnitude but opposite in sign. 


3. At 45 kilocycle-miles, the impedance with the 
far end open is very low; with the far end short-cir- 
cuited, it is very high. That is, at this length a 
short circuit on the far end tends to look like an 
open circuit at the near end; an open circuit at the 
far end tends to look like a short circuit at the near 
end. Actually, the near end impedances would go 
to zero or infinity except for the losses in the cir- 
cuit. The significance of 45 kilocycle-miles is that 
it is “quarter wave length.”” That is, 452 degrees 
=90 degrees, which is one quarter of 360 degrees. 
The effects at this length are sometimes referred to 
as ‘natural line resonance’’ because a line of this 
length with the far end open looks from the sending 
end like a series resonant circuit; with the far end 
short-circuited, it looks from the sending end like 
a parallel resonant circuit. 


Another factor of importance in consider- 
ing propagation is what happens to har- 
monic currents and voltages as they traverse 
the line from the sending-end to the far end. 
Figure 21 shows, for the same line as used in 
Figures 19 and 20, the ratio of voltage at the 
far end to that at the near end with the far 
end open, and the ratio of current at the far 
end to that at the near end with the far end 
short-circuited. This curve is based on the 
formula 


where 


R=ratio of voltage at far end to that at 
near end with far end open, or ratio 
of current at far end to that at near 
end with far end short-circuited. 


R 
nlf 
Figure 22. Series a 
and parallel reso- 
nance an 


For series resonance, 


pgek mie oar 

. R+jX,—iXe 

lf X,p=X,, then 

In=En/R For parallel reso- 
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- 


@=line angle in degrees = two degrees times 
kilocycle-miles. 


The abscissas are again in terms of kilocycle- 
miles. It is of some interest to note that 
these two ratios are shown by the same 
curve, that is, the voltage ratio with the far 
end open is the same as the current ratio 
with the far end short-circuited. The quar- 
ter wave length effect is again evident. 

Here again the difference between the 
way a line performs at 60 cycles and at har- 
monic frequency may be noted. Consider 
a line 50 miles long with the far end open. 
The data for a few typical frequencies are 
set down in Table XI. 

In most practical cases the far end of a 
line is not open nor short-circuited. While 
the treatment of the general case is beyond 
the scope of this appendix, it may be said 
that for transmission circuits the impedance 
at harmonic frequencies across the far end 
is frequently almost pure inductive or ca- 
pacitive reactance. In such cases the effects 
shown in Figures 20 and 21 occur, but for 
different line lengths than shown there. 


Equipment 


Transformers and rotating machinery 
present almost pure inductive reactances; 
the impedance at harmonic 1 is very closely 
equal to ” times the 60-cycle impedance 


Table XI 


Ratio of Far Sending- 
End Volts to End 
Kilo- Near End Impedance 


Har- Fre- cycle- Volts (From (From Fig- 
monic quency Miles Figure 21) ure 20) 
Lissa a GOs ie avr Osten ve ere AS OO eicere —j3,650 
i feces 420..... ile Cysts LOO Rerats ers —j425 
Viren WO2ZO or aes Ghing.< se aS. Wegnoe +584 
ZDn sons 1500. a. WD is eredeete Loe eee +3j660** 


* Obtained from fact that the ratio for L kilocycle- 
miles is the same as the ratio for (90-L) kilocycle- 
miles, that is, the ratio for 75 kilocycle-miles is the 
same as the ratio for 15 kilocycle-miles. 


** Obtained from the fact that sending-end im- 
pedance with far end open of a line L kilocycle- 
miles long is the same as sending-end impedance 
with far end short-circuited of line (L-45) kilocycle- 
miles long, that is, sending-end impedance with far 
end open of line 75 kilocycle-miles long is the same 
as impedance with far end short-circuited of line 
30 kilocycle-miles long. 


Grasse 


(B) PARALLEL RESONANCE 
IfX,=X,, then Vee 

In=V/iXt = En/iXr 
In= yoKn and 

6) Ih=V/—jX,-=En/—iXe 
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A capacitor presents practically pure ca- 
pacitive reactance of a magnitude equal to 
its 60-cycle reactance divided by n. For 
generators and synchronous motors, the 
average of the negative sequence and sub- 
transient 60-cycle reactances is used in 
estimating harmonic reactance. 

Transformers step up or step down im- 
pedances by the square of the turn ratio; 
that is, if an impedance Z is connected to the 
low side of a transformer having a voltage 
ratio K, it appears when looking through the 
transformer from the high side as ZK?. 
Where transformers are used, the imped- 
ances of equipment on one side can be 
transferred to the other either by computing 
them as if they were actually operated on the 
desired voltage base or by computing them 
on their own voltage base and multiplying 
by the square of the transformer ratio. 


Resonance Between 
Equipment and Lines 


It has been noted in Figure 20 that over 
comparatively wide ranges of frequency 
times length, the sending-end impedance of 
lines is capacitive reactance. Since the re- 
actance of transformers and rotating ma- 
chinery is inductive, it is not uncommon to 
find a frequency at which the reactances of 
the apparatus and the line are equal and op- 
posite. 

When equal and opposite reactances are 
connected together, a condition known as 
“resonance”? occurs. Two variations of 
resonance can be recognized, that is, series 
resonance and parallel resonance, as il- 
lustrated in Figure 22. There it is shown 
that: 


1. For series resonance, the current through and 
the voltages across the inductive and capacitive re- 
actances are limited only by the resistance in the 
circuit. Thus, in a low loss series resonant circuit, 
large voltages and currents can occur even with 
relatively low impressed voltage. 


2. For parallel resonance, the current in the re- 
active elements is equal to the impressed voltage 
divided by the reactance of the element. The volt- 
age across the circuit does not exceed the internal 
voltage of the source. Consequently, large currents 
can occur only when the internal voltage of the 
source is high or the reactances of the elements are 
low. On the other hand, the current through and 
the voltage across the reactive elements are rela- 
tively unaffected by the internal resistance of the 
source. 


In Figure 23 are shown examples of pos- 
sible resonance conditions which may be 
set up at a harmonic frequency between the 
inductive reactance of equipment and the 
capacitive sending-end reactance of lines. 
It is assumed that the source is putting out 
a harmonic of the resonant frequency. 

Rotating machinery and transformers 
usually have low internal resistance so that 
substantial increases in harmonic voltages 
and currents at particular frequencies can 
be caused by either of the types of situation 
illustrated. Transmission lines with har- 
monics put on at remote points usually also 
act as sources with low internal resistance 
when considering harmonics impressed on 
distribution systems. This is because 


1. The impedance looking into a transmission line, 
to which most of the apparatus connected has induc- 
tive reactance, usually has a relatively small re- 
sistive component. 


2. Further, the resistive component (as well as 
the reactive component) is stepped down by the 
square of the transformer ratio when considered on 
the distribution circuit voltage base. 
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(B) HARMONIC SOURCE SEES PARALLEL RESONANCE 
BETWEEN GENERATOR AND TRANSFORMER AND THE LINE 


Figure 23. Examples of resonance between 


equipment and lines 


On the other hand, the internal resistance 
of a rectifier, considered as a source of har- 
monics, is significant; the resistance is an 
inverse function of the load. Therefore, ex- 
cept for the larger rectifier installations, 
which are characterized by low internal re- 
sistance, large increases in harmonic cur- 
rents or voltages at the sending ends of 
lines because of resonance are likely to occur 
only in cases of parallel resonance (as in 
Figure 23B). , 

Fortunately, most of the resonances en- 
countered in practice are relatively sharp, 
and there is usually no harmonic present of 
exactly the resonant frequency. Conse- 
quently, the increases in harmonic voltage 
and current because of resonance are only 
moderate in most cases, although in rare 
cases these increases may be ten or more to 
one. 

The ratios of harmonic currents and volt- 
ages at the two ends of a line (shown in 
Figure 21) are independent of whether the 
magnitudes at the sending end are affected 
by resonance. 


Rural Distribution Circuits 


Propagation of harmonics over rural dis- 
tribution circuits differs from that over 
transmission circuits in two important re- 
spects: 


1. The impedance presented by load is largely re- 
sistive in series with inductive reactance, the latter 
being caused by the load transformers. At night, 
and sometimes during the day, the load is light and 
the line operates essentially with the far end open. 


2. A large proportion of the line mileage is likely 
to be single-phase, so that the ratio of ground- 
return harmonic current to phase harmonic current 
is much higher than for a transmission line. For 
single-phase multigrounded neutral rural lines, the 
ratio of ground return to phase harmonic current 
is on the order of 0.6; for unigrounded neutral or 
delta lines, the ratio is variable and it may be as 
high as unity. 


Because of the facts that over substantial 
periods, rural power lines act as if they 
were open and that the line length is moder- 
ate, the sending-end impedance is likely to 
be capacitive reactance at the frequencies 
of the important harmonics. The sizes of 
transformers used to supply rural lines are 
frequently such that resonance occurs some- 


Inductive Co-ordination 


where between the fifth and twenty-fifth 
harmonics. During heavier load periods, 
this resonance is considerably damped by the 
load; as a result, the noise influence of a 
rural power circuit usually is substantially 
higher at night than during the periods when 
the load is heavier. 

In dealing with the single-phase branches 
of distribution circuits, it is rather common 
to use impedance-to-ground instead of im- 
pedance-to-neutral. Impedance-to-ground 
is phase-to-ground voltage divided by 
ground-return current or, conversely, 
ground-return current is phase-to-ground 
voltage divided by impedance-to-ground. 
Figures 20 and 21 can be used to obtain an 
idea of what happens on a single-phase rural 
line with the far end open or short-circuited 
when a harmonic voltage is impressed on it 
by making the following changes: 


1. Before using the curves, multiply the actual 
kilocycle-miles by the following factors to take ac- 
count of the lower velocity of propagation: 


Unigrounded netstralyen ccc ce ceolsis lela oes en eis 1.3 
Multigroundedinetutrallsrc..,. 0.» «\cievcre ciesveseren ices n Hs | 


2. Multiply the ordinates in Figure 20 by about 
two. The ordinates in Figure 21 are unchanged. 


There are many factors affecting the in- 
fluence of a rural power line which cannot 
be discussed here. References 11, 12, and 
23 discuss these matters in detail. 


Urban Distribution Systems 


Overhead urban distribution systems are 
usually so short that the effect of capacitance 
can be neglected except possibly for un- 
usually long lightly loaded circuits with 
unusually high impressed magnitudes of the 
higher frequency harmonics. Consequently, 
in the absence of capacitors, the only path 
for harmonic currents is through the loads. 
Unlike rural distribution circuits, ground- 
return harmonic current can flow only where 
the neutral is multigrounded. 

Where capacitors are used, they fre- 
quently present lower impedances at har- 
monic frequencies than do the loads. It 
not infrequently occurs that the resonant 
frequency of the capacitors and supply 
transformers and line is between the fifth 
and about the eleventh harmonic. In some 
cases this results in relatively large harmonic 
currents and voltages at one of these fre- 
quencies. In some cases the small differ- 
ences between series reactances of the three 
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phase-wires (because of mutual inductance 
between them or between them and a multi- 
grounded neutral) may cause a fairly large 
proportion of this harmonic current to be- 
come ground return. This can be illustrated 
by the following (rather extreme) example: 


1. Assume a 180-kva capacitor bank located two 
miles away on a 4-kv feeder from a 3,000-kva sup- 
ply transformer bank with five per cent reactance. 
Assume 60-cycle phase-to-neutral impedance as 
follows: 


PRTASISIOLIMNETS2  trareius sateen ava caters Seas j0.29 ohm 
Line: 
Phasetltes.c nin eri eaies ce ee jl.6 ohms 
8) FEES 215 ny Pee eV es eae ICT CIE es gi.65 ohms 
PASC Oise cca ye) ieyerevouevet © eras Pepe ese aoe: j1.71 ohms 
@apacitorss..4 eee oe eis —j96 ohms 


2. Assume that a seventh harmonic voltage exists 
in the circuit impressed with the power supply. 
The reactances at that frequency are: 


Piran Sformienss mise hee crouciete sale cf omausces eracats j2.0 ohms 
Line: 
Phase bol vscnit aterm Eraruinkevarer ate mrcteek's gl1.2 ohms 
Phases 25 Shae saat s.0 aestabee wate j11.6 ohms 
Phase 3..... aieitielateiata tetas iavttateuene <i, ji2.0 ohms 
Capacitors, 0.00 simi. a Sai adac ...-—Jj13.7 ohms 
Totals are: 


Phase 1 =j13.2 —713.7 = —j0.5 ohm 
Phase 2=j13.6 —j13.7 = —j0.1 ohm 
Phase 3 =j14.0—j13.7= 70.3 ohm 


3. Ifthe harmonic voltages impressed on the three 
phases are equal, it can be seen that (neglecting re- 
sistances) the harmonic current in phase 2 will be 
about five times that in phase 1 and three times that 
in phase 3. Also, the current in phases 1 and 2 lead 
the impressed voltages; in phase 3 it lags the im- 
pressed voltage. The vector sum will be larger than 
the current in any of the phases; about 60 per cent 
of this vector sum will be ground return. 


Examples From Field Experience 


A few examples of situations encountered 
in the field which illustrate some of the fore- 
going principles are outlined: 


1. One of the early large electrometallurgical recti- 
fier installations was operated for a time with several 
12-phase units and one 6-phase unit. The voltage 
TIF on the 154-kv supply at the rectifier was about 
75. After traversing over 150 miles of transmission 
line, passing by a large generating station, and being 
impressed on a rural line, the voltage TIF was close 
to 500. The voltage TIF at numerous places within 
about 200 miles was higher than at the rectifier. 


2. There have been cases where difficulties were 
encountered in the operation of rectifiers because of 
excessive fifth harmonic voltage either because of 
high impedance at that frequency looking out from 
the rectifier because of parallel resonance or because 
of stepup of fifth harmonic voltage arising in other 
sources because of series resonance. 


3. -In a number of cases, large changes have been 
noted at irregular times in the severity of inductive 
exposures (usually involving rural power circuits) 
without any apparent cause. In several of them, 
these changes were finally associated with opening 
or closing of circuit breakers on the transmission line 
network, in some cases literally hundreds of miles 
away. Evidently, changes in propagation condi- 
tions on the transmission system resulting from the 
operation of the breakers were responsible. 


4. In one of the first metallurgical rectifier instal- 
lations to employ a large bank of capacitors, an 
attempt was made to determine the effects on induc- 
tive co-ordination of operation with certain rectifier 
units shut down in the presence of suspected reso- 
nance between the capacitors and the power system 
at one of the frequencies normally suppressed by 
phase multiplication. The attempt was abandoned 
because of difficulties in rectifier operation and 
danger of burning out the capacitors because of large 
currents at the resonant frequency. 


5. One of the sharpest resonance cases encountered 
was between a rural line and the transformer feeding 
it. Here a modest 1,380-cycle voltage was stepped 
up to about 20 per cent of the rms; the 1,380-cycle 
current was larger than the 60-cycle current. 


6. Very large fifth harmonic currents have been 
observed in power factor correction capacitors on 
distribution systems because of resonance, and some 
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cases of capacitor overheating have been observed, 
mainly in installations by power company custo- 
mers and because of resonance with the supply 
transformers. 


7. One of the highest voltage TIF’s on record, 
about 2,500, was caused by about a four to one 
stepup caused by resonance between a small gen- 


_ erator and transformer and a rural power line. 


Appendix Ill. Examples of Types 
of Situations Studied 


& 


In Table XII a few of the installations 
which have been studied are summarized. 
The examples listed there were chosen to 
represent a number of different types of 
situations. 

Items A through D are typical of very large 
installations and are included to illustrate 
several factors, namely: 


1. The large advantage of phase multiplication, for 
example, compare examples A and A}, which are for 
the same installation before and after phase multi- 
plication was applied. 


2. The further reduction in influence obtained 
through the use of large banks of capacitors installed 
for power operating reasons (see example B), 


3. Example D illustrates the type of situation 
which occasionally arises where some difficulty may 
be experienced even with 36 phases, particularly 
when one unit is out of service. In this situation, 


‘during the existence of the unfavorable power lay- 


out, the removal of units for maintenance was con- 
fined as far as practicable to periods of low tele- 
phone traffic. 


Items E, F, G, and H are street railway 
rectifier installations chosen to illustrate a 
range of conditions. Item E£ illustrates a 
rather extreme condition in that while most 
factors involved were favorable, there was a 
condition of resonance between an extensive 
cable network and a large generating sta- 
tion which accentuated the seventeenth 
and nineteenth harmonics. Changing to 
12-phase operation greatly reduced these 
harmonics and practically eliminated the 
problem. Items F and G are two similar 
street railway rectifiers installed in the same 
city and supplied over about the same length 
of the same type of feeder. The only differ- 
ence was that in case F the feeder supplying 
the rectifier also supplied an extensive dis- 
tribution system; in case G the feeder ended 
atthe rectifier. The reason for the unusually 
large values of I-T in these cases is imper- 
fect suppression of the seventeenth and 
nineteenth harmonics in the 12-phase ar- 
rangement. This condition was rather com- 
mon in earlier rectifiers; it is seldom ob- 
served in more recent installations. 

Item H is typical of many thousands of 
kilowatts of street railway rectifiers which 
have produced no problems on the a-c side 
but have occasionally produced problems on 
the d-c side. 

Items J and J are radio station rectifiers 
and are included primarily to illustrate how 
the inductive effects are likely to be in- 
creased when the rectifiers are installed 
away from densely developed areas. A 
larger proportion of radio station rectifiers 
have caused co-ordination problems than 
any other class of installation because of this 
fact. 

Items K and L illustrate again the differ- 
ence in effects of relatively small rectifiers 
depending on location and power system 
conditions. Installation K is one of several 
in a very heavy industrial area and illus- 
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trates the type of situation where harmonic 
control would be desirable if cheaper meth- 
ods were available; the influence and noise 
conditions are on the ragged edge, with little 
margin for future changes. Installation L is 
in a much less heavily developed area. 
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Maintenance of Rectifiers 


on Electrochemical Installations 


J. E. HOUSLEY 


FELLOW AIEE 


Operating experiences and in- 
formation gained over a period of years 
from the operation of a large group of 
mercury arc rectifiers have shown that, 
while rectifiers provide a very economical 
means of converting from a-c to d-c power, 
they are not entirely trouble free. The 
principal operating difficulty has been the 
seemingly inherent tendency for a rectifier 
to arc-back. This peculiarity has chal- 
lenged both the designer and operator since 
it has been found that both contribute 
toward the solution. The present paper 
presents the features which have been found 
advisable for the operator to observe and 
control in order to keep the occurrences of 
are-back at a minimum, 


Synopsis: 


ARGE INSTALLATIONS of mer- 
cury arc rectifiers in the electrochemi- 
cal industries of the United States made 
their first appearance in 1938 when they 
were installed to supply direct current 
necessary for the production of aluminum. 
With the advent of the war and the de- 
mand for the light electrochemically pro- 
duced metals, large amounts of direct 
current were required so that the develop- 
ment and installation of rectifiers was 
carried on very rapidly. 

The details of the equipment! and the 
nature of the operating problems are well 
known.? Improvement in the operating 
characteristics of this relatively new ap- 
paratus is of interest to operating and de- 
sign engineers. Possibilities for improve- 
ment, especially in the older or multi- 
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anode design rectifiers, are disclosed in 
this paper covering the operating experi- 
ence at one large installation. A broader 
view of remedies available possibly 
might be presented in discussions from 
other operating engineers, covering expe- 
rience in irregular operation somewhat 
different from that of the installations on 
which this paper is based. Experience 
and observations reported cover equip- 
ment operated continuously at full load, 
which is peculiar to the electrochemical 
industry. 

One of the oldest and most troublesome 
problems encountered in rectifier opera- 
tion is the arc-back. Much research has 
been carried out on this problem and some 
improvement has resulted. In the 250- 
volt rectifiers, arc-backs are no longer a 
serious problem. With higher voltages 
the problem still exists to some extent, 
and there remains much to be learned 


about the cause and prevention of arc- 


backs. 

It generally is agreed that the basic 
cause of an arc-back is the formation of a 
cathode spot on the anode. This spot 
destroys the valve action and constitutes 
a short circuit which must be cleared im- 
mediately. While there are several 
known causes for the formation of a 
cathode spot on an anode, a full explana- 
tion has not been found as yet, and it is 
believed that therearestill many unknown 
causes. 


& 


In the various engineering publications, 
there is a wealth of highly technical data 
and discussion on arc-backs and their 
causes. Such data are available to all 
engineers and are not within the scope of 
this paper. 

The equipment under consideration 
consists of rectifiers used in the produc- 
tion of aluminum. Two rectifiers are 
served by one transformer, which steps 


13,200 volts down to 560 anode volts. 


The rectifiers covered are of three differ- 
ent types: 


12 anode multianode type 
12 tube ignitrons 
12 tube excitrons 


Figure 1 shows an inside view of one 
station of multianode rectifiers. Figure 2 
shows one of these rectifiers with the 
anode plate assembly removed in order 
to repair a single anode. 

The multianode rectifiers and the ex- 
citrons are of the grid controlled type. 
Voltage control is obtained by applying 
an adjustable negative potential to the 
grid, which correspondingly delays the 
firing of the anode. The ignitrons have a 
grid, but it is not used for voltage control. 
Ignitron voltage control is obtained by 
delaying the impulses to the ignitor. The 
main connections of a transformer and 
its rectifiers are shown in Figure 3. 

Arc-backs are random in nature and 
are unpredictable. Some rectifiers have 
operated a year and a half without an 
arc-back, whereas others have had over a 
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hundred in that length of time. There 
are not sufficient data available to say 
what constitutes too many arc-backs, or 
how many such mechanical shocks a 
transformer will stand. The shock the 
transformer receives is proportional to 
the value of the arc-back current, and 
the use of high speed anode circuit break- 
ers reduces this current and, consequently, 
the transformer shock. As to frequency, 
the authors have used a sort of par or 
standard permissible rate of one arc-back 
per month per rectifier. This figure was 
based to some extent upon the rate exist- 
ing at the time it was established, but sub- 
sequent experience has indicated that this 
figure can be reduced materially for single- 
anode per tank rectifiers. 

A group of multianode rectifiers showed 
an over-all average of 1.8 arc-backs per 
month per rectifier during the first six 
years operation. The individual perform- 
ance over this same period ranged from 
0.6 to 3.0 arc-backs per month average. 

From an operating standpoint, arc- 
backs may be divided empirically into 
two classes, and for the want of better 
terms may be called normal and abnormal 
arc-backs. Normal arc-backs are those 
which occur during the normal steady 
state operation and for which no cause is 
evident. Abnormal arc-backs are those 
which occur during or after some inter- 
ruption to normal operation, such as re- 
moval from service or abnormal tempera- 
ture or vacuum. 


Some rectifiers, especially the multi- 
anode type, may have a good normal arc- 
back rate and a bad abnormal rate. Thus 
a rectifier may become sensitive or reach 
a condition wherein it operates better 
than par on steady service, but if taken 
out of service for a few hours it may arc- 
back a dozen times within five or six 
hours after having been restored to serv- 
ice. Conversely, some may have a poor 
normal rate but not be sensitive to such 
removal from service. 

The cause for this behavior is not un- 
derstood fully, but possible causes are 
the presence of condensed mercury in the 
vicinity of the anodes or the introduction 
of contamination from the anode shait 
seals. The latter could result from the 
slight expansion and contraction of the 
shafts from temperature changes. 


Operating Conditions 


The majority of abnormal arc-backs 
are caused by contamination or leaks. 
Other causes are abnormal temperature 
or vacuum and excessively delayed firing 
for voltage control. Also, there are in- 
dications that some arc-backs are caused 
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Figure 1. 


by droplets of liquid mercury or mercury 
dew on the anode or other surfaces at 
anode potential. Such arc-backs may 
occur after the rectifier has been out of 
service a short time and has cooled down 
somewhat. For example, there have been 
instances where the rectifier arced back 
as soon as the anodes were energized, 
even though there was no excitation or 
any d-c back feed. Sometimes four or 
five arc-backs would clear the trouble, 
but in other cases the bad anode would 
have to be disconnected for a few hours, 
after which it would operate normally. 

High temperature of cooling water 
tends to cause arc-backs but does not 
seem to be critical, because a good recti- 
fier will permit a considerable increase of 
temperature without apparent bad effects. 
As an experiment a rectifier, whose nor- 
mal jacket water temperature was 52 de- 
grees centigrade, was operated about 24 
hours at a temperature of 95 degrees centi- 
grade without an arc-back. This recti- 
fier, however, was one with a good 
record. A so-called sensitive rectifier 
very likely would arc-back under such 
treatment. 

Shortly after a number of ignitrons were 
placed in service, a very prolific cause of 
arc-backs was found to be the splashing 
of mercury against the grid and anode. 
A small pocket in the bottom of the in- 
dividual tank vacuum valves eventually 
filled with condensed mercury and over- 
flowed down the pipe and against the 
baffle, and some of course went through 
the holes and against the anode itself. 
These arc-backs frequently set off one or 
more additional arc-backs. The accepted 
explanation of this phenomenon is that 
the concussion precipitates the overflow 
of the pockets in other valves. 
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Interior view of one station of multianode rectifiers 


This trouble was corrected by installing 
internal baffles to prevent the mercury 
from reaching the anode. 


Contamination 


During the assembly of a rectifier, a 
certain amount of foreign material un- 
avoidably is left in the tubes. Such mate- 
rial may consist of dust in the air, lint and 
dirt from workmen’s clothing and wiping 
rags, residue from cleaning fluids, sand- 
blasting, and possibly other cleaning 
methods. New parts and the mercury 
itself may contain some impurities. 

Some materials are much worse than 
others. Oil and grease, for example, are 
particularly bad, and their presence al- 
ways will result in arc-backs. On the 
other hand, such materials as coarse 
sand, steel shavings, and broken porce- 
lain insulation do not seem to cause much 
trouble. Even the lint from wiping rags 
and clothing does not cause as much 
trouble as would be expected. 

In general, every effort should be made 
to keep the internal parts of rectifiers as 
clean as possible. The manufacturers 
and those industries that use a large 
number of rectifiers find it advisable to 
have a special air-conditioned room for 
opening and repairing rectifiers. Such a 
room should be controlled as to tempera- 
ture and humidity. 

Cleaning fluids, such as pure grade 
benzene (benzol), should be tested before 
using. An easy test is to evaporate 
about a pint and note the residue. If 
there is enough residue to be visible, it 
should not be used. 

Where the various seals are made of 
materials such as rubber or asbestos, a 
certain amount of contamination may 
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come from these seals unless they are 
made suitably. During the war, for in- 
stance, some rubber gaskets were re- 
placed by synthetic rubber. Under the 
influence of heat and vacuum, these gas- 
kets liberated surprising amounts of com- 
pound into the tanks, and caused so 
many are-backs that overhaul was re- 
quired. 

There has been no trouble which could 
be ascribed definitely to contaminated 
mercury. Such impurities as it may col- 
lect tend to rise to the surface where they 
are easily removed. A clean bright surface 
usually indicates satisfactory condition. 
It appears to be very difficult to make any 
laboratory tests which are any more reli- 
able than visual inspection. Further- 
more, the presence of certain kinds of 
foreign materials does not seem to cause 
any trouble. 

As an experiment, several ignitrons 
were contaminated purposely with cop- 
per, tin, zinc, silver, and alumina (Al,03), 
only one material, of course, being in each 
tank. 

These materials have been in the recti- 
fiers for periods ranging from seven 
months to a year and have a total of only 
two arc-backs for the five tanks. The 
only one examined to date is the one with 
the copper, which operated nearly a year 
without a single arc-back. Most of the 
copper was deposited conspicuously on 
the cooling coil and its support. The 
quartz ring in the mercury was definitely 
copper colored and a faint copper color 
was evident in spots on the grid. The 
scum on top of the mercury showed posi- 
tive traces of copper, and there was some 
evidence of a slight amalgamation of the 
copper in the mercury, although this was 
not certain. 

Mercury, which is removed from a 
rectifier cathode, always is given a stand- 
ard cleaning treatment. This treatment 
consists of washing in nitric acid and dis- 
tilled water, and then a double distillation 
is made. Mercury, which is suspected of 
containing oil, is given an extra washing 
with either grain alcohol or chemically 
pure benzol. The surface of clean mer- 
cury should be absolutely clear with no 
specks or film visible under a strong 
light. 


Tests and Repairs 


When the arc-back frequency shows a 
sudden increase or becomes what is con- 
sidered excessive, the first step is to de- 
termine which anode or anodes are re- 
sponsible. There are various devices and 
methods for indicating this action. One 
method, that has proved quite satisfac- 
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Figure 2. Assembly of cooling coil and anode plate for multianode rectifier 


tory, involves the use of a standard 
commercial surge-crest ammeter, which 
consists of a meter that measures the 
amount and direction of the magnetism 
in a special small magnetic link. One of 
these links is placed about six inches from 
each anode cable. The reverse current 
from the arc-back magnetizes the link 
correspondingly, so that the identity 
and magnitude of the arc-back can be 
determined by measuring the links after 
an arc-back with the surge-crest ammeter. 

When such tests show only one anode in 
trouble, this one anode is usually re- 
paired alone. If it is a multianode type 
rectifier it is opened and the one anode re- 
paired. A special effort always is made to 
complete the work and close the rectifier 
up the same day, since with a short 
exposure time the degassing period can 
be shortened to a few hours. 

Many of these single anode arc-backs 
are caused by leaks in the vicinity of the 
anode. This fact is especially true on 
seals consisting of organic material. 
Other causes are found in the anode as- 
sembly, such as broken grid insulation. 
Where there are two anodes in parallel, 
a broken grid wire on one will overload one 
anode, thereby tending to cause arc- 
backs. On the ignitrons a broken or 
wetted ignitor will have the same effect. 

When the arc-back pattern is scattered 
over all or several anodes, and the rectifier 
is not a newly repaired one, an air or water 
leak is suspected first. Such a leak may 
be in the vacuum manifold, pumps, or 
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some location an appreciable distance 
from an anode, so that its effect may be 
distributed over the whole rectifier. The 
easiest and first test for leaks is a hot 
pressure rise test, in which the low vac- 
uum pump is stopped and the pressure 
rise noted for about an hour with the 
rectifier on normal load. A good rectifier 
will operate for hours with only a few 
microns increase in pressure. In fact, 
they have been known to operate a couple 
of weeks with the main valve closed and 
both pumps down. If there is a serious 
leak, the pressure should rise sharply in 
an hour or less. This pump stop test 
may be supplemented or confirmed by a 
cold pressure rise test. In this test the 
rectifier is cooled first to room tempera- 
ture, and then the main vacuum valve is 
closed for several hours and the pressure 
rise noted. The temperature of the rec- 
tifier should be constant of course during 
the check period. The permissible rise 
for such a test varies with the types and 
sizes of rectifier tanks, but a rough figure 
is from three to six microns in six hours. 
Some tubes will show as little as one mi- 
cron rise in this period, while others as 
much as 10 or 12 and still be acceptable. 
Some air leaks sufficient to cause arc- 
backs may be within the pump capacity 
and, consequently, not show up on the 
vacuum meter. These leaks will be indi- 
cated, however, by the foregoing tests, 
and in some cases can be measured with a 
low reading gas meter. 


If these tests indicate that there are no 
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air leaks, then contamination, water 
leaks, or internal trouble is suspected, 
and the only course is to open the recti- 
fier. 

Air and water leaks leave a certain 
amount of discoloration at their source. 
Contamination usually leaves some dis- 
coloration or spots, and in some cases a 
definite deposit on surfaces near the 
source, 

The inside appearance varies consid- 
erably with different rectifiers. On some 
the inside of the tank and the cooling 
coils have a dark smoked appearance, 
whereas others show various temper 
colors of blue and straw. Air leaks usu- 
ally leave a light brown rust deposit on 
the metal surfaces. On others a great 
portion of the surface is white because of 
the amalgamation of mercury vapor. 

The inside of the tank and the cooling 
coils are sandblasted. Finished steel 
surfaces are polished with emery cloth. 
All cleaned surfaces then are wiped with 
a clean lintfree rag and a cleaning fluid 
such as pure benzene. Insulating parts 
also are sandblasted and cleaned the 
same way. 

Great care and cleanliness must be 
used in the assembly. A touch by the 
bare skin on a finished surface will pro- 
duce a small rust spot which is a possible 
source of contamination. Clean cotton 
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gloves and clothing must be worn while 
making the assembly. 

In most cases the same cathode mer- 
cury possibly could be reused by skim- 
ming off the surface, but it is advisable 
to use only mercury which has been 
renovated thoroughly, as previously de- 
scribed. 

In old rectifiers the insulating parts 
which are exposed always show a cer- 
tain amount of metallization. 
metallization is a gradual process in which 
metal from the steel parts is deposited on 
the various insulating parts. The actual 
causes and details of the transfer of metal 
does not seem to be understood thor- 
oughly, but one theory is that the arc 
stream for some reason may be diverted 
from its normal path and travel through 
some steel part, such as the cooling coil 
or tank wall, thereby vaporizing some of 
the metal. Pitted spots have been found 
in rectifiers which indicates that this 
phenomenon occurs. 

Under normal operation the metalliza- 
tion is quite slow and may require 
years to become critical. At the other 
extreme, there are cases where it became 
so bad within a few weeks that the recti- 
fier had to be reopened and cleaned. 
In such cases there is always a reason for 
this condition which may or may not be 
discovered. Improper degassing opera- 
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This ~ 


Figure 3. Unit con- 
nection diagram for 


tion, in which the pressure is allowed to 
run too high, excessive tank temperature, 
leaks, and contamination will hasten the 
process of metallization. 

When this metallization has progressed 
far enough, the insulating value of the 
insulating parts is impaired to a point 
where improper operation results. Thus 
the grid and anode insulation may be- 
come so low that the grid will receive its 
potential from the anode instead of its 
regular source, and, consequently, lose its 
voltage control ability. In the final 
stages of metallization, the arc-back rate 
increases and the rectifier must be opened 
and cleaned, 


Degassing 


When a rectifier has been exposed to 
air, it must be degassed in order to re- 
move the gas which was absorbed during 
the exposure. 

The degassing time depends to a great 
extent upon the length of the exposure 
time. Thus a rectifier, which has been 
opened and closed the same day with an 
exposure of only a few hours, can be de- 
gassed in a few hours. On these short 
exposures, it is possible to degas in serv- 
ice on line voltage at low loads, and, 
while this practice sometimes is followed, 
it has been found better to give it at 
least a short period on short circuit de- 
gassing. 

A “‘green”’ rectifier, that is, one which 
has been opened for several days, requires 
from 60 to 120 hours of degassing. 

The common practice in degassing is 
to short circuit the rectifier by connecting 
the cathode to the transformer neutral 
(the negative line) and apply 40 to 80 
volts to the anodes. On 13-kv transform- 
ers, for example, 1,700 to 2,300 volts on 
the primary makes a satisfactory degas- 
sing voltage for 600-volt class rectifiers. 
On grid control type rectifiers, there 
should be some resistance in series with 
each anode in order to insure proper load 
division. This resistance is of the order of 
one-half to one ohm at the start and is 
reduced as degassing progresses. At 
about three-quarters of the rated full 
load current, the resistance may be re- 
moved if desired and the degassing 
finished without resistors. The short 
circuit current is controlled by the regular 
voltage control method of either grid bias 
or ignitor phase shift, depending upon the 
type of rectifier. 

Ignitrons may be degassed satisfac- 
torily without anode resistors even when 
“green.” Some users, however, insert a 
low resistance of about one-fourth ohm in 
each anode until the current has reached 
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Figure 4. Anode and grid assembly of 
an ignitron 


one-fourth to one-third rated value. This 
resistor balances the anode currents and 
results in a more uniform cathode current. 
The degassing current is started at 
about two per cent of normal for multi- 
anode tubes and about ten per cent of 
normal for ignitron tubes, and increased 
as fast as the vacuum will permit. Before 
starting, the tube is pumped down to 
practically zero pressure on both the 
McLeod and electric gauges. During the 
degassing period, the vacuum on the mul- 
tianode rectifiers is held within two mi- 
crons on the McLeod gauge, and from 
four to ten microns on the electric gauge. 
The higher indication of the electric 
gauge during degassing is caused by the 
presence of condensable gases, which are 
not recognized by the McLeod gauge. 
After the rectifier has been degassed 
thoroughly, both gauges will settle down 
to approximately the same reading. 
Ignitrons may be degassed with a some- 
what higher pressure than the multi- 
anode type. McLeod readings of four or 
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five microns and electric gauge readings 
of 12 to 15 microns are permissible on the 
ignitrons, 

While the liberation of gas is fairly 
uniform during most of the degassing 
period, the gas occasionally will come out 
in sudden bursts or bubbles as though a 
pocket were released. When this action 
occurs, the degassing current must be 
reduced or removed to enable the vacuum 
pumps to restore proper vacuum. There 
are evidences that such pockets develop 
after the rectifier has been degassed and 
put back in service. For example, there 
have been several instances in which an 
arc-back on a recently overhauled recti- 
fier was accompanied by sufficient in- 
crease of pressure to show on the vacuum 
gauge. This condition existed for only 
a few minutes. 

After the regular degassing period, a 
rectifier occasionally continues to liber- 
ate a measurable amount of gas for several 
days, or even weeks after it is back in 
normal service. For electrochemical serv- 
ice it has been found advisable to finish 
a degassing operation by applying an 
overload current of 25 to 50 per cent for 
a few hours, in order to remove as much 
gas as possible. During the degassing pe- 
riod, a large rectifier will liberate from 
one-half to nearly one cubic foot of non- 
condensable gas. Figure 5 shows the 
time-gas volume curves obtained at 
Alcoa from the degassing of two “‘green’’ 
rectifiers selected at random. 

In the degassing of “‘green’”’ rectifiers, 
the gas is liberated most rapidly at rela- 
tively low current loads ranging from 
about 15 to 40 per cent of the normal 
operating load. Thus, in a typical degas- 
sing operation, the current is increased 
more or less uniformly until this critical 
value is reached. At the critical value, 
the gas is released as fast as the pumps 
can handle it, and the current may have 
to be maintained constant for several 
hours. 


Having once \passed this “hump,” it 
progresses more apidly as the load is in- 
creased. When a rectifier has been given 


a complete overhaul and placed back in 


service, it occasionally will arc-back 
several times during the first week or so, 
after which it settles down gradually to 
good performance. 

It jis believed that this behavior is 
caused by contamination left in the 
tube after overhaul. In order to hasten 


decontamination, a process called “‘aera- 


tion” has been tried several times at 
Alcoa. This process consists of cooling 
the rectifier and admitting clean dry air 
for some two or three hours. This air is 
admitted through a tube containing a 
filter and a drying agent, such as acti- 
vated alumina. The air then is pumped 
out and the rectifier degassed on full 
voltage and a slowly increased load. The 
theory of this ‘‘aeration”’ is that a certain 
amount of the contaminants are oxidized 
and mixed with the air, and these prod- 
ucts are pumped out sooner than they 
would be in normal operation. Engi- 
neers are not in full agreement on this 
theory, but favorable results have been 
obtained and the method should be given 
thorough trial. 


Conclusions 


It generally is agreed that the single 
anode type, such as the ignitron and the 
excitron, is superior to the multianode 
type. Their efficiency is higher because 
of the lower arc drop, and their mainte- 
nance is simpler and cheaper. 

As compared to rotating equipment, 
modern rectifiers with their associated 
auxiliaries require somewhat less mainte- 
nance although this maintenance does 
require more care and skill, especially in 
supervision. 

Rectifiers are capable of a certain 
amount of reduction from full voltage by 
delaying the time in the cycle at which 
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the anode begins passing current. Such 
control is obtained at the expense of an 
increase in arc-back frequency, a lower 
power factor, and a slight decrease in 
efficiency. The greater the reduction, the 
more pronounced are these undesirable 
effects, so that reduction in excess of 
some 15 or 20 per cent is of doubtful 
value. For this reason it is preferable to 
operate with the minimum firing delay 
compatible with operating conditions. 
This voltage control feature stands in 
need of further improvement. 

Inasmuch as a cold rectifier is more 
likely to arc-back, means must be pro- 
vided to keep them warm. For continu- 
ous service this is no great problem, but 
for intermittent service suitable heaters 
usually are provided. 

One of the most vulnerable points of a 
rectifier is the seals. These seals have 
been improved much in recent years, but 
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there is still room for further improve- 
ment. This fact is especially true where 
they are made of organic materials, such 
as rubber and fiber. 

There is not yet sufficient operating ex- 
perience to say definitely how long a 
pumped type rectifier will operate before 
requiring a major overhaul, but the au- 
thors’ experience would indicate a period 
of not less than six or seven years with 
continuous operation and uniform load. 
Aside from damage or failure of parts, 
the long time factor that should dictate 
a major overhaul is the metallization of 
parts or possibly an excessive amount of 
carbon in the mercury pool. Some minor 
repairs, such as ignitor renewal or seal 
repair, should be expected during the 
period. 

From the user’s standpoint, the out- 
standing problem is the cause and elimi- 
nation of arc-backs. They are so unpre- 
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dictable and so many occur without any 
known cause that they are a constant 
challenge to engineers and operators. 

Among the known causes, contamina- 
tion should have a great deal more study. 
There is much uncertainty as to the na- 
ture and amount of contamination neces- 
sary to cause serious trouble. 

Since rectifiers are still on the threshold 
of their development, it is expected that 
future developments and research will 
simplify operation and reduce present 
maintenance problems. 
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Fault Location and Relay Performance 


Analysis by Automatic Oscillographs 


H. P. DUPUIS 
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Synopsis: The purpose of this paper is to 
describe a method developed for determin- 
ing the location of ground faults on an ex- 
tensive 140-ky grounded neutral trans- 
mission system. This method applies par- 
ticularly to ground faults in a network of 
two or more parallel lines and is based on 
a comparison of the magnitude of ground 
currents in the faulted circuit and in the 
unfaulted circuits. Since the relative dis- 
tribution of ground fault current in a net- 
work depends only on the zero sequence 
impedance of the system, an analysis of 
ground faults by comparison is independent 
of generation, fault resistance, or whether 
one or two phases are involved to ground. 
The paper also describes the use of ground 
fault current curves in determining the 
critical conditions for relay selectivity and 
summarizes the results of five years of 
satisfactory experience with automatic 
oscillographs used in the analysis of faults 
and relay operations on the system. 


HE SYSTEM referred to in this dis- 

cussion includes nearly 1,000 miles 
of line widely distributed over the State 
of Michigan, as shown geographically in 
Figure 1. The first automatic oscillo- 
graph was installed in 1931, and two more 
were added in 1935. These were used 
at various points on the system to study 
system behavior. In 1941 an additional 
one was acquired, and the four instru- 
ments were located permanently to co- 
ordinate fault records on the 140-kv 
grounded neutral system. In the period 
from 1941 to 1945 inclusive, oscillographic 
records were obtained for approximately 
250 line faults. These records showed 
96 per cent of the line faults involved 
either one or two conductors to ground. 
From this, it is obvious that fault studies 
on this system are concerned primarily 
with ground currents, and the location 
of the oscillographs and the element con- 
nections have been selected to give maxi- 
mum information on ground faults. 


Location and Initiation of 
Oscillographs 


The instruments are located at the four 
principal neutral grounding points on 
the system: Croton Station on the 
Muskegon River, Morrow Station east 
of Kalamazoo, Blackstone Station at 
Jackson, and Weadock Station, Bay 
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City. Initiation of the oscillographs is 
by instantaneous undervoltage relays 
connected to 140-kv potential devices 
and by instantaneous overcurrent relays 


‘in the 140-kv neutrals of the grounded 


transformer banks. The initiating relays 
are set to insure operation of at least two 
oscillographs for all faults within the 
network, It is a decided advantage in 
ground fault analysis to have films from 
two instruments for comparing current 
values or for determining the total fault 
current. In the event that one instru- 
ment fails to operate, a fairly satisfactory 
analysis may be made from one film. 


Connection of Elements 


The oscillographs in service are the 6- 
element type using sensitized paper. 
Except as noted, three elements of each 
instrument are used to record line-to- 
neutral voltage, and three are connected 
in the current transformer neutrals of 
the lines to record ground current. At 
the Morrow Station, four elements are 
required for residual current in the lines, 
leaving only two elements available for 
potential indication. These are con- 
nected to record line-to-line voltage. 


Calibration 


Records obtained on automatic oscillo- 
graphs are no more accurate than the 
calibration data. In determining the 
values to be used for current calibration, 
it is first necessary to calculate the maxi- 
mum value of fault current that may be 
obtained in the various elements, and to 
decide on the maximum amplitude that 
may be permitted on each element with 
maximum fault current. On elements 
centrally located on the paper, the total 
amplitude must be less than the width 
of the paper. On elements located near 
the top or bottom of the paper, it is not 
necessary to restrict the amplitude so 
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that both the top and the bottom of the 
wave is confined to the paper under fault 
conditions. The zero line of the element 
can be drawn in readily: and the total 
amplitude determined from the half wave 
which remains on the paper. For cali- 
bration tests a total amplitude of 12 
millimeters on potential elements and 15 
to 20 millimeters on current elements 
has proved satisfactory. A total ampli- 
tude of 12 millimeters is taken to mean 
six millimeters above and below the zero 
line. ; 

Adequate account should be taken of 
the breakdown of current transformer 
ratios when measuring ground current, 
and in converting calibration test data 
into terms of primary ground current, 
the effective current transformer ratio 
must be used. 

Valuable information has been obtained 
on relay and circuit breaker operating 
time by using a bias or offset on the cur- 
rent elements. This is obtained by con- 
necting a shunt in the d-c trip circuit 
of the breaker to its respective element, 
causing the center line to shift when the 
trip circuit is energized. This is shown 
in Figure 7. 


Factors Used in Ground Fault 
Analysis 


1. Magnitude and relative values of ground 
currents from each end of the faulted circuit 
with both ends closed. 


2. Magnitude of ground current in the 
faulted circuit after one end opens. 


3. Relative values and direction of ground 
currents in unfaulted circuits in parallel 
with the faulted circuit. 
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Figure 1. Consumers Power Company 140-ky 
system (1945) 
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Figure 2. Curves of 
total fault impedance 
for line 1 and char- 
acteristics of line 1 
and line 2 from Mor- 
row Station to Elm 
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(b). After one end of the faulted circuit 
opens. 


4. Magnitude and relative values of cur- 
rents in contributing circuits from ground 
sources. 


5. Recorded potential. 


6. Changes in magnitude of ground fault 
current with changes in the nature of the 
fault, that is, one line to ground changing 
to two lines to ground. 


7. Relay operation. 


(a). Operating time of time delay relays. 


{b). Pickup and operating range of instan- 
taneous relays. 


Calculations for Ground Fault 
Curves 


Making up ground fault curves re- 
quires a considerable amount of work, 
but once completed, they provide a fast 
and accurate means of locating faults. 
A complete set of curves to utilize 


Figure 3. Maximum current curves for single- 
line-to-ground faults on line 1, closed at Mor- 
row and Elm Street 
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curves, maximum ground fault current 
curves, and ratio curves. 

The first step in making up data for 
curves is to have positive and zero se- 
quence diagrams of the system and to cal- 
culate the positive, negative, and zero 
impedance for the total system at each 
station and at a sufficient number of 
points on the lines between stations to in- 
sure the drawing of accurate curves. On 
the average length of line, three or four 
points will be sufficient. Similar calcu- 
lations are made for the lines open at 
either end. Ordinarily the positive and 
negative sequence impedances can be 
assumed to be equal. Calculations can 
be simplified by using linear values of im- 
pedance rather than the complex R + 7X 
form and are usually sufficiently accurate. 
If system generating conditions require 
the switching of grounded transformers 
which change the relative distribution of 
ground current, it may be necessary to 
make up more than one set of curves. 
As will be explained later, a second set of 
curves is not necessary for changes in 
generation only. 
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RATIO (PERCENT)= 


When calculating the total zero se- 
quence impedance at each point, it is 
necessary to determine the distribution of 
ground current, not only in the faulted 
circuit but also in the parallel circuits and 
other contributing circuits. This is es- 
pecially important for parallel circuits 
having mutual relation with the faulted 
circuit. For systems not involving too 
many mutuals, these values may be cal- 
culated by setting up mutual equiva- 
lents! or by simultaneous equations. It 
is important that fault points be taken at 
the ends of mutual sections, as the ground 
current curves change their slope at these 
points. On complicated systems with 
multicircuit mutuals, it is advisable to 
use an a-c calculating board. 


Values of the total positive sequence 


impedance are more easily calculated or 


can be obtained on a d-c board. 


Application of Curves 


The two 140-kv circuits between Mor- 
row Station and ElmStreet Station, Battle 
Creek, designated as line 1 and line 2, 
have characteristics as shown at the top 
of Figure 2. A complete set of curves for 
line 1 is reproduced for illustration. 


IMPEDANCE CURVES 


Curves shown on Figure 2 are for maxt- 
mum positive and zero sequence im- 
pedances with the line closed and with the 
line open at either end. These data are 
convenient for checking a fault location 
when the nature of the fault changes. 
For example, assume a single-line-to- 
ground fault changes to a two-line-to- 
ground fault. If positive and negative 


Figure 4. Ground current ratio curves for 
faults on line 1, closed at Morrow and Elm 
Street 
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Figure 5. Maximum ground current curves 
and ratio curves for faults on line 1, open on 
Elm Street end 


phase impedances are considered equal, 
Single-line-to-ground current 


ae KIO 
(2Z1+Z)+/3 kv 


Tw o-line-to-ground current 


Sy Ge 
(Z1 +220) v/3 kv 


A value of Z; and Zo for the same location 
can be taken from the impedance curves 
which when applied in the above formu- 
las will be equal to or proportional to the 
current values shown on the oscillograph 
film. This is usually a good indication of 
fault location, especially on a line section 
where there is a large variation in the 
ratio of Z;/Zo. 


(1) 


(2) 


CURRENT CURVES 


Current curves may be used directly in 
determining fault location if the fault cur- 
rents are near maximum values. The 
curves are also very useful in determining 
the critical conditions for relay selec- 
tivity and for co-ordinating the magni- 
tude and duration of fault current with 
observed line damage. 

Maximum current curves for single- 
line-to-ground faults with the line closed 
at both ends are shown in Figure 3. 

Curves for line 1 open at Elm Street 
and open at Morrow are shown combined 
with ratio curves in Figures 5 and 6, re- 
spectively. Note’ in Figure 3 that the 
current in line 2 passes through the zero 
line at about two miles from Morrow Sta- 
tion. That is, for faults within two miles 
of Morrow, the current in line 2 is from 
Elm Street to Morrow, and for faults be- 
yond two miles, the current in line 2 flows 
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from Morrow to Elm Street. Whether 
or not the current in a parallel circuit re- 
verses after a circuit breaker opens on one 
end of the faulted line is often a definite 
indication of the fault location. 

The difference in the slopes of the cur- 
rent curves in the 10.9-mile section and in 
the 5.4-mile section clearly indicates that 
the effect of mutual impedance cannot be 
neglected. 


RaTIOo CURVES 


The distribution of ground fault cur- 
rent depends only on the zero sequence 
impedance of the system. The relative 
distribution in the faulted circuit and in 
parallel or contributing circuits is the 
same for one line-to-ground or for two 
line-to-ground faults. Fault resistance 
or changes in generation affect the mag- 
nitude of ground fault current but do not 


‘change the relative distribution. This 


fact can be utilized in making up a set of 
ratio curves independent of fault re- 
sistance and generation. Using the cur- 
rent in one circuit as a reference, the cur- 
rent in the other circuits can be plotted in 
per cent of the reference current. 

It is apparent that fault locations can 
be determined more accurately if the 
ratio curves have a steep slope. On net- 
works having only two currents to com- 
pare, it is not always possible to have one 
ratio curve that will have adequate 
slope over the entire length of line. How- 
ever, nearly all line faults are cleared by 
the sequential opening of breakers at 
each end. This supplies data for making 
up three ratio curves, one of which can be 
used for accurate indication of fault loca- 
tion on a specific section of the line. 

On more complicated networks where 
three or more currents can be compared, 
it may be advisable to make up two sets of 
ratio curves for the same condition by us- 
ing different currents as reference. That 
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Figure 6. Maximum ground current curves 
and ratio curves for faults on line 1, open on 
the Morrow end 


is, by proper selection of reference cur- 
rents, one curve may have a steep slope 
for a section of the line where the other 
curve is relatively flat. 

Ratio curves apply specifically to faults 
with reduced values of current, but they 
can be applied equally well to faults 
with maximum current values. In some 
cases the ratio of currents may give a 
more definite indication than the indi- 
vidual currents. 

The ratio curves of Figure 4 are ob- 
tained by plotting maximum current 


-values, taken from Figure 3, in per cent 


of the current in line 1 at Morrow. 
Ratio curves with the line open at Elm 
Street and at Morrow are included in 
Figures 5 and 6. 


Application of Oscillograph Data 
for Fault Location 


The oscillograph films, Figure 7 and 
Figure 8, were obtained from Morrow 
Station and Blackstone Station respec- 
tively for a fault on line 1. 

A preliminary inspection of the films 
shows the two line-to-line potentials at 
Morrow are approximately equal, indi- 
cating that the Z phase was involved. 
Reference to the Blackstone line-to- 
neutral potentials shows definitely that 
the fault was Z-phase-to-ground through- 
out. Further inspection of the film shows 
that the line opened at Elm Street in 19 
cycles and at Morrow in 48 cycles. Tar- 
gets were reported on the time delay 
ground relays at both Elm Street and 
Morrow. As indicated at M in Figure 5, 
the maximum reach of the instantaneous 
relays on line 1 at Morrow after the line 
opens at Elm Street is approximately 19 
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miles. Failure of this telay to operate 
indicates that the fault was more than 19 
miles from Morrow or within nine miles 
of Elm Street. The bias was applied 
when the trip circuit at Morrow was 
energized. This shows that the oil cir- 
cuit breaker on line 1 had five cycles clear- 
ing time. 


USE OF CURRENT CURVES 


A detailed analysis gives measured 
values of fault currents in primary am- 
peres as shown in Figures 7 and 8. The 
current values of the fifth and sixth ele- 
ments of both films are not required in this 
analysis. 

No film was obtained from Weadock 
for this fault, but previous calculations 
determined that for a fault at Elm Street, 
51 per cent of the ground current from the 
eastern part of the system is contributed 
over the line from Blackstone, and 49 per 
cent over the line from Lansing. From 
the measured and calculated values of 
current, the distribution in the lines was 
as shown in Figure 9A for the initial fault 
and in Figure 9B after Elm Street opened. 
This gives a complete picture of the fault 
and indicates that the calculated total of 
2,965 amperes was very nearly maximum 
current for a fault near Elm Street. 

Applying the values shown in Figure 
9A to the maximum current curves of 
Figure 3, the 1,400 amperes in line 1 from 
Morrow gives a fault location of 4.5 miles 
from Elm Street; 860 amperes in line 2 
gives a location of four miles from Elm 


Figure 7. Oscillogram from Morrow Station 
for a fault on line 1, Morrow to Battle Creek 


Element 1. . YZ phase potential 

Element 2. ZX phase potential 

Element 3. Ground current in line 1 to Battle 
Creek 

Element 4. Ground current in line 2 to Battle 
Creek 

Element5. Ground current in Kalamazoo line 


Ground current in Grand Rapids 
line 


Element 6. 


102 KV 


105 KV 


i 


Jury 1946, VoLUME 65 


Lo 
1400A 


SULT e 
860A 
EL-4 


Street; 360 amperes from Blackstone 
gives a location of 5.5 miles from Elm 
Street; and the calculated value of 1,565 
amperes in line 1 from Elm Street gives a 
location of 4.5 miles. This close agree- 
ment on fault location is a further indica- 
tion that the fault currents were very 
nearly maximum value. 

After the line opened at Elm Street, 
the values shown in Figure 9B applied to 
the current curves of Figure 5 give a loca- 
tion of five miles from Elm Street for 
1,750 amperes in line 1, and 5.5 miles 
from Elm Street for 270 amperes in line 2. 
Note that the direction of current in line 
2 reversed after line 1 opened at Elm 
Street. The curve of total amperes on 
Figure 8 is too flat at this point for close 
application, but the calculated total indi- 
cates the fault as being between four and 
six miles from Elm Street. All of the 
above determinations give the fault loca- 
tion as between 4 miles and 5.5 miles 
from Elm Street. The actual location 
was five miles from Elm Street, and the 
damage reported was three broken bells 
and light burns on the conductor. 


UsE oF RaTIO CURVES 


To illustrate the application of the ratio 
curves, assume that fault resistance or de- 
creased generation had reduced the fault 
current to 80 per cent of the above values. 
Relative values then would be as shown 
in Figures 10A and 10B. Applying the 
values in Figure 10A to the current curves 
of Figure 3, the 1,120 amperes in line 1 
from Morrow indicates the fault to be at 
or near Elm Street, while 690 amperes in 
line 2 places the fault at six miles from 
Elm Street, and 290 amperes from Black- 
stone gives the location as 14 miles from 
Elm Street. Similarly, the values of 
Figure 10B applied to the current curves 
of Figure 5 all indicate the fault as being 
at or near Elm Street. This wide dis- 
crepancy in the indicated fault location is 
characteristic of current values that are 
less than maximum and is an indication 
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that the current curves cannot be directly 
applied, and the ratio curves should be 
used. 

From the values of Figure 10A, the 
current in line 2 from Morrow is 61.5 per 
cent of the current in line 1 from Morrow, 
and the current from Blackstone is 26 per 
cent of the current in line 1. Applying 
these percentages to the ratio curves of 
Figure 4 gives fault locations of 4.5 miles 
and 4 miles from Elm Street as previously 
determined with actual fault currents. 
The currents in Figure 10B, after Elm 
Street opens, applied in the same way 
gives 15.5 per cent for the current in line 
2 and 7.8 per cent for the current in the 
Blackstone line. These values fall on the 
flat part of the ratio curves of Figure 5 
and serve only as a check. 

From an inspection of the ratio curves 
of Figures 4, 5, and 6, it is evident that 
for faults within nine miles of Elm Street, 
the most accurate determinations can be 
made from the curves of Figure 4.. For 
faults within 19 miles of Morrow, any one 
of the three sets of curves could be used 
with sufficient accuracy. 


Other Applications of Oscillograph 
and Curve Data 


LINE DAMAGE 


During the past two years each fault 
analysis included calculations to correlate 
fault current and clearing time with the 
observed damage. In these calculations 
a factor has been used equal to (amperes/- 
1,000)? X cycles. The currents used are 
taken from the oscillograph films supple- 
mented by calculations and values from 
the current curves where necessary. For 
the actual fault discussed in this paper, 
the values used were 2,965 amperes for 19 
cycles and 1,750 amperes for 29 cycles: 
(KA)? cycles=255. While this study has 
not been carried on for a sufficient length 
of time to warrant any definite conclu- 
sions, it is indicated that the data may be 
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Figure 8. Oscillogram from Blackstone Sta- 
tion, Jackson, for a fault on line 1, Morrow to 


Battle Creek 


Element 1. X-phase-to-neutral potential 

Element 2. Y-phase-to-neutral potential 

Element 3. Z-phase-to-neutral potential 

Element 4. Ground current in line to Battle 
Creek 

Element 5. Ground current in line to Lansing 

Element6. Ground current in interconnection 


FROM LANSING 


MORROW 


ELM ST. 


Figure 9. Distribution of maximum ground 
fault current 


A. With line 1 closed at Morrow and Elm 
Street 
B. After line 1 opened at Elm Street 


of considerable value in determining 
whether or not a special patrol is neces- 
sary when no damage is found on the 
initial patrol. 


RELAY PERFORMANCE 


As a final step in the analysis, the 
operating time of each time delay ground 
relay is calculated for the value of ground 
current as measured on the films, and this 
calculated time is compared with the 
actual operating time as recorded. This 
furnishes a positive check on relay opera- 
tion. In case of faulty films, this process 
can be reversed to calculate fault cur- 
rents. Surprisingly accurate determina- 
tions have been made based entirely on 
relay operating time. Occasional faults 
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Figure 10. Distribution of ground fault cur- 
rent, 80 per cent of maximum 


A. With line 1 closed at Morrow and Elm 
Street 
B. After line 1 opened at Elm Street 


near the end of the instantaneous relay 
zone supply data on the accuracy of 
pickup adjustment. 

In the preparation of ground relay set- 
tings, the current curves are very useful 
in determining the critical points of 
selectivity. In many cases the critical 
point is at the end of the instantaneous 
relay zone where the time delay relay 
must be considered. This is especially 
true on parallel circuits with mutual cou- 
plings. 

It can be seen in Figure 5 that the 
effect of the mutual is to maintain an al- 
most constant value of current in line 2 
for faults in the parallel section. And it 
is evident that faults on line 1 over 20 
miles from Morrow may be critical for 
selectivity between the Elm Street relay 
on line 2 and the Morrow relay on line 1. 
Selectivity can be checked quickly and 
accurately by taking current values from 
the curves at any questionable point. 


Summary 


When making analyses of faults, it is of 
interest and value to prepare sheets for 
recording data on each fault. Tables I 


and II summarize the types and cause of . 
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Table |. Types of Line Faults 


—— 


Faults starting l-line-to-ground......---+++-> 78% 
Faults starting 2-line-to-ground.....--.+++++> 18% 
Faults starting phase-to-phase....+-+.-++: cee 4% 
Faults starting 1-line-to-ground and changing 

to 2-line-to-ground or to 3-phase....-+--+:* 10% 

Table Il. Cause of Line Faults 

Lightning cease acc rclemmetsetiemnenys suka 80.0% 
Interference (birds, machinery, etcdneeesee 9.0% 
Wind scl oc pisces fueteom nse ee. oo pets} vis ial> (enone te daaemaaeae ee 7.4% 
Line material failure......-----+++er0tt? 1.2% 
Ur en 0 WI eihes dicho ereonieraserarsys 7 sieyahe nn imanchag se iae® 2.4% 


256 line faults analyzed over a period of 
five years. Exactly 50 per cent of these 
faults caused no visible damage and could 
not be located. 


Conclusions 


This method of determining ground 
fault location as developed by one of the 
authors has been in use for several years 
and has proved very satisfactory. For 
this discussion the particular line section 
and fault were selected to illustrate best 
some of the principles involved, and it 
should not be presumed that the same 
degree of accuracy can be obtained for all 
faults. With the present number of 
oscillographs on the system, the average 
degree of accuracy is in the order of ten 
per cent for faults in the network; that 
is, on a line 30 miles long it is expected 
that the faults can be located within 
three miles. With oscillographs at each 
station, it is probable that faults could 
be consistently located within one mile. 
The calculated locations of ground faults 
on radial lines are accurate only if tower 
footing and fault resistances are low. 

One of the most important applications 
of the oscillograph is the information that 
is obtained when a fault is not cleared 
properly. In most cases these data defi- 
nitely point to the cause of incorrect 
operation or failure to operate so that im- 
mediate steps can be taken to prevent a 
recurrence. By indicating the location of 
inconspicuous damage and potential 
sources of trouble, the oscillographs are 
becoming an increasingly important factor 
in transmission line maintenance. The 
diligent use of oscillograph data has re- 
sulted in greatly improved relay perform- 
ance. 
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Synopsis: A modern Diesel-electric pow- 
ered drilling equipment for drilling oil wells 
consists of several internal combustion en- 
gines driving d-c generators, which supply 
adjustable voltage power to the several d-c 
motors driving the various motions. This 
paper gives a description of the functions 
performed by the draw works, mud pumps, 
rotary table, and coring reel, and a typical 
arrangement of apparatus or elementary 
power diagram showing the main d-c cir- 
cuits with the arrangement of drill-hoist 
contactors and manual transfer switches. 
In addition, there are related the general 
scheme of operation, strictly from the drill- 
er’s point of view, without the details of 
how these functions are accomplished; the 
operating principles of the electrohydraulic 
governor that make this scheme of operation 
possible; as well as the various control fea- 
tures provided by the amplidyne excitation 
of the main generators. The electrohy- 
draulic governor, a war development, is ap- 
plied for the first time to Diesel-electric drill- 
ing rig equipment. This governor gives to 
the engines a degree of protection never be- 
fore attained, by preventing the engine from 
being overloaded. The governor also per- 
mits running the engines at the lowest 
speeds consistent with the desired rig motion 
and not at full rated speed at all times as 
in the past. The electrohydraulic governor 
provides for engine paralleling without the 
driller having to pay any attention to the 
engine throttles. The merits of a-c versus 
d-c auxiliary drives are pointed out, and 
separate engine-driven auxiliary a-c genera- 
tors are recommended instead of the usual 
practice of driving auxiliary d-c generators 
from the main engines. This gives a saving 
in first cost of auxiliaries conservatively 
estimated at 25 per cent, as well as gains 
in simplicity, sturdiness, and less weight. 


MODERN Diesel-electric drilling rig 
A equipment for drilling oil wells con- 
sists of several internal combustion en- 
gines driving d-c generators. These gen- 
erators supply adjustable voltage power 
to the several d-c motors driving the draw 
works, mud pumps, rotary table, and 
coring reel. 

Most oil well drilling is done by steam 
engines or Diesels that mechanically drive 
the various motions through a system of 
gears and clutches. However, oil wells 
are being drilled deeper in search of new 
sands, requiring more power. As in sur- 
face transportation and propulsion, the 
flexibility of transmitting this power elec- 
trically is becoming more and more 
evident. 
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It is estimated that approximately 
35,000 wells will be drilled in 1946. The 
average depth will be about 4,500 feet. 
However, a great deal of the exploratory 
drilling between 10,000 and 15,000 feet 
now is being done with Diesel-electric 
equipment where its flexibility is of par- 
ticular advantage. 

It is the purpose of this paper to 
describe a typical modern Diesel-electric 
powered drilling equipment and not to 
discuss the relative economics of Diesel- 
electric versus mechanical and steam 
rigs. 


Description of Functions 


A modern deep well is drilled by means 
of a bit attached to a drill stem (drill 
stem is special hollow pipe) and rotated 
to bite through the sand, gravel, and rock 
formations of the earth’s crust. The 
diameter of the hole may be 12 inches at 
the top and six or eight inches near the 
bottom of a 10,000- or 12,000-foot hole. 
For clarity, the functions of the various 
drives are given. 


Draw WorRKS 


This equipment is the hoist for lift- 
ing the drill stem in and out of the hole, 
and a good view of it is shown in Figure 1. 
Bits have to be changed every day or two 
and sometimes every few hours. The 
draw works operates like a hoist with 
several mechanical gear changes. To 
change a bit, a section or two of drill stem 
is lifted out of the hole, unscrewed, stacked 
in the side of the derrick, and the travel- 
ing block and hook is lowered to pull up 
the string of drill stem another couple of 
sections, and so on. Usually, all engines 
are required for this operation while the 
mud pumps, rotary table, and coring reel 
remain idle. 


ROTARY TABLE 


The rotary table rotates the drill stem 
with the bit on bottom and drills the hole. 
The driller regulates the weight of pipe 
permitted on the bit by means of a me- 
chanical brake on the draw works. The 
chips and sand are removed by circulating 
mud. 
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Mup Pumes 


The principal functions of the mud 
pumps are to circulate the mud which 
lubricates the drill stem and bit, pick up 
the chips and sand, and bring them to the 
surface, suspended in the mud, in the an- 
nular space between the drill stem and the 
outside steel casing, as illustrated in 
Figure 2. Getting the mud to the right 
consistency to do this job is a ‘‘black”’ art 
known only to the drillers. Keeping the 
mud flowing is important because a 
10,000-foot column of mud has a burden 
of chips which will settle out at the bot- 
tom and may freeze the drill stem in the 
hole if left to stand for a few hours. 


CorING REEL 


This reel is a light-duty high-speed 
hoist used to remove sample cores from 
the hole and for logging purposes. It is 
used when other apparatus is not in use 
and is, mechanically, entirely independent. 


Typical Arrangement of Apparatus 


A typical arrangement of apparatus for 
15,000 foot drilling is shown in Figure 3. 
In this example, three Diesel-engine- 
driven generators are shown. In some 
cases, four, five, or even six such sets 
are employed. However, the minimum 
rating of Diesel-engine set often is dic- 
tated by the rating of the mud pump so 
that one engine generator set can supply 
its fullrating. The number of such sets is 
dictated by the rating of the draw works. 

The auxiliary motor-driven apparatus, 
such as miscellaneous pumps and blow- 
ers, and the power-system used to supply 
it will be discussed later. 


General Scheme of Operation 


Perhaps it will give a better understand- 
ing of the equipment operation to describe 
the results obtained by modern electric 
equipment from the driller’s point of view, 
before describing in detail the equipment 
used for accomplishing the results. 

Each of the motors operates at constant 
field strength. Speed is controlled en- 
tirely by generator voltage (that is, by 
generator field and engine speed). 

Assume that on Monday morning all 
equipment is at rest. The engines are 
started and idled at half speed. From this 
part on, all control of the rig by the driller 


Paper 46-81, recommended by the AIEE committee 
on industrial power applications for presentation 
at the AIEE South West District meeting, San 
Antonio, Texas, April 16-18, 1946. Manuscript 
submitted January 22, 1946; made available for 
printing March 4, 1946. 


T. R. RHEA is an engineer with the chemical sec- 
tion, industrial engineering department, General 
Electric Company, Schenectady, N. Y. 


TRANSACTIONS 447 


is from the four driller’s speed master 
switches and the selector switch shown in 
Figure 3. To illustrate how the driller’s 
control works, observe what the driller 
does to start a mud pump. An engine- 
generator set previously has been as- 
signed, by means of the manual transfer 
switches, to supply power to this par- 
ticular mud pump. 

The driller moves the speed master 
switch handwheel from the off position 
which starts the mud pump. The further 
he moves the handwheel, the faster the 
mud pump runs. Up to approximately 
half motor speed, the engine remains at 
its half speed. As the driller calls for 
more motor speed by moving his speed 
master switch further, the engine auto- 
matically speeds. The driller does not 
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Standard Oil Company of New Jersey 


Figure 1. General view showing draw works, 
swivel with mud-hose connections, hexagonal 
kelly, and rotary table 


have to touch the engine throttle, nor 
worry about overloading the engine. If 
the mud pump should become overloaded 
or even stalled, the load on the engine will 
be reduced so that the engine is not 
harmed. These functions are accom- 
plished automatically by means of the en- 
gine governor and amplidyne control, 
which will be explained later. 

If desired, the control equipment can 
be preset to limit the stalling torque on 
the motor from 75 to 150 per cent of nor- 
mal motor torque. The engine may be 
operating at full speed and the mud pump 
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suddenly stall, caused by a plugged bit 
at, let us say, 125 per cent of normal 
torque, regardless of where the driller’s 
master switch may be. This torque limit 
adjustment is made at the control cabinet 
and not at the drillers position. 

To stop the mud pump, the driller re- 
turns the master switch to the off position. 
The Diesel engine returns to idling, at 
half speed, and the mud pump motor 
stops. 

The controls for all the other motors 
are the same. Reversing a particular 
motor merely requires the master switch 
to be returned to the off position, the 
handwheel pulled out and rotated as be- 
fore. The motor reverses and accelerates 
in the opposite direction. Reversing is 
not required for mud pumps but is avail- 
able. 

Consider a few of the typical driller’s 
operations. 


‘‘SPUDDING-IN”’ 

“‘Spudding-in” is a process of starting 
a hole and drilling it the first several 
hundred feet. There is not sufficient 
weight on the bit to make it bite at 
this stage. It is necessary for the driller 
to lift the drill stem a few feet and then 
drop it, thus giving the bit a fresh bite. 
Then it is rotated and may be done at 
the rate of several times per minute. 

The driller has a common speed master 
switch for the draw works and the rotary 
table, as shown in Figure 3. It will oper- 
ate either, but not both simultaneously. 
There is a ‘‘drill-hoist” selector switch 
which connects generators alternately to 
the rotary table or to the draw works, 
provided the speed control switch is in 
the off position. 

The driller turns the drill-hoist selector 
switch to the DW position and turns the 
speed control master switch, raising the 
drill stem a little way. He then returns 
the master switch to the off position and 
declutches the motor from the hoist drum 
(the clutch is a pneumatically operated 
device) and lets the tool drop. 

The drill-hoist selector switch is turned 
to the opposite position to RT, and the 
speed master is turned to rotate the table 
for a few revolutions. Then the process 
is repeated. 

During this operation, one mud pump 
motor and engine set has been operating, 
probably at low speed, circulating mud. 
This engine set has been prevented from 
transferring in response to the drill-hoist 
selector switch by means of a selector 
switch on the control board. 


DRILLING 


The ‘‘drill-hoist’’ selector switch is 
thrown to the drill position, which con- 


ELECTRICAL ENGINEERING 


, BLOW OUT 


PREVENTORS "M0 seq 
TLING PIT 


MUD CIRCULATION 


SEVERAL pHousan 


FEET OF DRILL ST 


nects one engine set to the rotary table 
and another engine set to a mud pump, 
The third engine may be used on the 
second mud pump or it may be shut down. 

The driller starts and runs the rotary 
table, at the desired speed with the speed 
master, and has no throttle control for 
the engines, since this is under the control 
of the engine governor. 


HOIstING 


When it becomes time to change the bit 
on the end of the drill stem, the mud 
pumps are shut down first and the flexible 
mud hose, swivel, and kelly assembly dis- 
connected from the drill stem. Mean- 
while, the engines are idling at half speed 
because all of the speed masters are in the 
off position. 

The mud hose swivel and kelly (the 
square piece of drill stem that slides up 
and down in the square hole in the 
rotary table) then is dropped in the ‘‘rat 
hole.” The ‘‘rat hole” is a spare hole 
that the driller thoughtfully has dug in 
advance for storing the kelly. It can be 
discerned in Figure 1. 

The drill-hoist selector switch is thrown 
to the hoist position, which connects all 
of the engine-generator sets to the draw- 
works motor for maximum power. All 
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of the engines are paralleled automatically 
and each may be loaded in accordance 
with its ability to carry load. The driller 
turns the speed master in accordance with 
the desired hoisting speed. If the string 
of drill stem is exceptionally heavy, the 
motor will slow down automatically to 
keep its input within the engine’s ability, 
regardless of the speed-master position. 
If the drili stem should get stuck, the 
draw-works motor would stall at about 
200 per cent torque or some less adjust- 
able value without damage to the engines, 
generators, draw-works motor, or to the 
mechanical equipment, even if the speed 
master is in the maximum speed position. 
However, the driller should not let this 
condition persist for any period of time, 
since the thermal capacity of the draw- 
works motor does not permit it to develop 
200 per cent torque continuously. 

After the drill stem has been hoisted 
three lengths (a ‘‘thribble’’), the driller 
returns his speed master to the off posi- 
tion and sets his hand brake. The drill 
stem remaining in the hole is wedged care- 
fully into the rotary table. The driller 
then unscrews the withdrawn lengths of 
drill stem by holding the withdrawn por- 
tion with tongs and rotating the rotary 
table by power. 
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After the withdrawn drill stem section 
is stacked over in the derrick, the hook is 
driven down at high speed and light load 
to get another grip on the drill stem re- 
maining in the hole. For this operation, 
the driller’s speed master is pulled out- 
ward and turned as far as it will go to get 
maximum speed. 

It may require several hours to take the 
drill stem out of the hole, attach a new 
bit, and lower it into the hole again, 
section by section. This process is called 
a “round trip.” 

In lowering a heavy load, however, the 
draw-works motor is declutched and the 
lowering energy is dissipated in a water- 
cooled brake. The Diesel engine cannot 
absorb very much energy and regenera- 
tive lowering has not been resorted to as 
yet. 

In all this maneuvering, the driller 
needs pay no attention whatever to any- 
thing but his speed master and drill-hoist 
selector switch, All paralleling, speeding 
up, and slowing down of engines is en- 
tirely automatic. When they are paral- 
leled, as on hoisting duty, there is no 
delicate adjusting of throttles to con- 
tend with or nursing of a smaller or de- 
fective engine. The automatic governors 
will make the engines take all the load 
of which they are capable, and no more, 
and make each engine parallel with the 
others. 


MANUALLY SELECTED COMBINATIONS 


It may be necessary to shut down an 
engine-generator set for maintenance pur- 
poses or simply because its power is not 
needed. It is desirable, therefore, to give 
each main drive motor two choices of 
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Figure 4. Sketch of elec- 

trohydraulic engine gov- 

ernor throttle, speed, and 
load limit control 


AF—Anplidyne field 

AH—Antihunt coil on 
pilot valve 

C—Control coil on pilot 

valve 

L—Linkage from shaft5 on 

governor to engine fuel rack 

P—Coil on pilot-valve for paralleling engines 

R,—Driller’s speed control rheostat 

R.—Arntihunt rheostat 

R;—Rheostat load limit 

$—Governor shaft for connection to fuel rack 


poor 


engine-generator sets. This choice is 
provided by the manual transfer switches 
on the control panel. 

A selector switch for each engine, lo- 
cated on the control panel, will take away 
control from the driller’s drill-hoist selec- 
tor switch so that an engine may be re- 
tained on some special duty, such as driv- 
ing a mud pump for mud mixing even 
while hoisting. 


Electrohydraulic Engine Governor 


The internal combustion engine is es- 
sentially a constant-torque device over an 
adjustable speed range. It rapidly over- 
heats when submitted to overloads with 
resultant increase in maintenance. 

Since a drilling load is both intermittent 
and varying, it is highly desirable to run 
the engines only at the lowest speed con- 
sistent with the power required. This 
rate of speed saves both fuel and wear 
and tear on the engine. To appreciate 
this point, just imagine the maintenance 
and fuel consumption on an automobile 
engine if it is run always at top engine 
speed, and the car started and stopped 
at each traffic light with the clutch and 
gear shift. That procedure had been fol- 
lowed by the drilling industry with 
Diesel-electric drives up to the advent of 
the electrohydraulic governor. 

The fuel injection system on most 
Diesels is such that at low speeds, full 
throttle opening will overheat the en- 
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gines. That is, with the throttle wide 
open and the engine at low speed, actu- 
ally more fuel per stroke is injected than 
at fullrated engine speed. Thus a require- 
ment of the governing system is to ad- 
just automatically the throttle stop as a 
function of engine speed. 


FUNCTIONS OF THE GOVERNOR 


The functions of the governor can be 
summarized as follows: 


1. It measures engine speed and adjusts 
the engine throttle to maintain this speed 
up to permissible full throttle opening. 


2. When the throttle is fully open and a 
further attempt is made to increase load on 
the engine, it automatically reduces the 
generator field. 


3. It automatically adjusts the position of 
the throttle stop as a function of engine 
speed. 


All these requirements are accom- 
plished rather simply by the electro- 
hydraulic governor. Refer to Figure 4. 

An electric tachometer produces a d-c 
signal proportional to engine speed. This 
signal is put into a solenoid operated pilot 
valve. The pull of the solenoid C is 
balanced against a spring. A slight un- 
balance in engine speed thus permits the 
pilot valve to let in a little oil, under pres- 
sure, to one side or the other of a “‘slave”’ 
piston, which can move as far as neces- 
sary in adjusting the throttle to restore 
the engine speed and thus the balance be- 
tween solenoid C and the spring. 

These factors are the elements of any 
governing system. Since the slave piston 
has no restoring spring and can take up 
any position necessary to balance the 
solenoid C against the spring, the system 
is isochronous. This condition means 
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that the system has no engine speed droop 
whatever as the load is applied. 

The engine speed controller Riis a rheo- 
stat inserted between the tachometer and 
the solenoid C. The more resistance is cut 
in, the faster the engine has to run to 
establish the balance between solenoid C 
and the spring. 
pilot valve, ‘‘slave’’ piston, and throttle 
will see to that condition. Thus the en- 
gine will run at adjustable constant speed 
levels, depending on the position of rheo- 
stat R;. It is usual to run the engines 
over either a 2/1 or a 3/1 ratio of speed 
range. The engine speed set by rheostat 
R, is entirely independent of the load the 
generator tries to put on the engine. Ri 
is a part of the drillers speed master. 

Suppose now the generator load has 
been increased slowly (or suddenly) until 
the “slave piston’’ has the throttle wide 
open and against the fuel stop. Suppose 
a further increment of load is imposed by 
the generator on the engine. The engine 
slows momentarily, unbalances the pilot 
valve and moves the ‘‘slave” piston. A 
spring between the “slave” piston and 
the fuel rack permits the former to move 
further. 

This additional movement of the 
“slave” piston operates a rheostat Rs, 
which reduces the generator field, and 
therefore the load, just sufficiently to 
maintain engine speed. 

Let us go back now to the instant where 
the load on the generator has just brought 
the throttle to full throttle position. If 
suddenly two cylinders cut out because of, 
for example, clogged fuel injectors, the 
engine will slow down momentarily and 
the “slave” piston will move. Since the 
fuel rack is already against the stop, 
the ‘slave’ piston will simply reduce the 
generator field and thus keep the remain- 
ing cylinders fully loaded, but not over- 
loaded. In this way the governor recog- 
nizes the engine’s ability to take load. 
Refer to Figure 5 where this condition is 
illustrated by a generator curve. ~ 

With R, in the maximum engine speed 
position, the usual differential compound- 
wound generator volt-ampere character- 
istic for 100 per cent engine speed and 100 
per cent field current is followed from no- 
load current up to point X. At this point 
the governor reaches the fuel stop, and 
the load limit rheostat R3 shown in Figure 
4 takes over and reduces the generator 
field. As more ampere load is put on the 
generator, R; makes the generator char- 
acteristic follow the load limit line shown 
in Figure 5, which is, of course, a constant 
kilowatt or horsepower load on the en- 
gine. 

If a couple of cylinders were to cut out, 
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the fuel stop would be reached earlier at 
some such point as Y, and the generator 
volt-ampere characteristic would follow 
a constant kilowatt or horsepower curve 
below the other. Thus the governor auto- 
matically adjusts the load to suit the en- 
gine condition. This feature is very valu- 
able as the engines get older and less able 
to carry the same load than when new and 
in good repair. 

Of course, as the driller’s engine speed 
control rheostat R; is moved, the whole 
voltage characteristic moves up and down, 
as shown in Figure 5. 


Throttle Stop Positioning. As yet 
nothing has been said about ad- 
justing the position of the throttle stop 
as a function of engine speed. This ad- 
justment is done with a completely sepa- 
rate mechanism from that so far discussed. 
As shown in Figure 6, the fuel stop is 
adjusted by a “‘slave’’ piston and solenoid- 
operated pilot valve which are, mechani- 
cally, duplicates of those used for the fuel- 
rack control. This system simply posi- 
tions the ‘‘slave”’ cylinder in response only 
to the position of the potentiometer rheo- 
stat Rs. 

Rheostat R; is on the same shaft as the 
driller’s engine speed control rheostat R,, 
and, together, they constitute the driller’s 
speed master. 

Note that the ‘‘slave” piston drives a 
cam-shaped stop for the fuel rack, The 
shape of this cam is determined by the 
engine manufacturer's curve of speed 
versus maximum-fuel, which is not a 
straight line. 

Any kind of servomechanism would 
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Figure 6 (above). Sketch of electrohydraulic engine governor showing 
mechanism for adjusting throttle stop as a function of engine speed 


Generator characteristics with electrohydraulic gover- 


nor load limit and amplidyne current limit 


serve as well as that shown to position the 
fuel-stop cam as a function of engine- 
speed rheostat position, but a solenoid- 
controlled pilot valve and ‘“‘slave’’ valve 
are most convenient, since oil under pres- 
sure is already available in the governor. 
The parts are duplicates of those on the 
throttle control. 

All the solenoid valves, ‘“‘slave’’ pistons, 
fuel stops, oil pressure regulating valve, 
and rheostats Re, R3, and R, are housed 
in one frame and mounted on the engine, 
convenient to the fuel rack, as illustrated 
in Figure 7. 

The antihunt circuit for the governor 
shown in Figure 4 consists of rheostat 
R:, a capacitor, and an AH coil on the 
pilot valve. A movement of the ‘‘slave’’ 
piston transiently introduces a force in 
the pilot valve in the opposite sense. 
This stabilizing action is very effective. 


ADVANTAGES OF GOVERNOR 


To recapitulate, the advantages of the 
electrohydraulic Diesel engine governor 
for d-c drilling rig equipments are as 
follows: 


1. It automatically prevents overloads on 
the engine, thus removing one of the prin- 
cipal causes of engine wear and failure. 


2. It provides engine speed control by the 
driller at a remote location by means of a 
very simple rheostat and electrical connec- 
tions. It thus permits the driller to run the 
engines at the lowest speed consistent with 
the required drilling operation. This fea- 
ture promotes both fuel economy and low 
maintenance. 


3. Paralleling several engine-generator sets, 
as required by the draw-works motor, and 
controlling them from one driller’s controller 
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is very simply accomplished by mechanically 
paralleling the speed control rheostats R:. 
Proper division of load among the several 
engine sets is provided automatically by the 
governors. 


4. The governor provides a “wrap-around” 
or constant kw characteristic of the genera- 
tor around the engine characteristic, as 
shown in Figure 5. This characteristic per- 
mits the maximum torque at the maximum 
speed of the drilling motors at all points 
within the ability of the engines, instead of 
only at one fixed point as with conventional 
2- or 8-field generator characteristics. This 
feature is, in effect, an automatic gear shift 
providing a continuously adjustable choice 
of ratios between the engine and the driven 
load. 


Amplidyne Control System 


An amplidyne is used, instead of a con- 
ventional exciter, to excite and control 
the main generator field because the 
greater amplification factor of the ampli- 
dyne requires only a few watts for the 
amplidyne field. This factor makes pos- 
sible the very small and extremely sturdy 
rheostats used in the governor (illustrated 
in Figure 7) and in the drillers speed 
master. 

The first requirement of the control sys- 
tem is that the generator voltage be 
manually controlled and adjusted in 
either direction. The principles of this 
system are shown in Figure 8. 

The driller’s control rheostat Rg is a 
potentiometer across a source of d-c con- 
trol power. A potential V, from the 
potentiometer Rs is compared with a po- 
tential VY, through the main amplidyne 
control field F,F. Note that V; is a 
potential drop across a resistor A in the 
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An_ electrohydraulic governor 
(tachometer not shown) 


Figure 7. 


main generator field. Thus movement 
of the driller’s rheostat Rs adjusts the 
main generator field, and, as a result, the 
generator characteristics of Figure 5 for 
different values of generator field current 
are obtained. The very high amplifica- 
tion factor of the amplidyne makes Vi 
always very nearly equal to V». 

A set of forward and reverse contactors 
are actuated by pulling out the driller’s 
master switch handle before rotating it, 
giving forward or reverse generator field 
excitation. 

Instead of comparing the voltage V2 
with main generator field current, it 
might have been compared directly with 
the main generator voltage. However, if 
this were done, the amplidyne would try 
to nullify the action of the generator dif- 
ferential series field. Each time the main 
generator differential series field tried to 
pull the voltage down, the amplidyne 
would try to pullit up. Also, as has been 
proved by many types of installations, 
the stability of the system is much better 
if the control potential V2 is balanced 
against main generator field current, leav- 
ing the differential series field to do its 
duty. 

The engine load-limit potentiometer 
rheostat R; is inserted between the drill- 
er’s control rheostat Rs and the ampli- 
dyne control field F,F2, and is the same 
governor-actuated rheostat R3; as shown 
in Figure 4. 

Since several generators are to be con- 
trolled in parallel from one driller’s con- 
trol master switch, when hoisting, several 
amplidyne fields can be paralleled on one 
Res rheostat. 

The potentiometer Rs, shown in Figure 
8, and the engine speed control rheostat 
R, (Figure 4) are on one shaft and form 
the complete drillers speed master. The 
complete travel of the drillers speed 
master is about 330 degrees. The first 
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165 degrees of movement raises the gen- 
erator field from zero to full value, but 
does not raise the engine speed. The next 
165 degrees cut in R, to speed up the 
engine. 


CURRENT LIMIT 


The next function to be provided is 
current limit so that the commutating 
ability of the generators and motors will 
not be exceeded, even if the motors stall. 
Likewise, it is desirable to limit the ap- 
plied torque on the mechanical equip- 
ment to prevent damage. For example, 
the rotary-table-drive motor, when rotat- 
ing along string of drill stem, may require 
a definitely limited maximum torque to 
prevent twisting it off. 

It should be understood clearly that the 
current limit function now under discus- 
sion is entirely separate and distinct from 
the engine load limit previously discussed. 
Current limit control is provided by a 
separate field on the amplidyne. This 
control field F;F¢, illustrated in Figure 9, 
always is excited in the opposite direction 
from the control field Fi F2and must over- 
power it, and thus reduce main generator 
excitation whenever the main generator 
current reaches a certain value. 

The current limit must be ineffective 
until a certain selected value of current is 
reached, regardless of the direction of 
flow of that current, and be effective when 
that value is reached. 

In Figure 9 is shown the elementary 
diagram of the amplidyne connection used 
to accomplish this function. 


A pair of rheostats R; are placed across 
a source of d-c control power. This refer- 
ence voltage is compared, through a pair 
of blocking selenium rectifiers, to the drop 
across the commutating and series fields, 
which is proportional to generator cur- 
rent. 


For one direction of main generator cur- 
rent, V; must be greater than Vs before 
blocking rectifier BR, will permit current 
to flow in current limit field F; Fs. 


When the generator current reverses, 
which depends on a reversal of the control 
field F,F2, the drop V; is in the opposite 
direction. When V; exceeds Ve, the 
blocking rectifier BR: permits current to 
flow in the current limit field FFs in 
such a direction as to oppose control field 
Fy Fy. 

The effect of current limit control is 
shown in Figure 5. The cut-off point Z 
can be adjusted for any desired value of 
current by adjusting rheostat R;. While 
current limit begins to cut off at the con- 
trol setting of point Z, the generator cur- 
rent has to rise a further 10 or 15 per cent 
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Figure 8. Elementary diagram of amplidyne 
field and engine load limit control 


before the current limit field FFs can 
overcome completely the control field 
F,F, and bring the generator voltage to 
zero. 


ANTIHUNT AND PARALLELING 


An antihunt field F;Fs is provided on 
the amplidyne so that any sudden rise of 
amplidyne voltage causes a transient cur- 
rent to flow through the capacitor and 
control field F;Fs, which opposes the 
change. 

A paralleling field FF io is connected, as 
shown, and connects to a similar arrange- 
ment on any additional generators con- 
nected in parallel. It tries to make the 
generator divide the loads and operates 
exactly by the same manner as a paral- 
leling connection on regulators. 


The paralleling field FsFio shown in 
Figure 9 is quite weak in comparison with 
the other fields and is mainly effective at 
light generator loads or for very sudden 
transients (for example, one generator out 
of several in parallel suddenly losing its 
field). Paralleling field FoF 1ois completely 
overcome and supplanted in function 
whenever the load limit feature of the 
governor goes into action. 


Auxiliary Drives 


In addition to the main drive motors, 
there are a number of auxiliary motors for 
driving ventilating blowers, pumps, air 
compressors, shale shakers, ‘blowout 
preventer, and bug fans. The require- 
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ments for such motors may total 50 or 
60 horsepower on a typical rig. Also, 
six or seven kilowatts is required for 
adequate lighting. 
kilowatts of excitation power is required 
for the main drive motors. 


On Diesel-electric rigs, it has been the 
practice in the past to add a constant po- 
tential d-c auxiliary generator to each 
engine. A typical rating is 80 kw, 125 
volts d-c (125 volts has been selected in 
the past because of the lighting require- 
ments). 


Because the main engines are usually 
started by compressed air, a small bat- 
tery-started gasoline engine-driven gen- 
erator of five or ten kilowatts is installed 
to supply power to the air compressor 
motor, when the main engines are down, 
and to supply lighting power when rig- 
ging up or tearing down the rig. 

This almost universal practice of sup- 
plying 125-volt d-c auxiliary power re- 
quires expensive d-c auxiliary motors and 
d-c control, generally with explosion- 
proof enclosures. 


Since the auxiliary drives require only 
constant-speed motors, a-c auxiliary 
power is recommended. This a-c power 
permits very simple sturdy control and the 
auxiliary motors to be squirrel-cage in- 
duction motors, explosionproof if desired. 


A very careful analysis of the costs of 
d-c versus a-c auxiliary power reveals that 
the cost of auxiliary equipment for a-c 
power is about 25 per cent cheaper than 
for d-c power. In making this compari- 
son, two full capacity engine-driven 440- 
volt, 3-phase 60-cycle alternators were 
included. One of these alternators is a 
complete spare to the other, since the 
entire rig depends on this auxiliary power 
being available. 


The cost comparison includes the cost 
of two auxiliary engines, but takes credit 
for eliminating the small 5-kw emergency 
lighting engine generator and reducing the 
size necessary for the main engines. 


The use of entirely separate engine- 
driven auxiliary power generators is made 
_ even more desirable by the use of ad- 
justable speed main engines. If d-c 
auxiliary power generators are driven by 
the main engines, they have to give full 
output at the lowest engine speed. This 
condition increases the cost of such d-c 
auxiliary equipment, and the foregoing 
cost comparison was made on the basis 
of running the main engines over a two to 
one speed range. With a-c auxiliaries, 
the lighting circuits are standard 115 
volts, stepped down from 440 volts by 
transformers. 


The advantages of a-c versus d-c 
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Figure 9. Elementary diagram of amplidyne 
control showing current limit, antihunt, and 
paralleling fields 


auxiliaries can be summarized as follows: 


1. About 25 per cent reduction in first cost. 


2. The main engine-driven-generator units 
are simplified, lighter, easier to move and 
set up because of the elimination of the top- 
mounted belt-driven constant-voltage d-c 
auxiliary generators, and the consequent 
reduction in size of the main engine required. 


38. The main control panel is reduced in 
size and weight because of simpler a-c in- 
stead of d-c control for auxiliaries. 


4. Auxiliary a-c power at 440 volts, 3 
phase, requires smaller cable to distribute 
power than does 125 volts d-c. 


The disadvantages of having two small 
100 or 125 horsepower internal combus- 
tion auxiliary engines to maintain are 
more than overcome by not having to 
run the main engines when only auxiliary 
power is required. Also, the 5- or 10-kw 
engine-driven set is eliminated. 


Ventilation 


The main rig motion motors are usually 
force-ventilated because they frequently 
are required to operate at very low speeds 
and full torque. Also, it is desirable to 
bring in fresh air, free from explosive gas 
mixtures, to eliminate the explosion haz- 
ard which would otherwise be present 
when the well strikes gas. 

The most usual method of ventilation 
is to mount a small motor-driven blower 
on the top of each main d-c motor and 
run a duct away from the derrick to a 
safe source of fresh air. 

These ducts have been made of steel in 
the past and are considered a nuisance to 
tear down and move approximately every 
two months. There is now a probability 
of obtaining flexible rubberized non-col- 


Rhea—Diesel-Electric Drilling Equipment 


lapsible ducts which will be very easy to 
move. 

The generators are self-ventilating and 
are located away from the derrick in a 
nonhazardous area. 

On barge-mounted rigs, there is usually 
a central blower system, and air is piped 
to the various motors. 

Because of the duty on the coring-reel 
motor, it usually can be totally enclosed 
and one-hour rated, thus eliminating the 
cumbersome duct work. However, to 
make this large totally-enclosed motor 
truly explosionproof would be very ex- 
pensive, but it is a very simple matter to 
infiltrate a very small amount of safe 
air from the compressor system to keep 
this motor purged and under slight pres- 
sure. 

Frequently, the mud pumps are located 
far enough away from the rig so that no 
duct work is necessary to bring in safe 
air, and their blowers take air directly 
from the ambient surroundings. 
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Dynamic Braking Control of D-C Series 
Motors—Calculation of Stability Limit 


G. W. HEUMANN 


MEMBER AIEE 


Synopsis: This paper presents an extension 
of the conventional method of calculating 
speed-torque curves for d-c series motors 
used with dynamic braking controllers, 
which permits determination of the stability 
limit with overhauling loads such as occur 
on crane hoists. It is shown that such 
stability limit can be increased by the 
addition of series resistance. 


1 laying out control equipment, the 
design engineer looks for methods 
which enable him to calculate, with a 
minimum of effort and with reasonable 
accuracy, the speed-torque curves ob- 
tained on various controller points. Di- 
rect-current series motors are widely used 
for heavy duty intermittent drives, such 
as cranes, hoists, ore and coal unloaders, 
and other material handling equipment. 
Control of such motors is obtained by 
inserting resistance in the various 
branches of the motor circuit, that is, the 
armature and the field. 

Considering that commercial resistors 
may deviate as much as ten per cent from 
their rated resistance, that line voltage 
may vary by ten per cent or even more, 
and that it is difficult on most motor ap- 
plications to predict actual load conditions 
within a few per cent, it does not appear 
necessary to forecast motor performance 
with a greater accuracy than a few per 
cent. It is of greater importance to have 
a method available which permits mak- 
ing approximate calculations quickly so 
that control systems can be compared and 
analyzed without spending an undue 
amount of time and effort. 

A simple method of calculation which is 
widely used by design and application 
engineers has been described by A. A. 
Merrill.! The information required from 
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the motor designer is the characteristic 
curves of the motor, in which speed and 
torque are plotted as a function of motor 
current, as wellasarmature resistance Kean 
commutating field resistance R,, series 
field resistance Ry, and equivalent brush 
drop resistance Ry. As the armature and 
field current of a series motor are nor- 
mally the same, all values entering into 
the calculations can be expressed in terms 
of either field or armature current. 


RatRct+Re= 
0.113 P.U. 
Rr =0.047 PLU. 
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Per unit characteristic curves of 
d-c series motor 


Figure 1. 


Average of line of 30-minute-rated mill motors 
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Figure 2. Factor K, calculated from Figure 1, 
as a function of field current 
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To obtain results which are generally 
applicable to motors of various sizes, it is 
convenient to express operating quanti- 
ties in “per unit” (pu), rather than in ac- 
tual numerical values. Rated or normal 
values are called base values, expressed 
as unity, and all other values are ex- 
pressed as a decimal fraction of the base 
values. Base quantities used in this 
paper are defined as follows: 


base current =rated full load current * 

base -torque = rated full load torque 

base speed=rated full load speed 

base voltage =generated armature electro- 
motive force at rated torque and 
rated speed 

base resistance=base voltage divided by 
base current 

base flux=flux per pole at rated full 
load speed and current 


Figure 1 represents the average char- 
acteristic curves of a line of 30-minute- 
rated mil] type d-c series motors. All 
values are expressed in per unit, based on 
rated 30-minute load. The actual load 
expressed by base current or base torque 
is higher than the same machine would be 
required to carry if it were rated on a con- 
tinuous basis. 
netic and electric loadings are high, and 
the effects of saturation and armature 
reaction are more noticeable than for 
continuous rated machines of similar 
physical size, when loads are expressed 
in per unit, based on rated values. 

Conventional speed-torque calcula- 
tions are based on two fundamental 
equations for dynamo electric machines 
which state that 


18; 
S=— 1 
bes (1) 
and 
T=k,o1q (2) 
where 


E=generated voltage 

T =developed torque 

o@=magnetic flux per pole 

J,=armature current 

S=speed of rotation 

k, and k,=constants, the value of which is 
determined by motor design and by 
the units of E, R, Jz, and S 


Let 


ko=Ks and kio=K, 


Then 
E 
ae (3) 
and 
T=Kilq (4) 
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Consequently, the mag- 


P.U. SPEED LOWER 


Figure 3. Speed- 

torque curves of a 

dynamic braking 

controller, — calcu- 

lated with constant 
K 


“12-08 -0.4 Oo OPE, nie ie Te 
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In the per unit system, Kypuy and Values of K may be calculated from 


Kypuy have the same numerical value 
because they are both directly propor- 
tional to the magnitude of the flux. 
This may be shown as follows: 


VE inbe 
IG ere => Sox | Rshbase 
Ky =ks9¢1 
iS 
Kspu) =— 
hse rase 
Rydy 
Rspase 
== $1 
Pbase 
Thase 
Krbe= =Rrbvase 
dbase 
Ky =i, 
KG 
Kyu) a “ 
Beans 
B. igi 
RiPvase 
eal 
Pbase 
Therefore 
Ku) = Kupu =K (5) 
Also 
Eu) 
ies 6 
s(pu) Sis ( ) 
and 
Tipu 
Kyou = (7) 
Tapu) 
Therefore: 
E (pu) 
K=— (8) 
S(pu) 
or 
Tipu 
Kea (9) 
Tq (pu) 
and 
Spa) = Z 2 (10) 
Pes = KT g(pu) (11) 
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Figure 1 by equation 8 or 9. When equa- 
tion 8 is used, E(pu) is obtained from the 
equation 


E uy = Vipuy — Zacpuy Rawr) (12) 


where 

Vu = per unit line voltage 

Tqpu) = per unit amperes in armature circuit 
Rau) = per unit ohms in armature circuit 


For generator operation, E(puy is given by 
Evou) = Vow +Taipu) Rawr) (13) 


The data so calculated are then plotted 
against field amperes as illustrated by 
Figure 2. The data shown in Figure 2 
are based on values and curves given in 
Figure 1. 

Speed and torque for any given set of 
conditions can be calculated using Figure 
2. When field current, armature current, 
line voltage, and motor resistance are 
known, generated voltage is calculated 
by equation 12 for motor operation, or 
equation 13 for generator operation. 
Speed is then obtained from equation 10,. 
and developed torque from equation 11, 
using the value of K corresponding to the 


Figure 4. Factor K 

for d-c machine 

operating as motor 
or generator 
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‘given field current. The shaft torque 
may be obtained by multiplying the de- 
veloped torque by torque efficiency for 
motor operation, or dividing the de- 
veloped torque by torque efficiency for 
generator operation. In subsequent 
speed-torque calculations, torque effi- 
ciency is considered to be unity. 

A family of speed-torque curves for a 
dynamic braking controller, calculated by 
the method described above, is given in 
Figure 3. In this type of controller, the 
series motor is connected as a shunt 
machine on lowering points. Heavy loads 
overhaul the motor, which acts as a shunt 
generator and develops a dynamic brak- 
ing torque restraining the load. This 
torque is indicated as positive in Figure 3. 
An empty hook or a light load is driven 
down by the motor, which acts as a shunt 
motor, deliverying a torque to accelerate 
the load. This torque is indicated as 
negative. Line voltage used for the cal- 
culation is 1.16, total internal motor re- 
sistance being 0.16. 

The calculated curves of Figure 3 
show that any desired no-load speed can 
be obtained by inserting sufficient re- 
sistance in series with the field. The 
straight-line curves give the impression 
that speed varies only slightly within the 
operating range between motoring and 
generating. This conclusion is incorrect. 
J. A. Jackson? has called attention to 
the fact that when operating with weak- 
ened field, the motor develops less dy- 
namic braking torque than the curves of 
Figure 3 indicate. As braking torque and 
armature current increase, armature reac- 
tion plays an important role, reducing the 
effective flux. For a given overhauling 
torque, the speeds are higher than the cal- 
culation indicates. There is a definite 
limit of dynamic braking torque which 
the machine can develop with a given 


OLS ie) 0.5 1.0 1.5 2.0 
MOTORING 
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amount of field current. If the load ex- 
ceeds this torque, the machine becomes 
unstable, and a runaway condition re- 
sults. To calculate the actual perform- 


ance and the stability limit, it is meces-'’ 


sary to abandon the concept that Kis an 
independent function of field current. 


Stability Limit 


To obtain a true picture of the varia- 
tion in the value of K with variation in 
armature current, it is necessary to test 
the motor over a range of loads both 
motoring and generating at several dif- 
ferent values of field current. The aver- 
age results, expressed in per unit values, 
of a number of such tests on a line of mill 
type d-c series motors are given in 
Figure 4. It has already been shown that 
the value of K is directly proportional to 
the magnetic flux in the motor, and it is 
evident from the curves of Figure 4 that 
the magnitude of the armature current 
does materially influence the amount of 
magnetic flux. This influence is the result 
of two factors: 


1. Demagnetization produced by cross- 
magnetizing armature reaction. 


2. Magnetization or demagnetization pro- 
duced by currents flowing in armature coils 
undergoing commutation. 


The theory of demagnetization pro- 
duced by armature reaction may be 
found in any textbook on d-c machinery. 
In brief, the cross-magnetizing reaction 
produces a distortion in the flux distribu- 
tion between the main poles and the ar- 
mature which, because of the character- 
istic shape of the saturation curve, results 
in a net loss of flux. The effect is the 
same whether the machine is operating 
as a motor or as a generator. 

The magnetizing or demagnetizing 
effect produced by current in the arma- 
ture coils undergoing commutation would 
not be noticeable in a commutating pole 
machine if compensation could be ad- 
justed exactly for all conditions of load. 
However, the magnetic loading of 30- 
minute-rated d-c motors is high, and this 
leads to saturation of the commutating 
pole magnetic circuit at heavy loads. 
When saturation occurs, the machine is 
operating in an undercompensated con- 
dition, and the current in the armature 
coils short-circuited by the brushes then 
has sufficient magnitude and such direc- 
tion as to produce a direct magnetizing 
or demagnetizing effect on the main pole 
magnetic circuit. Analysis shows that 
this effect is demagnetizing for generator 
operation and magnetizing for motor 
operation. 

Considering the combined effect of 
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Figure 5. Developed torque, motoring and 
generating 


these two phenomena, it will be noted 
that they are additive and demagnetizing 
for generator operation. It is to be ex- 
pected that the result would be an ap- 
preciable loss of flux, and the test results 
presented in Figure 4 confirm this expec- 
tation. For motor operation the two 
effects are opposing, and the loss of flux 
at heavy overloads is much less, particu- 
larly at very heavy and very light field 
currents where the effect of cross-magnet- 
izing armature reaction is minimum. 

The loss of flux with increasing arma- 
ture current when operating as a genera- 
tor results in very definite torque limita- 
tions. Equation 11 states that developed 
torque is equal to the product of K and 
armature current. Since K is an inverse 
function of armature current for generator 
operation, the product has a definite 
maximum value, as illustrated by Figure 
5. It is the maximum value of torque 
which determines the limit of stable 
When it is exceeded, even 
under transient conditions, dynamic brak- 
ing control is lost and cannot be regained, 
because increase in speed corresponds to 
decrease in torque. With loss of braking 
control, the load quickly accelerates to a 
dangerous speed. 

In order to indicate the significance of 
variable K to the speed-torque curves of 
a dynamic braking controller, Figure 6 
shows the actual performance curves ob- 
tained with a series motor, connected as a 
shunt machine. These curves apply to 
the same circuit and field conditions as 
Figure 3, but variable K has been used 
from Figure 4. The no-load speeds ob- 
tained by the two methods of calculation 
differ only slightly. In the region of 
power torque the curves differ somewhat, 
and especially with weak field the slope of 
the curves with variable K is less than for 
the curves calculated with constant K. 

Performance in the dynamic braking 
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, 


region shows the most significant differ- 


ence between the two methods of calcula- 


tion. Figure 6 indicates that, with heavy 
loads, considerably higher speeds are ob- 
tained than would be expected from 
Figure 3. Also, for each value of field 
current, there is a definite torque beyond 
which the machine is unable to retard an 
overhauling load, that is, beyond which 
the machine becomes unstable. Assum- 
ing that an average crane hoist has a 
mechanical efficiency of 0.85, a dynamic 
braking torque of (0.85)2, or 0.72, would 
then be required to lower full rated load. 
This torque is dangerously close to the 
motor stability limit with a field current 
of 0.5 or less. 

Speed-torque curves such as plotted in 
Figure 6 represent steady-state operating 
conditions. While switching between 
controller points, transient armature cur- 
rent peaks and corresponding torque 
peaks occur. Even though the steady- 
state stability limit may be greater than 
full-load torque, switching transients may 
cause the stability limit to be exceeded, 
resulting in a runaway condition. This 
means that the control designer is not 
free to select any no-load speed he can ob- 
tain by field weakening. The amount of 
field weakening which is permissible, and 
thus the no-load speed which can be real- 
ized, are definitely limited by motor 
stability when lowering full load. 


Effect of Series Resistance 


A simple method of increasing the sta- 


bility limit is to insert a block of resist- . 


ance in series with the parallel circuit 
formed by the armature and the field. 
Resistance between 0.10 and 0.20 has 
only a slight effect on no-load speed and 


on the slope of the curves in the motoring - 


- 


quadrant. In Figure 7 a set of speed- 
torquecurvesisplottedfor the same circuit 
conditions as in Figure 6, except that se- 
ries resistance of 0.15 has been added. 
For each curve the amount of resistance 
in series with the field is held constant at 
such a value that the indicated value of 
I, would be obtained if R, were zero. On 
each curve there is a point at which no 
current is taken from the line, and at this 
point the indicated value of J; actually 
flows through the field, whereas under all 
other operating conditions field current is 
either somewhat smaller or larger. 

Series resistance has the effect of chang- 
ing the distribution of current between 
field and armature at any given operating 
point. In the range of motoring and 
light overhauling torques, field current 
is smaller than it would be without series 
resistance. This is of no practical conse- 
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Figure 6. Speed-torque curves of a dynamic 
braking controller, calculated with variable K 
from Figure 4 


No series resistance 


quence, as this is a stable motor operating 
range. Under high overhauling load con- 
ditions, however, the field current is 
greater. As factor K increases corre- 
spondingly, the motor is able to develop 
a higher braking torque, and the stability 
limit occurs at higher load. Comparing 
Figure 7 with Figure 6 for each value of 
field current, the slope of the curve is de- 
creased in the higher torque region. 
Assuming that the controller design 
permits transient torque peaks of twice 
normal when switching between controller 
points, the stability limit should occur ata 
braking torque of not less than twice 
the torque required to lower rated full 
load on the hook, that is, 20.72 =1.44. 
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Without series resistance, a field current 
of 0.70 would result in a runaway. With 
series resistance, a field current of 0.60 
(at zero line current) would still be per- 
missible. 


Conclusions 


The method of calculating speed-torque 
curves by using a variable factor K can be 
used for any d-c series motor for which 
sufficient test data are available for de- 
termining K both for motoring and gen- 
erating operation. While the per unit 
data given in this paper permit the cal- 
culation of performance curves for the 
purpose of comparing various control 
circuit designs, actual motor test data 
may vary over a considerable range and 
must be used to determine the perform- 
ance of any given motor application. 

In designing dynamic braking control- 
lers, using the motor field with suitable 
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Figure 7. Speed-torque curves of a dynamic 
braking controller, calculated with variable K 
from Figure 4 


With series resistance 


Values of field current Iz indicated on curves 

exist only for the condition that line current 

is zero. Field resistance Rp for each curve 
is the same as in Figure 6 


resistance in parallel with the armature, 
resistance in series with the parallel cir- 
cuit formed by field and armature should 
be used to increase the motor stability 
limit. 
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Operating Experience With Distance 
Ground Relays 


W. A. WOLFE 


MEMBER AIEE ® 


ISTANCE RELAYS for protection 

against wire-to-wire, two wire-to- 
ground, and three phase faults on trans- 
mission lines have met with wide accept- 
ance. However, the use of distance relays 
for protection against single wire-to- 
ground faults has been limited to rela- 
tively few installations. From the in- 
formation available, it would seem that 
the Kansas Gas and Electric Company 
is one of the few companies using distance 
ground relays. The experience gained in 
the use of these relays over the past seven 
years has demonstrated their reliability 
and good operating performance. 


Theory of Distance Ground 
Measurement 


The theory of distance ground meas- 
urement was first presented in 1931.' In 
general, distance relays compare the 
magnitude of a voltage with that of a 
current, the ratio being an indication of 
the distance to the fault. Zero sequence 
current and voltage (usually associated 
with ground relaying) are not suitable for 
distance ground relaying, because a com- 
parison of these quantities is not a meas- 
ure of the distance to the fault. The zero 
sequence voltage at the relay is equal to 
the sum of the zero sequence voltage 
drops from the relay to the source of 
ground current, and not from the relay 
to the fault as is required in distance re- 
laying. Instead of these quantities, dis- 
tance relays for ground faults use phase- 
to-ground voltage with the current in the 
corresponding phase, thus requiring three 
relays for the protection of each 3-phase 
line. This number is in addition to the 
relays required for protection against 
phase faults. For correct distance meas- 
urement under all system conditions, re- 
actance type relays must be used and 
suitable compensation must be applied. 
The compensation used involves the 
zero-sequence current in the line section 
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being protected and in the parallel line, 
if any. 

As already shown,!? the general ex- 
pression for the line-to-ground voltage at 
the relay during a line-to-ground fault 
(see Figure 1) is 


Lou —Z 
Evg=™Zign (Foor oon itt 
GH 
M 
logu Meet) + (gor + Tas) Rg (1) 


1GH 


where 


Eg =line-to-ground voltage, A phase at G 
m= fraction of distance from G to H at 
which fault is assumed to occur 
Iggy =phase A fault current in faulted line 
at G 

Tog =zero-sequence fault current in faulted 
line at G 

Zig = positive-sequence impedance, station 
G to H 

Zogu =zero-sequence impedance, station G 
to H 

Mogy =zero-sequence mutual impedance 
between the two parallel lines from 
G to H 

Ing q =zero-sequence fault current in parallel 
line 

Tiny =phase A fault current from opposite 
end of faulted line 

Rg=fault resistance 

G=substation where relaying is considered 

H=substation at opposite end of line section 

F=fault location 


Looking at equation 1, it will be ob- 
served that if we could obtain a single 
current for the relay equal to the current 
expressed within the first brackets, namely 


Loox tZ M 
Sires wort herp thant 0GH 
1GH Ligh 
(2) 


we obtain a very simple result, as follows: 


E if I 
Ze= ag =mBion +( eet 218 Vg (3) 


relay I, relay 
where: 


Zp=impedance indicated by the relay 
Tretay =Current through relay 


The first term of this expression is di- 
rectly proportional to the distance from 
the fault to the relay and is independent 
of conditions external to the section being 
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protected. The second term is a func- 
tion of fault resistance Rg and, therefore, 
represents a voltage in phase with the 
fault current. By using a reactance type 
relay, which is responsive only to the re- 
active component of the voltage, the ef- 
fect of the last term is rejected. This re- 
jection is necessary because this last 
term varies with changing system condi- 
tions, and also because Rg itself is likely 
to vary over wide limits as compared with 
the fault resistance experienced in wire- 
to-wire faults. 

In practice the proper relay current 
is obtained by the use of an auxiliary 
current transformer which takes the 
proper proportion of the residual current 
of the protected line and combines it with 
the proper proportion of the residual cur- 
rent from the parallel line (if any). In 
one type of distance ground relay, this 


current is added to the phase current 


Lor (equation 2), and the total fed into 
the relay. In another type of distance 
ground relay, the phase current Tar is fed 
into one winding of the relay, and the 
output of the auxiliary current trans- 
former is fed into a second winding of the 
relay. Both windings then operate on 
the same element. The net result is the 
same. 

A vector diagram of the currents and 
voltages involved in distance ground re- 
laying is shown in Figure 2. In one type 
of distance ground relay, instead of using 
the voltage 90 degrees from the faulted 
phase for polarizing the directional ele- 
ment, as shown, residual or zero phase se- 
quence current and voltage is used in the 
directional element. 

Figures 5 and 6 show examples of 
typical installations of distance phase and 
ground relays. 

Figure 7 is a typical wiring diagram for 
an installation of one type of distance 
ground relays. The phase relays are not 
shown. 


Reasons for Use 


There are several reasons why distance 
ground relays were considered justified 
and installed on the Kansas Gas and Elec- 
tric Company system instead of ordinary 
directional ground relays or carrier pilot 
relays. The reason why Peterson coils 
could not be used also is explained. 

Distance ground relays give the same 
high speed protection against ground 
faults that distance phase relays give 
against phase faults. Each line section is 
protected selectively without cascading 
settings. Although, in general, it is not 
necessary to cascade the settings of di+ 
rectional ground relays to anything like 
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Figure 1. One-line diagram of assumed 
system 
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Figure 2. Wector diagram showing relation 

of currents and voltages for a one-wire-to- 

ground fault on phase A; frelay=total of 
three components, namely: 


(1). Iger=current in phase A 


Loeu—Lick 
(9). op percentage of the 
Lian 
zero-sequence current in the protected line 
M. 
(8) Se leer a percentage of the 


Lion 


zero-sequence current in the parallel line 


the extent necessary in the case of con- 
ventional overload phase relays, high 
speed distance ground relays do offer a 
very substantial saving in relaying time 
in most cases. This fact is especially true 
where there are a number of stations be- 
tween grounding points, as on the loop 
between Wichita Plant and Midian, by 
way of 64th Street substation and Au- 
gusta (see Figure 3). The time saving to 
be gained by the use of distance relays 
instead of induction type ground relays 
is illustrated in Figure 4. 

A very high percentage of all line faults 
on the Kansas Gas and Electric Com- 
pany’s 60-kv system are one wire-to- 
ground. For example, out of 451 ‘“‘trip- 
outs,” which have occurred on circuit 
breakers relayed with distance ground re- 
lays since their installation, 378 (83.8 per 
cent) were one wire-to-ground and 73 
involved more than one wire. 

Although the shock to the system is 
less severe for single wire-to-ground 
faults than for faults involving more than 
one wire, the large percentage of ground 
faults was considered justification for an 
expenditure for ground relaying equal to 
that for phase relaying. 

Ground faults, when not cleared rap- 
idly, frequently result in burned down 
conductors or overhead ground wires. 

The cost of an installation of phase and 
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A—Distance relay 
characteristic; all but 
last 10 or 15 per 
cent of line is instan- 
taneous trip 
B—Induction relay 
characteristic 
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ground distance relays is approximately 


half the cost of a carrier pilot relay in- 
stallation. This cost makes complete 
distance relay protection for all types of 
faults very attractive in those cases where 
good relaying is desired, but where there 
exists no real necessity for going to carrier 
relaying. 

It was not feasible to consider the use 
of Peterson coils on this system because 
of its complexity and number of ground- 
ing points. But, the main reason was that 
‘at Midian and Arkansas City (Figure 3) 
large autotransformers are used having 
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Central Kansas 60-kv system of the Kansas Gas and Electric Company 
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graded insulation and solidly grounded 
neutrals which could not be isolated from 
ground by a Peterson coil. 


Disadvantages 


Distance ground relays have the disad- 
vantage of being more complicated than 
distance phase relays. They require a set 
of auxiliary blocking relays, which block 
operation upon the occurrence of wire-to- 
wire or two wire-to-ground faults, in order 
to prevent overreaching into the next line 
section on these types of faults. As pre- 


Transactions 459 


Table |. Typical Relay Operating Record 
Ripley Midian Line 


OCB Number Date Time Relays Cause 
Ripleyatn. verse 614.5. 5a CB ier Ye are lp Ue: OA ees cae ieee GBI steiner Ligntning 
Midian nua cen Gla nen grees END C AA Merste wvetsiels 11:42 a.m GBilay kn was Lightning 
RUDE Vin vievstes pst Gla ean eee 4-10-44 SN OCRT plea aya ee GBF sa elias Lightning 
Midian. aces Glad aane eran 4-10-44 SPST patties celeste sete @BIG y asacaeer:: Lightning 
Ruiplevarec. otek (ah Ween ae oe LADY W ES ony oi We AG azainecit eres GBl APR ie Lightning 
Midiantien. c-: Giese: CDE? VE Serena 6 pW Nahe Wor omy ert. oO (MORE eso tacu bore Lightning 
Ripleyeue sce OLS ne siete ties BaD 8 nA esas 3:38 p.m GAL-ADE 8% stella Lightning 
Midian.:....--. Gia Seidiscen aes qaO AR Ae Aces 3:38 p.m GADE Wnt aars Lightning 
Ripley. cas se OLE et eee 5- 1-44. 1:02 a.m GBM eet Lightning 
Midian... 22:-2.4. (IVT, Ales home i-ai U2. EP Sicanerara 1:02 a.m COBY. wan ores: Lightning 
Rapley nose GLAS 4 geen Delray low ciate Af 39) sams arerieiee venet GBT le aes bake Lightning 
Midianss..-. -- GIA acts, cues 5-29-44 . 4:39 p.m GBP ecm Lightning 
Ripley Cie ee aren ot on 7b st Wi Via oP Oss 7 Mppettay rere erenane ene CUB Tae Srcbiee sean Lightning 
Midians..25.0 . Bl4 oe. . deteeatert i Cae ae Qik Fe piace etek CBee Wiad cart Lightning 
Riplevng-te- ee 6144 barra: Tal Ohh Wye 2: Sel] spencers sore: GBU Fails east Lightning 
Miidiattsr. ee san GiAe Peet i eal er YO hs ces 3:17 p.m GB ya teens Lightning 
Ripleyie cent: Gila Rhee seg he 7-11-44 . 4:22 a.m GB dase te ce Lightning 
Midianteo 2c .ks: afl eee Mak De hey ceva. B22 eye shies tues GB ous. joattats Lightning 
Ripleys...4..-.- Ol4Es fun s yo se YE Perea 8:42 a.m GBiI-sAl. saa Lightning 
MMiliciianeie s ctase 0 Gaia serene: y eal. Sa eeerecaoe) 8:42 a.m GB2 Ty Fo eroaaie Lightning 
Ripley, sccecarete + G4 Aceon aD aAA Miaaale ete 3:03 a.m GBs) Acacmeein Lightning 
Whidiatiec. sss <... GT, fone FEDS ae Mien apes 308 a im... GEE Fy eae ee Lightning 
Ripleyacdec wes Obsessive sey W oT (ect aR erry 9:43 p.m GB sens cee os Lightning 
Midian sc .cs.5s GIA cea ihe Teen, Atak Che Cypen eee wpodaso at GB) cttw Lightning 
Ripley-n sea. oe Olas ween 8-13-44 . 5:50 p.m GBIpALS ea. ese Crossarm broken 
Midiat.oo...0° (etl erg tote Let ee? 8 eid 5:50 p.m GIB2 of eciarecerakes Crossarm broken 
WIGAN cee ac OVER writen store IIS Ey bs Araaerens chcy 551 p.m OBZ Ae a Ge daret Crossarm broken ~ 
Ripley on vena Clb ie ee eee eked 4 eee at anor C2 im aie eerie. GBIZAL Aor svete: Crossarm broken 
Ripleyrrccece.. sc GLANS acovendere EGO ALS Gano sen 4520" atiminaen at AAG Ba We Cheese cede crea Lightning 
Whidian\ 5 oat: 3s Coe Bee eee ear Ct Tee 1 Ss oe AS OO aaNistaacsstos GEitt Geese ees Lightning 
Ripleyiven ace GUA pretacucis AMEN EAA eeedelitey soe 10:37 p.m GBS eee Lightning 
Midian. te fcc. GAME prey ees oT Se as eee cn LOSS7opemigere Giele CBU fama neekoe Lightning 
Table Il. Typical Relay Operating Record 
Auguste—64th Street Line 
OCB Number Date Time Relays Cause 
Augusta....:.5.... GL QP tassios WO TEA Gx aevaue eters UNO Sta ieee teesromens 7 WE Pod OPEN Wind storm 
GAth Street.)...0... 4: (aH ERS Aieorolord ey ee Gaon 12:28 a.m aT a cnseeners Wind storm 
AUP USEA ec cies cine 2% (a Be Se ieee 4-26-44 occ a ae 12:37 a.m GER awe Lightning 
64th Street........- 612. bay. 4-26-44 1287 a.m Glisten canny Lightning 
Augusta.....5...%- ay pe a 6- 8-44......--- 3:24 p.m CAA Geis eisyeccs Lightning 
64th Street......... G12 hice 6- 8-44 SE Oi oe tG aD Oe GAI. .. Lightning 
PATI EUSES . caus siere oer OL iene cia 6-18-44 . 7:25 p.m GB1. . Lightning 
G4th Street..0...-<. Gl2eaekeetr 6-18-44 7,225 Dees oe tr se GBI RE rane Lightning shattered 
insulator 
(Atigitsta niin casi a. (41 Daa eas 6-18-44.......4- TZ! Piille sp sina cients GBL ae nets Lightning shattered 
insulator 
Augusta..........- Gl Qi eer as 6-18-44.......45 TOA Pius ea riere tte GBP en ctr: Lightning shattered 
insulator 
AG gUStAes stejcte cee 2 © (heen ope 7-27-44 PSO PERS absa quod do (XG peur dmod Lightning 
64th Street.....2/....- GHP AO ae, eonea PY fate een ch OD 9:53 p.m (C(@) IRA n oD Lightning 
INGCNSCA Ry tenet tues CL ware 8-24-44 en SOLA. Bins late raer=ser GB acres Lightning 
64th Street.........612......-. 8-24-44 . 7:01 a.m GBM tom sree Lightning 


viously mentioned, they also require an 
auxiliary current transformer for zero- 
phase-sequence compensation. The ex- 
perience has been that these disadvan- 
tages are not of such a nature that they 
should preclude the use of distance ground 
relays. 

The relay installation for each oil cir- 
cuit breaker consists of three distance 
phase relays and three distance ground 
relays, a total of six relays. It would be 
possible, by means of current and poten- 
tial switching circuits, to reduce the num- 
ber of relays required to one phase relay 
and one ground relay,** but with some 
increase in tripping time. It is believed 
that the scheme employing two relays 
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has its principal application on subtrans- 
mission lines, 33 kv and lower, rather 
than on important 60-kv and higher volt- 
age lines. 


Relay Installations 


The first installation on the Kansas Gas 
and Electric Company 60-kv system was 
completed October 6, 1938, and was fol- 
lowed from time to time by other installa- 
tions, until at the present time ten in- 
stallations of distance ground relays are 
in service. 

A 1-line diagram of the Kansas Gas and 
Electric Company Central Kansas 60-kv 
system is shown in Figure 3. The loca- 


Figure 5. Installation of distance phase and 
distance ground relays (the three top relays 
are ground relays) 
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Installation of distance phase and 


Figure 6. 
distance ground relays for two 60-kv circuit 
breakers 


The phase relays are across the top of the 

panel and the ground relays are across the 

middle. The relays in the lower section are, 

with the exception of the auxiliary blocking 

relay, associated with the ground relays for 

automatic reclosing and synchronous check 
- functions 


tion of distance ground relays is indicated 
by symbol on this diagram. The dates on 
which the various installations were com- 
pleted are as follows: 


Ripley G14 Geen October 6, 1938 
64th Street 602.......... April 4, 1941 
64eStreetiGll a seen: April 4, 1941 
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Figure 7. Typical wiring diagram for one type of distance ground relay installation 


Atigtsta Ol2p eerie one May 9, 1941 
WichitarG04) ake. Ae June 7, 1941 
WidianiGOSremermr one a: July 14, 1942 
Midian 614..............July 23, 1942 
Augusta 608.............August 17, 1942 
Boeing 60274. awe February 4, 1943 
Boeing. 6042 cab esc 2 February 4, 1943 


Previous to the installation of distance 
relays and other modern relays on this 
system, induction overload and direc- 
tional relays were used. Ground relays 
were installed on only a few of the circuit 
breakers. Co-ordination between the re- 
lays on the various circuit breakers was 
by time sequence, taking advantage of 
the diversity of current flow in the vari- 
ous circuits under fault conditions as 
much as possible. Instantaneous over- 
load relays, set to cover 90 per cent of the 
line length under maximum generating 
conditions, were used on lines which were 
long enough to secure reasonable coverage 
under average generating conditions. 
At this stage, Boeing and 64th Street sub- 
stations had not been built and the 
Wichita—Augusta line was one continuous 
line. Nor had Ripley been built, but 
there was a 60-kv substation not far from 
the plant site having three 60-kv circuit 
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breakers, making the same system con- 
nections as the three circuit breakers at 
Ripley do now. Even with the help of 
the instantaneous relays on the longer 
lines, the relay time on the majority of 
the circuit breakers at Wichita Plant and 
Midian were quite long. In addition, it 
was found impossible to find relay set- 
tings which would fit all system condi- 
tions. Instability troubles frequently de- 
veloped between Wichita and Midian be- 
cause of the long relaying times involved. 


Sometimes the opinion is expressed 
that zone type distance relays cannot be 
applied to a system on which they must 
be co-ordinated with induction overload 
relays. It is believed, however, that this 
fear has been exaggerated. No particular 
difficulty has been experienced in apply- 
ing distance relays to the system under 
consideration. The distance relays were 
put in service, one or two installations at 
a time, over a period of several years, 
with the old induction relays continuing 
in service on the remaining circuit break- 
ers. In fact the transition is still not com- 
plete since, as can be seen on Figure 3, six 
circuit breakers remain which have the 
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Table Ill. Standard Code for Marking Relay 


Targets 
Kind of : 
Protec- 
tion Function or Type Symbol 
Ground, . Overload, time delay.. G 
Ground. .Overload, instantane- Gl 
ous 
GA1,GB1, GCl 
(for zone 1) 

Ground, . Distance; HX, GCX.. GA2, GB2, GC2 


(for zone 2) 
GA3, GB3, GC3 
(for zone 3) 


Phase... .Overload, time delay; AY BC 
TAS WAC. COMCRE 
IB, and so forth 
Phase... .Overload, instantane- Al Bi, Cl 
ous 
A Bile Cla (for 
zone 1) 
Phase.... Distance; HZ, GCX.. A2, B2, C2 (for 
zone 2° 
A8, B3, C3 (for 
zone 3) 


old relays. On most of these circuit 
breakers, instantaneous overload attach- 
ments help greatly in effecting good co- 
ordination, mostly by reducing the second 
zone setting which otherwise would be 
necessary on some of the distance relays. 


Operating Results 


Operating experience with distance 
ground relays has been excellent. They 
are called upon to operate from three to 
five times more than are the phase relays, 
and they can be depended on to operate 
correctly when properly applied. 

An example of the operating perform- 
ance of these relays is shown in Tables I 
and II, which give a part of the relay op- 
erating record of the Ripley—Midian line 
and the 64th Street—-Augusta line respec- 
tively. 

For the purpose of assisting in the 
understanding of the relay operations in- 
dicated in Tables I and II, Table III is in- 
cluded, which gives a partial list of the 
standard method of marking and report- 
ing relay targets used by the Kansas Gas 
and Electric Company. 

An analysis of the distance ground re- 
lay operations from October 1938 through 
1945 discloses that there have been a total 
of 391 operations, of which 378 were cor- 
tect in every respect. During the same 
period, there were a total of 75 distance 
phase relay operations (counting only 
those breakers on which distance ground 
relays also were installed.) Of these, 73 
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Table IV. Summary of Distance Relay Operations 


Ground Relays 


Phase Relays 


Year Correct Questionable Wrong Correct Questionable Wrong 
1988 j.ssteteterem mse cele Zien, © eke * (ORS ScoMoniads 0 (USE siamo aap O Wigianoam O08 Ota Sin opie 0 
IE eeniseomono 5 Oo 2A ee cintare aietatal= Opt aienesetre: tere Up nS soa Loans DIRS EMP SERS Oneonta rincluc 0 
1940 ee por ce RO ee whee ee Dena ae eeeneranh oa Lalnet cera Oca peeteerane 0 
LQ Ae ir creyete oa puetaeeems tO eee ela taneiat states Qiao tekstee) staietore bao ons oc Worcs SRA cach Onerad rears 0 
1942s Se ayes et eteentens AQ) scart oleiattagsv ate coe Osta aets YT POAC Osa y.o 0 PAVERS Pere cated Oe UB crencea eo ce ocr as 0. 
1043.0 A wine MER e OT MUR Roth icc, Veen soo aalceee 4, tia tahini eae O:ie. Soe eee 2 
1944, men meee OSes PAS ee Ooh easton Rete tals sree DAT he ee err OF creer 0 
Ty Rdg Ino. Sela Satan te 0) cee seiecreeets 0, Seater Batic eee On deren ase 0 
378 2 11 73 0 2 
were correct in every respect. The sum- to prevent tripping from loss of potential. 


mary of these operations is given in 
Table IV. Several instances of the first 
zone overreaching the next substation de- 
veloped in the case of two installations, 
but this condition was corrected easily 
by shortening the distance setting 
slightly. The experience has been that 
if the relays are set to reach 85 per cent 
of the distance to the next station, there 
will be no trouble from overreaching. 
When set for 90 per cent, as is the usual 
practice for phase relays, the two in- 
stances mentioned occurred. 

This analysis may be summarized as 
follows: 


Questionable Operations: Ground 

1. Zone 2 fault tripped in zone 3 (or 
WASIGO LEPOLLeC)) ate meese erie eiae nee 

2. Two ground relay targets reported 
for one “tripout’”’ (GAl & GB1)> 
Only one relay should operate be- 
cause of blocking units............. il 


5 
° 
Ci 
2 
LS) 


Wrong Operations: Ground 
1. Overreached. Tripped in zone 1 for 


fault beyond next substation........ 3 

2. Bad auxiliary contact caused un- . 
MECESSATY mttID OM burned eee eee 2 

8. Loss of potential (fuse blown)....... 6 
Total 11 


Wrong Operations: Phase 
1. Failure to operate because of faulty 
Contackadiistiments rete 2 


Total . 2 


Loss of potential was the cause of more 
false operations than any other one thing. 
It is expected that less trouble will be ex- 
perienced from this cause in the future 
since heavier potential transformer fuses 
now are used, which are not likely to fail 
from deterioration. Instantaneous over- 
current fault detector relays can be used 
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In order to keep the burden on the cur- 
rent transformers to a minimum, three 
such relays, mounted separately, should 
be used to supervise both the phase and 
ground relays rather than equip each 
phase and ground relay with its own 
fault detector. 


Conclusion 


There is reason to believe that distance 
ground relaying deserves much wider ac- 
ceptance than it has received so far, since 
operating experience has demonstrated 
that distance ground relays give results 
which are in every way as satisfactory as 
those obtained with distance phase relays, 
the use of which is well established. 

It also is believed that if more engineers 
would study the possibilities of distance 
ground relays in combination with dis- 
tance phase relays and compare them 
with the much more expensive and com- 
plex carrier pilot relaying, they would 
find that distance relaying would give 
adequate protection in many cases where 
otherwise more expensive relaying would 
seem desirable. 
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High Voltage Ignitron Rectifiers 


and Inverters for Railroad Service 
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Synopsis: Single-anode pumped-type mer- 
cury-are-rectifier tubes have been estab- 
lished in the 300-, 600-, and 900-volt field 
in the past few years, and as a result they 
have become the most important type of 
equipment for large power conversion at 
these voltages. The ignitron was the 
major development which brought about 
the change from multianode to single anode 
tubes in this low voltage field.!. Recently 
sealed ignitrons have been developed for 
very high voltages and lower currents.? 
This paper describes high voltage pumped 
ignitrons which have been made available 
for power conversion in the 3,000- to 4,000- 
volt range. The major application for 
mercury arc rectifiers in this voltage range 
is for railroad service. Therefore, the re- 
quirements for railroad loading have been 
given special consideration in the design 
of the high voltage ignitron. Both rectifier 
and inverter characteristics were desired 
in one unit so that a maximum of flexibility 
could be obtained. The characteristics of 
combined rectifier and inverter operation 
are described. Accepted fundamental recti- 
fier and inverter relationships are pre- 
sented, and curves are included to aid in 
determining operating characteristics. The 
design and tests which led to the suc- 
cessful development of the high voltage 
pumped ignitron are discussed. Pumped 
ignitrons are compared with sealed igni- 
trons for high voltage applications so 
that the field of each can be better defined. 


HE DEVELOPMENT of the 3,000- 
volt ignitron rectifier was begun after 
the characteristics of single anode tube 
and multianode mercury arc rectifiers 
were compared. In low voltage applica- 
tions, the lower arc drop of single anode 
tube rectifiers results in an appreciable 
improvement in the efficiency and is the 
determining factor in the selection of the 
type of rectifier. In the high voltage 
field, the arc drop is a smaller percentage 
of the direct voltage, and the lower arc 
drop improves the efficiency only slightly. 
However, single anode tube rectifiers have 
a number of minor advantages that are 
important when considered together. 
The maintenance of single anode tube 
rectifiers is simplified because they con- 
sist of a number of similar tubes. This 
fact also makes it possible to operate at 
reduced capacity with some of the tubes 
removed. Since large numbers of tubes 
are required, mass production methods 
can be used in the manufacture. 
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C. G. HAGENSICK 
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Ignitron rectifiers have the following 
advantages over continuously excited 
mercury are rectifiers: 


1. Cathode spot excitation independent 
of load. 


2. Angle of retard unaffected by load cur- 
rent or water temperature. 


3. No moving parts in excitation circuit. 


4. No cathode insulation required. 


Single anode tube rectifiers have the 
disadvantage that their excitation circuits 
are somewhat more complicated. How- 
ever, since the excitation circuits are al- 
most independent of the kw rating, it is 
found that this disadvantage is out- 
weighed by the advantages for the higher 
ratings. 


RATINGS 


Typical ratings required for rectifier 
units for railroad loading are 2,000 kw 
and 3,000 kw. These ratings were used as 
a basis for the design of the 3,000-volt 
ignitrons. 

Railroad loading usually requires very 
heavy overload ratings. Ignitron recti- 
fiers are especially suited for suddenly 
applied overloads, because they show no 
tendency to cause are surges at any 
reasonable water temperature and be- 
cause their arc-back performance is less 
dependent on previous loading. 

The proposed AIEE heavy duty rat- 
ing,® which is used in the testing of high 
voltage rectifiers for railroad service, is 
the following: 


100 per cent rated load continuously 
150 per cent current for two hours, following 
100 per cent load 


300 per cent current for five minutes, follow- 
ing 100 per cent load 


With low voltage high current igni- 
trons, it is found that the inverter rating 
of a given design is lower than the rectifier 
rating. In high voltage rectifier opera- 
tion, the required design results in im- 
proved inverter performance. 


REGENERATION 


One of the important requirements for 
a railroad substation in mountainous 
country is regeneration. This require- 
ment can be accomplished by mercury 
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are rectifiers in a number of different 
ways: 


1. A given unit may be operated first as 
a rectifier when power is required and then 
as an inverter when regeneration is required. 
A reversing switch to change the polarity 
of the power circuit and means for rapidly 
changing the ignition angles must be pro- 
vided. This scheme has the advantage 
that duplicate equipment is not required, 
but has the disadvantage that a time delay 
is necessary to change from rectification to 
inversion and that the reversing switch has 
considerable duty. 


2. Two or more units may be operated on 
the same bus, with one permanently con- 
nected with reversed polarity and excited 
as an inverter and the others being operated 
as rectifiers. This method provides a 
smooth changeover between rectification 
and inversion, but has the disadvantage 
that duplicate equipment is required. 


3. Where heavy overloads and heavy re- 
generative loads are expected, a combina- 
tion of the first two methods can be used. 
Both units can carry the overloads, and as 
the load drops, one unit can be switched 
over to inverter operation to carry normal 
regenerative loads. If a heavy regenerative 
load is required, both units can be changed 
to operate as inverters. This type of 
operation makes possible a smooth transi- 
tion between rectification and inversion. 


Figure 1 gives a typical rectifier and 
inverter circuit illustrating the second 
method, which is considered to be the 
most important. Load and regenerative 
voltage characteristics are shown in Fig- 
ure 4 for a system having identical trans- 
formers for rectifier and inverter units. 
These regulation lines give the direct 
voltages for various load currents and 
for different ignition angles e of rectifier 
and g of inverter. The slope of these 
lines is determined mainly by the trans- 
former reactance, and the values at zero 
current are proportional to the cosines of 
the ignition angles. 


Circuit Characteristics 


GENERAL THEORY 


In normal operation the action of any 
type of rectifier is to allow energy flow 
in only one direction, because a reverse 
current cannot be conducted through the 
rectifier elements. However, the flow of 
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Figure 1. Delta 6-phase double-Y rectifier 
and inverter circuit for railroad substation 


energy in any circuit element can be re- 
versed by changing either the direction 
of current through the element or the 
polarity of the voltage across the element. 
In a converter in which the conducting 
period of the elements can be controlled, 
the polarity of the direct voltage can be 
reversed by making effective the oppo- 
site polarity of the alternating voltage. 
This action is the principle of operation of 
the inverter, which permits power to be 
transmitted from the d-c circuit to the 
a-c circuit. 

With railroad service, the need for re- 
generation is indicated by a rise in the 
direct voltage. The effect of this rise on 
rotating equipment would be to reverse 
the direction of current flow, but with 
the rectifier the elements support the 
additional voltage and there can be no 
reverse current. A second converter 
with a reversed connection may be con- 
trolled so that the ignitrons can conduct 
during periods in which the alternating 
voltages of their transformer windings 
are opposed to the flow of current. With 
this type of operation, energy can be 
transmitted from the a-c circuit to the 
d-c circuit by the rectifier and from the 
d-c circuit to the a-c circuit by the in- 
verter. 


RECTIFIER OPERATION 


In the simplified rectifier and inverter 
circuit shown in Figure 1, the rectifier 
operates as a normal delta 6-phase double- 
Y rectifier, since operation is not changed 
greatly by the addition of the inverter. 
Two separate transformers may be used 
as shown, or one transformer with a 
single primary may be used. The recti- 
fier output voltage and current wave 
forms are shown in Figure 2. 
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Figure 2. Operation of 6-phase double-Y rectifier 
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Figure 3. Operation 
of 6-phase double-¥ 
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Figure 4. Regulation curves of rectifier and inverter, eight per cent regulation and same 
transformer secondary voltages 
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The average value of the d-c output 
voltage of a rectifier at no load with 
ignition delay is* 


Eac=theoretical average value — average 
arc drop 
Eac=Eag cos a — Eg (1) 


where 
Eao=~2Es p sin £ 
us 2 


The average value of the d-c output 
voltage of a rectifier under load is 


Eq=theoretical average value — commutat- 
ing reactance drop — resistance loss 
drop — average are drop 
Ea=Eagocosa — E, — EH, — Ey 


Sent sin — cos ans ee = 
w p Qa 


pte 4(2) 
7, i; 


or, using other quantities, 


cos suse 


Ea =Eao [cs e— 2 


d 


For a delta 6-phase double-Y circuit, 
Da oad e— ili) erefore, 


P 
Eq=1.17E; cos a—0.239TaX ~~ —E, (4) 
d 


For a delta 6-phase star circuit and a 
delta 6-phase fork circuit, p = 6andJ, = 
Iz. Therefore, 


P 
Eq=1.35 Es cos « — 0.955IgX.— 7 He 
dad 
(5) 


INVERTER OPERATION 


Figure 3 shows the operation of a 
6-phase double-Y inverter. Each anode 
conducts during the negative portion of 
the corresponding alternating voltage 
wave, in order to provide a d-c counter 
voltage opposing the flow of current. 

The average value of the d-c counter 
voltage of an inverter at no load is 


FEac=—E ag COS a’ — Bh, 
or 
=—[E’g cos B’+ E’g] (6) 
where 
/ 
Fm 5 BY oie = 
T p 


The average value of the d-c counter 


* Definitions of the symbols are given at the end 
of this paper. Unprimed symbols are used for 
rectifier quantities and primed symbols are used 
for inverter quantities. 
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Figure 5. Regulation curves of rectifier with eight per cent regulation, and inverter with six 
per cent regulation and higher secondary voltage 


voltage of an inverter under load is 


E!a=E' ao cos a'—E',—E',—E'g 

/ / 
=/2 E', P sin —cos Rae ees = 
T p’ 2 


TT 


or, using other quantities, 


fice , , 
Elj=E', E p08.’ = cos (a’+u | 
O 


2 
ee 
ie ce 
=— 4 B49 00 6 tee ee ( ee }+ 
Pr+Els (8) 
fi S 


For a delta 6-phase double-Y circuit, 


E'a= -[uxr E’, cos B’ + 0.289 I’gX’,+ 


pM 
r+ E's | (9) 
d 


For a delta 6-phase star circuit and a 


_ delta 6-phase fork circuit, 


EG -[ 1.35 E’, cos B’+0.955I"¢X'o+ 


— +2,| (10) 


COMBINED CHARACTERISTICS 


Under normal operating condition of a 
rectifier and an inverter, as shown in 
Figure 1, the ignition angles must be 
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such as to have the rectifier average d-c 
output voltage less than or equal to the 
inverter average d-c counter voltage, so 
as to prevent circulating currents. In 
the 6-phase double-Y circuit, there is a 
light load voltage rise in the rectifier and 
a light load voltage dip in the inverter. 
These changes occur when the load cur- 
rent becomes less than that required for 
magnetizing the interphase transformer, 
resulting in a transition to 6-phase con- 
duction periods. These light load volt- 
age changes can be eliminated by ad- 
justment of ignition angles so that a 
small current circulates between the 
rectifier and inverter when there is no 
load on the system. 

Figure 4 shows the combined char- 
acteristics of a rectifier and inverter for 
various ignition angles, with eight per 
cent regulation neglecting losses. 

The rectifier curves have dropping 
voltage characteristics and are to the 
right of the zero current axis, and the 
inverter curves have rising character- 
istics and are to the left. The inverter 
curves terminate at the theoretical load 
limit line, where the commutation angles 
are exactly equal to the advance angles. 
In actual operation it is necessary to 
operate below the theoretical load limit 
so as to provide margin angles greater 
than tube deionization requirements. 

When the transformer secondary volt- 
ages are the same for both rectifier and 
inverter, it is necessary to operate at high 
angles of delay in the rectifier to have 
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20 PER CENT 
REGULATION 


U, COMMUTATION ANGLE — DEGREES 


Figure 6. Commutation angles of a p-phase 
rectifier or inverter, neglecting losses 


Eao—E, 
Per cent regulation = aes 100, Eg at rated 
d 
la and a=0 
cos a— cos (a+u) _ regulation 
2 1-+regulation 


a=angle of retard, degrees 
B=angle of advance, degrees 


sufficient advance angles in the inverter 
to carry the required regenerative loads. 
For the inverter to carry 100% current, 
the theoretical minimum advance angle 
g must be 32 degrees, shown along line 
AB. Actually less than 100 per cent 
current can be carried at this angle. The 
rectifier must operate at a minimum of 
32 degrees delay at B to avoid circulating 
currents. As load is increased, the volt- 
age may be kept constant by phase con- 
trol from B to C. 

Figure 5 shows a condition which is 
more practical. The rectifier is not re- 
quired to operate at high angles of 
delay, by having a higher transformer 
secondary voltage on the inverter. The 
direct. voltage of the rectifier is held 
constant between B and C by phase 
control as the load increases. With fur- 
ther increase in current, the voltage 
will drop along the a = 0 line from C 
to D. 

Regenerative loads will be carried by 
the inverter with a d-c counter voltage 
given by the line AB, for 6 = 40 degrees. 
Any desired voltage characteristic can 
be obtained by automatically changing 
the firing of the inverter as the load 
changes, providing care is taken to oper- 
ate at a sufficient amount below the 
theoretical load limit line. 

A method of making reasonably accu- 
rate determinations of rectifier voltage, 
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ignition angles, and commutation angles 
under various load conditions is by use of 
imaginary inverter regulation lines super- 
imposed on the rectifier lines. These 
lines are shown dotted and of equal 
slope as the rectifier lines, but with rising 
characteristics. The advance angles 6 
of these lines are equal to the delay angles 
a of rectifier lines starting from the same 
point on the zero current axis. From 
the symmetry of the rectifier and inverter 
voltage wave forms (Figures 2 and 3), 
the imaginary 8 values correspond to a 
plus u values of the rectifier. 

The direct voltage of the rectifier at 
rated current and 20 degrees delay can be 
found by moving down on regulation line 
BE for a = 20 degrees from B to 100 per 
cent current at HE, and reading 93 per 
cent rated voltage opposite E. The 


imaginary inverter line EF gives 8 = 38 
degrees by interpolation between the 30- 
and 40-degree lines. The rectifier com- 
mutation angle u is equal to 38 minus 20, 
or 18 degrees. 

Inverter conditions can be determined 
in a similar manner by using the dotted 
imaginary rectifier lines. For example, 
the inverter counter voltage for 150 per 
cent current at 40 degrees advance is 
given as 90 per cent at point G. The 
imaginary rectifier line GH gives a = 21 
degrees as the imaginary rectifier igni- 
tion angle; this value corresponds to 
the inverter margin angle y. The in- 
verter commutation angle u then is 6 
minus y, or 40 minus 21 equals 19 de- 
grees. 


CHOICE OF CIRCUIT 


Most of the 3,000-volt merctiry arc 
rectifiers which have been applied up to 
the present time have used 6-phase star 
or fork transformer secondaries. The 
important reason for this use has been to 
avoid the light load voltage rise of the 
double-Y circuit. However, in stations 
in which there are both rectifiers and in- 
verters, the light load rise can be elimi- 
nated as described previously. For a 
given rated direct current and for equal 
direct voltage regulation, the 6-phase 
double-Y circuit has the following ad- 
vantages over the star or fork connec- 
tions: 


1. Peak anode currents are half. 


2. Rms anode currents are lower by ratio 


of 4/2. 


RECTIFIER 


POWER FACTOR — PER CENT 


INVERTER 


Figure 7. Power fac- 


tor of 6-phase recti- 


fier or inverter at 


rated current, neg- 
lecting exciting cur- 0 
rents and losses 
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oc, ANGLE OF RETARD — DEGREES 


Boyer, Hagensick—Ignitron Rectifiers and Inverters 


60 80 100 120 140 160 180. 


ELECTRICAL ENGINEERING. 


3. Transformer kilovolt-amperes is lower. 


4. Final commutation rate of anode cur- 
rent is lower by the ratio of 2. 


5. Short circuit and arc back currents are 
lower. 


6. Low transformer 
actance is not required. 


commutating re- 


The 6-phase star or fork circuits have 
the following advantages: 


1. Initial inverse voltage is lower by ratio 
of 2. 


2. There is no light load voltage rise. 


The circuits are the same in the follow- 
ing: 
Average anode currents are equal. 
Peak inverse voltages are equal. 


Commutation angles are equal. 


Re Se sho 


Power factors are equal. 


Figure 6 shows the commutation angles 
of any type of rectifier circuit as a func- 
tion of the angle of retard and the d-c 
regulation, neglecting losses. Figure 7 

' shows the theoretical power factor of the 
6-phase double-Y, the star, and the fork 
circuits as a function of the angle of retard 
and voltage regulation. 


FAULTS 


The important type of electronic fault 
with rectifier operation is the arc-back, 
which is defined as the failure of the tube 


Figure 8. Single-grid high-voltage ignitron 


RADIATOR 


to hold the negative anode to cathode 
voltage, with the result that a current 
flows in the reverse direction because of 
the formation of a cathode spot on the 
anode. An arc-back on one anode pro- 
duces a short circuit on both the d-c and 
a-c circuits and must be cleared by open- 
ing both the a-c and d-c breakers. With 
high voltage rectifiers, the tubes may be 
blocked by electronic arc suppression to 
prevent the flow of forward current in 
the unfaulted tubes. However, the d-c 
breaker must be opened to interrupt the 
flow of current from any equipment ca- 
pable of sustaining a direct current 
through the faulted tubes. 

If a rectifier is operating with voltage 
reduction by ignition delay, the positive 
anode to cathode voltage may cause 
breakdown of the tube before it is re- 
leased. This type of fault is known as a 
forward-fire. If only one such fault oc- 
curs, it is self-correcting without opening 
any circuit breakers, but if all tubes con- 
tinue to forward-fire, the output voltage 
will be increased and the unit may be 
overloaded. With ordinary water tem- 
peratures and the tight shielding used on 
high voltage rectifiers, faults of this type 
almost never occur. 

Another general class of faults is the 
misfire, which is the failure of a tube to 
begin conducting at the proper time. An 
occasional misfire in a rectifier will not 
cause any serious disturbance, but a series 
of misfires will result in the lowering of 
the average output voltage. 

In inverter circuits the voltages are 


ANODE RADIATOR so, # 


such that an arc-back will not cause a 
tube to continuously carry current in the 
reverse direction. An inverter tube may 
have an arc-back caused by the negative 
voltage on the anode at the end of the 
conduction period, but the voltage on the 
tube reverses and stops the flow of the 
fault current. An arc-back usually will 
lead to the arc-through, which is the 
more serious fault of the inverter. 

An are-through is defined as the con- 
duction of power circuit current in the 
forward direction through a tube during 
a scheduled nonconducting period of the 
cycle. An arc-through may be caused by 
one of the following: 


1. Forward-fire, the failure of a tube to 
block the forward voltage on the anode. 
This tube fault may or may not produce a 
circuit fault. 


2. Misfire, the failure of a tube to begin 
conducting current at the start of the 
scheduled conducting period, thus produc- 
ing an arc-through on the preceding tube. 
It is a fault caused by either the excitation 
circuit or the tube and always produces a 
circuit fault for at least one cycle. 


3. Recommutation, the failure of the load 
current to be commutated completely from 
one tube to another within the required 
angle, with the result that current is com- 
mutated back to the original tube. It is 
a fault caused by the power circuit. 


If a rectifier and an inverter are operat- 
ing on the same bus and an arc-back 
occurs on the rectifier, the inverter will 


Figure 9. Double-grid high-voltage ignitron 
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not feed current into the short circuit. 
However, if an arc-through occurs on the 
inverter, the rectifier will supply a fault 
current to the inverter. The other tubes 
in the inverter, which do not have a fault, 
do not supply any current to the faulted 
tube or tubes. If the units are identical, 
the peak arc-back currents are about 
equal to the peak arc-through currents. 


Ignitron Design 


In the design of the 3,000-volt pumped 
ignitron, attention was given to obtaining 
a rectifier with a low arc-back rate and 
high overload capacity. The operating 
outlet water temperature was to be 55 
degrees centigrade. The same design 
was to be used for either the rectifier or 
the inverter, and the shielding of the 
anode was to be such that only ignitor 
control would be required for either type 
of operation. 

To accomplish the above objectives, 
two designs of ignitrons were made at 
about the same time. Both of these were 
manufactured and placed on test. The 
results were compared, and the best 
design was selected and given additional 
tests: 

The first design of ignitron used a 
single grid with a high ion attenuation 
and with a high deionization influence 
around the anode. A porcelain anode 
bushing with a soldered seal was used on 
this design. Figure 8 shows the cross 
‘section of this single grid design. 

The second design used two grids hav- 
ing a total deionizing effect about the 
same as that of the single grid in the first 
design. The grids were mounted sepa- 
rately and a circuit was connected to each 
through insulating bushings. The origi- 
nal design of the double grid ignitron 
had a porcelain bushing with a soldered 
seal, and the first tests were made with 
this type of bushing, but later an im- 
proved type of bushing was used. This 
new bushing and the final design of the 
double grid tube are shown in Figure 9. 


Tests 


‘SINGLE GRID DESIGN 


Power Circuit. The power circuit 
used in the tests of the high voltage ig- 
nitrons is shown in Figure 10. The four 
d-c machines were used either as a load 
for rectifier tests or as a d-c supply for in- 
verter tests. This arrangement of motor- 
generator sets provided a continuous 
rating of 2,000 amperes at 3,000 volts. 
In order to change from rectifier testing 
to inverter testing, it was necessary to 
reverse the d-c power circuit and to re- 
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Figure 10. Circuit for laboratory tests of high 
voltage ignitrons 


verse the polarity of the holding coil in 
the high speed d-c breaker. 


Excitation Circuits. At the start of 
the high voltage tests, standard firing and 
grid circuits were used. The grid circuit 
soon was found to be unsatisfactory for 
the 3,000-volt ignitron, as there was diffi- 
culty in the pickup of the main anode. 
At normal operating temperatures, the 
firing of the ignitors and the pickup of 
the grids were satisfactory, but the main 
anode had frequent misfires and required 
high minimum load current for pickup. 
This difficulty was corrected by increas- 
ing the grid circuit current by a consider- 
able amount. 


Power Circuit Faults. In the origi- 
nal 3,000-volt rectifier tests, it was 
found that a high arc-back rate was ob- 
tained. The faults of the single grid 
design and the original double grid de- 
sign had about the same characteristics, 
and they appeared to be produced by 
the same causes. 

With rectifier operation the arc-backs 
seemed to be the result of entirely differ- 
ent causes than are experienced in low 
voltage mercury arc rectifiers. The arc- 
backs were almost independent of load 
current and were found to occur even at 
no load. It was believed that this char- 
acteristic was caused by mercury con- 
densed on the cold anodes. This theory 
was eliminated, however, when it was 
possible to make several tests in which 
the rectifier operated without arc-backs 
for several hours and then had a series of 
arc-backs in a few minutes. Operation 
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at reduced voltage to warm the ignitrons, 
and then change to the high voltage did 
not improve the performance and indi- 
cated that mercury on the anodes was 
not the major cause of the arc-backs. 

One of the important clues as to the 
cause of arc-backs was the phase angle in 
the inverse voltage period at which they 
occur? The most accurate and com- 
plete data were obtained by the use of 
the memnoscope.? A memmnoscope 0s- 
cillogram of the anode to cathode voltage 
of three tubes is shown in Figure 11. The 
fault occurred near the peak inverse 
voltage, where the anode to cathode 
voltage dropped to zero. In most of the 
records taken of the high voltage ig- 
nitrons, the faults occurred near the peak 
of the inverse voltage. The breakdown 
characteristics of the ignitrons were in- 
vestigated with no ionization in the tubes. 
It was found that a new tube ‘just de- 
gassed would break down at slightly 
below its rated inverse voltage. How- 
ever, if the testing was continued with 
repeated breakdowns, the voltage held 
between the anode and cathode could be 
increased to many times the rated value. 

One of the first phenomenon which was 
investigated was the effect of mercury 
dew on the surface of an insulator. It 
was thought that enough mercury could 
be condensed to reduce substantially the 
value of the creepage distance on the in- 
sulator. A test setup was made in which 
a voltage stress could be placed on an 
insulator with a controllable temperature 
in mercury vapor at pressures correspond- 
ing to those in an ignitron. This test 
indicated that it took a large amount of 
mercury condensed on the surface of an 
insulator to reduce the creepage break- 
down voltage even a slight amount. 
These tests were definite enough to indi- 
cate that this phenomenon was not the 
cause of the breakdowns in the ignitrons. 

Another possibility that was investi- 
gated was the effect of mercury drops at 
the junction of the insulator and the 
conductor. It was believed that there 


- might be a condition similar to that exist- 


ing between an ignitor and the mercury 
pool, which would make it possible to 
start the cathode spot of the are with 
potential gradients that appeared to be 
low. An investigation of the conditions 
at the junction of the anode stem and the 
insulator, and of models with similar 

arrangements, indicated that it was very / 
probable that this junction was a source 
of the cathode spots which were produc- 
ing the arc-backs. The junction was 
placed close to the anode plate, and it 
appeared that there was enough capaci- 
tance between the mercury drops and 
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the anode plate to produce cathode spots 
at the junction. Another, but less likely, 
explanation was that high resistance ig- 
nitor action took place at the junction, 
even though most of the insulator did 
not have mercury on it. 

Since condensed mercury was the cause 
of the arc-backs, bushing heaters were used 
so that the junctions were held at a tem- 
perature at which mercury would not 
condense. An interesting fact was ob- 
served that at higher loads, higher bush- 
ing temperatures were required to pre- 
vent the start of a series of arc-backs. 
Heavy overloads frequently were found to 
produce are-backs which occurred 10 or 
15 minutes after the overload was com- 
pleted. These arc-backs also were cor- 
rected by operating with a sufficiently 
high bushing temperature. 

In the investigation of the probable 
causes of arc-backs, a high voltage 
ignitron was built with several windows 
in the tube. The conditions in the tube 
during the various portions of the cycle 
were investigated by means of a strobo- 
scope. One observation was that large 
numbers of mercury drops were moving 
in the grid-cathode space at high speed. 
It was believed that if one of these mer- 
cury drops hit the hot anode during the 
negative portion of the cycle, there would 
be a high probability for an arc-back. 
By using a special design of grids and 
baffles it was possible to shield the anode 
from the drops. However, it is still pos- 
sible that this factor may be one of the 
important causes of arc-backs in all mer- 
cury arc rectifiers. 


DOUBLE GRID DESIGN | 


Power Circut. The power circuit 
used in testing the double grid design 
was the same as that used for the single 
grid design and is shown in Figure 10. 
For some of the rectifier tests and for 
most of the inverter tests, the d-c induct- 
ance was increased so that there was less 
ripple in the direct current. 


Excitation Circuit. The use of a 
double grid tube greatly increased the 
number of types of excitation circuits 
which could be used. However, it was 
desirable to keep the excitation circuit as 
simple as possible. With the double grid 
ignitrons, there was little trouble with 
pickup, either of the inside grid or the 
anode, because the ion attenuation of 
each grid was not unusually high. For 
rectifier operation, it was found that the 
most desirable grid circuit was with sine 
wave excitation at a low voltage, and 
with angles of retard determined by the 
ignitors. 
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Figure 11. Oscillograms of anode-cathode 
voltages, showing arc-back in phase 4 
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For inverter operation, the problem of 
excitation was found to be more difficult. 
For inverter operation with normal over- 
loads, the same low voltage grid circuit 
and ignitor control could be used as in 
rectifier operation. However, if unusually 
high overloads were required on the in- 
verter, it was necessary to use a grid cir- 
cuit in which the outer grid released the 
inner grid when the ignitor was fired. 


Rectifier Tests. The rectifier tests 
with double grids and porcelain-enclosed 
glass kovar sealed bushings were con- 
sidered very satisfactory. The new bush- 
ing was found not to be critical to the 
collection of mercury dew, as its permis- 
sible operating temperature was far above 
that at which mercury would condense in 
the tube. This condition made it pos- 
sible to eliminate completely the bushing 


. problem, since a high temperature could 


be maintained by the use of anode and 
bushing heaters. 

The use of a double grid greatly in- 
creased the load current which could be 
carried with a permissible arc-back rate. 
By operating the grids at low voltage, 
forward-fires practically were  elimi- 
nated, even when operating at high angles 
of ignition delay. The rating obtained 
for the rectifier was higher than the re- 
quired rating. 


Inverter Tests. The double grid 
ignitrons operated as inverters with 
ignitor control, making it possible to 
have a simple excitation circuit. The 
limiting rating of the inverter was less 
than that of the rectifier. 

Most of the faults which occurred in 
the inverter were arc-throughs caused by 
forward-fires. The memnoscope oscillo- 
grams indicated that the loss of control 
usually occurred just after the anode be- 
came positive. Rarely, a recommutation 
fault was observed when there was a dis- 
turbance in the a-c line voltage caused by 
some other equipment on the shop bus. 
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Sealed Ignitron Tubes 


The possibility of using sealed ignitron 
tubes for the 3,000-volt class should be 
considered for some railroad applications. 
Sealed ignitrons have been developed for 
voltages up to about 7,000 volts d-c in 
single way circuits, and economical de- 
signs could be obtained for 3,000 volts. 

There should be no fundamental differ- 
ence in the performance of pumped and 
sealed ignitrons. Up to the limit of size 
for which experience has been obtained 
in sealed tube construction, any electrical 
design used in pumped tubes also can be 
used in sealed tubes with an equal rating. 

The decision as to whether pumped or 
sealed ignitrons should be used in a given 
application should be based on the rela- 
tion between the required continuous 
and overload ratings and the available 
tube ratings. Economic considerations 
may be the determining factor for some 
current capacities. : 


Conclusions 


High voltage pumped ignitrons of an 
improved design have been built and 
tested for the requirements of 3,000- to 
4,000-volt railroad service. All of the 
circuit characteristics, which are available 
with grid controlled rectifiers and in- 
verters, are obtained by the use of ignitor 
control. Rectifiers and inverters can be 
used in one substation to provide the 
desired characteristics for either load or 
regeneration. 

The high voltage ignitrons are designed 
for heavy overloads of the type required 
for railroad service. A new design of 
porcelain-enclosed glass kovar sealed 
anode bushing, which has a temperature 
limit far above that obtained in normal 
operation, has been developed. 

The selection of either pumped or 
sealed construction for high voltage 
ignitrons must be based on the rating, 
economic factors, and special require- 
ments for each application. 


Nomenclature: Rectifier Symbols 


Gm =coefficient of sine term of Fourier 
expansion for the mth harmonic 
(crest value) 

m=coefficient of cosine term of Fourier 
expansion for the mth harmonic 
(erest value) 

Cm=coefficient of resultant of Fourier ex- 
pansion for the mth harmonic (crest 
value) 

E,=average direct voltage drop caused by 
loss in the converter elements (aver- 
age arc drop) 

Eqg=average direct voltage under load 
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Eac=average direct voltage, no load, with 
phase control and with are drop 

Eago= theoretical direct voltage (average 
direct voltage at no load assuming no 
overlap, no phase control, and zero 
arc drop) 

Ey, =initial inverse anode to cathode voltage 

E;,=a-c system line-to-line voltage in rms 
volts 

Ey=a-c system line to neutral voltage in 
rms volts 

Eng = peak forward anode to cathode voltage 

Ey;= peak inverse anode to cathode voltage 

E,=average direct voltage drop caused by 
resistance losses 

E,=transformer direct winding line to 
neutral voltage in rms volts 

E,=average direct voltage drop caused 
by commutating reactance 

AE=total average direct voltage drop 
because of regulation 

f=frequency of a-c power system 


LUXE R 
F,=—— =2,/2 sin 7 “st _ _ reactance 
is p1+Rgr, 
factor 


I=a-c line current (crest value) 

I, =average anode current 

I,=direct current commutated between two 
rectifying elements in a commutating 


group 
Ig=average d-c load current 


I,=transformer exciting current in rms 
amperes 

Iy= VA ee A =equivalent totalized 
harmonic component of I, 

I,,=a-c line current in rms amperes 

I,=fundamental component of J; 

I;p=watt component of h 

Iig=reactive component of i 

Im=harmonic component of Jz, of the 
order m 
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I, =transformer a-c winding current in rms 
amperes 

I,=transformer d-c winding current in rms 
amperes 

Lq=inductance in the d-c reactor in henries 

m=order of harmonic 

p=number of phases in a simple rectifier 

P,=total copper resistance losses in watts 

q=total number of rectifier phases 

R,=per-unit direct voltage regulation based 
on full load voltage with no phase 
control 

Rj,=per-unit direct voltage regulation 
caused by reactance based on full 
load voltage, with no phase control 
and assuming no losses 

R,=ohmic resistance of the a-c winding 

R,=ohmic resistance of the d-c winding 

u=commutation angle (angle of overlap) 

X,=commutating reactance line to neutral 
in ohms 

X,,=ohms reactance of supply line (per line) 

X;,=per-unit reactance of supply line (ex- 
pressed on basis of rated volt-amperes 
at the line terminals of the trans- 
former a-c winding) 

Xp=per-unit reactance of transformer 
(expressed on basis of rated volt- 
amperes at the line terminals of the 
a-c windings) 

a=angle of retard (delay angle, ignition 
angle; the angle by which the start 
of conduction lags the point where 
the incoming and outgoing rectifying 
elements have equal positive volt- 
ages) 

cos a=phase control ratio 

B=angle of advance (the angle by which 
the start of conduction leads the 
point at which the incoming and out- 
going rectifying elements have equal 
negative voltages) 
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yy =margin angle (the angle by which the 
end of commutation leads the point 
where the incoming and outgoing 
rectifying elements have equal nega- 
tive voltages) 

cos ¢=displacement component of power 
factor 

cos 6=distortion component of power factor 

k=conduction angle for one rectifying 
element 
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© Modern Double-Reduction 
Traction Motor 


LANIER GREER 


MEMBER AIEE 


Synopsis: Incorporated in the modern 
double-reduction motor and gear unit are 
many new design features which have made 
it an outstanding motor for the past five 
years. Oil lubrication is provided for all 
gearing and bearings in the oil-tight double- 
reduction gear unit. Special design con- 
stants, which have been developed as a 
‘result of many years of experience with 
high-speed motors, are used. Self-ventila- 
tion is successful on a high-speed motor and 
simplifies locomotive design. Specially in- 
sulated field coils provide for good heat 
transfer from the coils to steel and air. A 
small motor with a high-speed armature re- 
sults in low copper loss and high efficiency 
at high tractive effort. A steep speed curve 
with a large amount of field shunting makes 
it possible to use all motors connected per- 
manently in parallel. The motor is small, 
compact, and lightweight, which has made 
possible its use on a wide range of locomo- 
tives. Here is a small motor doing a big 
job. 


S EARLY as 1931, some thought 
was being given to the use of light- 
weight high-speed motors on gas-electric 
rail cars. The idea was to adapt motors 
which were designed for gas-electric drive 
on busses, for use in rail transportation. 
The first rail applications used a motor 
mounted either on the truck or body of 
the car. The motors were not designed 
sufficiently rugged to withstand the 
shock of operation when axle-mounted. 
On these applications automotive-type 
double-reduction or worm gearing was 
used, with a propeller shaft and double 
universal joints connecting the gearing 
and the motor. In 1938 a similar scheme 
was tried on lightweight industrial 
Diesel-electric switching locomotives. 
The 23-ton and 43-ton locomotives were 
the first on which this type of drive was 
used. These locomotives were equipped 
with a high-speed motor and double- 
reduction gearing. 
The GE-733 is a lightweight double- 
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reduction axle-mounted motor designed 
especially for Diesel-electric switching 
locomotives. The first of these was de- 
signed and built in 1940, and since that 
time a large number of these motors have 
been built and are in service all over the 
world. This machine was designed to 
cover a wide range of applications and 
therefore was built with many new elec- 
trical and mechanical features which have 
made it gapable of doing the job well for 
the past five years. Figure 1 shows the 
motor complete with double-reduction 
gear unit. 


More Tractive Effort 


The primary objective in traction 
motor design is pulling power or tractive 
effort. It is the constant aim of the de- 
signer to secure more continuous tractive 
effort per pound of motor weight in each 
new design. If this can be done, the re- 
sulting small motor can be used on small- 
diameter wheels and on narrow gauge 
locomotives. Such a motor can be 
adapted to a wide range of locomotive 
sizes, simplifying their design. For ex- 
ample, weight saved in the traction motor 
may be used in the Diesel engine to make 
a more powerful locomotive without in- 
creasing the weight. 

Figure 2 shows continuous tractive ef- 
fort per pound of motor weight for vari- 
ous motors. Column A shows single-re- 
duction motors which were being built in 
the period 1925 to 1930. Column B 
shows single-reduction motors which are 
being built today. Column C shows an 
early design of double-reduction motor 
which was built in 1936. Column D 


Figure 1. GE-733 

d-c traction motor 

with double-reduc- 
tion gear unit 
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shows the GE-733 lightweight double- 
reduction motor as it now is being built 
and used on a wide variety of locomotives. 
The continuous tractive effort per pound 
of motor weight for the various motors 
shown on the chart in Figure 2 is based 
on the maximum reduction gearing which 


* will give clearance under the gear case, as 


specified by the Interstate Commerce 
Commission, with the minimum wheels 
for which the motor is designed. This 
chart shows that steady progress has been 
made in the more efficient use of materials 
in both single-reduction and double- 
reduction motors. The continuous trac- 
tive effort per pound of the lightweight 
double-reduction motor is over 31/3 times 
as much as that of the 20-year old single- 
reduction motors and 43 per cent greater 
than that of the earlier design of double- 
reduction motor. This more efficient use 
of material is accomplished by using a 
high-speed lightweight motor and high 
torque multiplication in the double- 
reduction gear unit. 

Figure 3 shows a graph of the continu- 
ous tractive effort and motor weight for 
the same groups of motors that are shown 
in Figure 2. For instance, the lightweight 
double-reduction motor weighs only one- 
third as much as a comparable present- 
day single-reduction motor and has 70 
per cent as much continuous tractive ef- 
fort rating. To judge a motor by this 
chart, place a straightedge along the 
abscissa and rotate it counterclockwise 
toward the ordinate, using zero as the 
center of rotation. The better motors, so 
far as continuous tractive effort is con- 
cerned, are nearer the ordinate. 


How Much Horsepower? 


A motor cannot be judged solely by its 
continuous tractive effort. Considera- 
tion also must be given to locomotive 
speed. If it were not necessary to con- 
sider locomotive speed as well as con- 
tinuous tractive effort, triple-reduction or 
quadruple-reduction gearing could be 
used. This would give much higher 
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torque multiplication and therefore a 
corresponding increase in tractive ef- 
fort, since tractive effort is motor torque 
translated to the rim of the locomotive 
wheel. The data given in Figure 4 take 
into consideration locomotive speed as 
well as tractive effort. These factors have 
been combined to obtain a measure of 
horsepower. This has been done by the 
approximate formula 


continuous tractive effort 
375 


maximum miles per hour 
SS epee case AREER Sey 
3 


Horsepower = 


The reason for the “3” in the formula is 
that continuous tractive effort and maxi- 
mum speed never occur at the same time 
in a Diesel-electric locomotive. In gen- 
eral, the continuous tractive-effort rat- 
ing comes somewhere near one-third of 
the maximum speed. Any motor may be 
used with various capacity engines, but 
this formula makes possible a fair compar- 
ison between motors. The chart is shown 
in horsepower per thousand pounds of 
motor weight, and is shown for both 
single-reduction and double-reduction 
motors. The nomenclature of the col- 
umns in Figure 4 is the same as that used 
in Figure 2. As indicated by the height 
of the columns, much progress has been 
made in the past 20 years in the design of 
single-reduction motors. Also, the mod- 
ern double-reduction motor shows ap- 
proximately 20 per cent more horsepower 
per thousand pounds of motor weight 
than the earlier double-reduction motor, 
and 67 per cent as much as the modern 
single-reduction motor. This, together 
with the data shown in Figures 2 and 
3, indicates that there is a place for 
double-reduction motors in light-traction 
road service, as well as in industrial 
switching service, where maximum power 
and operating speeds are not too high. 
However, on the heavier high-speed road 
locomotives, the horsepower to be handled 
is so great that large-diameter armatures 
are necessary for commutation. These 
large diameters make it necessary to keep 
the revolutions per minute low on account 
of the centrifugal forces involved. With 
low revolutions per minute, there is no 
advantage in having double-reduction 
gearing, because all of the reduction 
needed can be built into one set of gearing. 


New Double-Reduction Gear Unit 


The specially designed 1-piece cast 
steel gear case which forms a part of the 
motor and gear unit is shown in Fig- 
ure 5. This is a view of the axle and 
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Figure 


motor side and shows axle preparation, 
gear cover bolting flange, intermedi- 
ate gear shaft bearing opening, bolt circle 
for mounting the motor, and air outlets 
for the motor ventilating fan. The gear 
cover is a separate piece and is cast of 
malleable iron. It is bolted to the gear 
case along the bolting flange. Figure 6 
shows a photograph of the double-reduc- 
tion gear unit with gear cover and axle 
caps removed. This illustration shows 
the gear unit completely assembled 
with all gearing and bearings in place. 
All bearings and pinions are arranged so 
that they can be disassembled without 
removing the motor and gear unit from 
thelocomotive. Also, the complete motor 
can be removed and still leave the gear 
unit mounted in the locomotive. Thus, 
by using a high-speed motor, the size of 
the motor has been reduced to such an 
extent that it has become a part of the 
gear unit rather than the gear unit being 
a part of the motor, as on conventional 


THOUSAND POUNDS 


CONTINUOUS TRACTIVE EFFORT — 
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Figure 3. Continuous tractive effort and motor 
weight 
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Continuous tractive 
effort per pound of 
motor weight 


Figure 4 

Horsepower 

thousand pounds of 
motor weight 


Horsepower = 


continuous tractive 
effort 


375 


max mph 


(left). 


(right). 
per 


3 


single-reduction machines. Figure 1 
shows the motor and gear unit nose sup- 
port which is located so that, for either 
direction of motion of the locomotive, 
there will be no tilting to throw the gear 
mesh out of alignment or place a twisting 
load on the axle bearings under the heavy 
tractive efforts encountered in service. 
Hardened spur gearing operating in an 
oil-tight gear case has a long life. Both 
the high-speed and low-speed pinions are 
straddle-mounted to maintain alignment. 
The flood-lubricating system in the gear 
unit uses oil of about the viscosity of 
SAE 60 for normal operating tempera- 
tures, and lighter oil for lower tempera- 
tures. This lubricates all bearings in 
the gear unit, the pinion end motor bear- 
ing, the sleeve axle bearings, and thrust 
surfaces, as well as all of the gearing. 


Mechanics of a High-Speed Motor 


The motor is self-ventilated, which 
eliminates motor blowers and thus sim- 
plifies the locomotive design. This is 
found to be practical in a motor which 
is used with double-reduction gear- 
ing, since even in slow-speed switching 
service motor speeds are high enough 
to make the motor fan effective. The fan, 
which is mounted on the pinion end of 
the armature shaft, provides for multiple 
ventilation of the machine. One air path 
is over the commutator, through the 
space between the field coils and over the 
armature surface; the other is under the 
commutator and through longitudinal 
ducts in the core and armature heads. 

A tight cylindrical smooth commutator 
is essential to the successful operation of 
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any high-speed d-c machine. This is ob- 
tained by using commutator design con- 
stants, which have been developed over a 
period of years of experience with high- 
speed motors. Commutators are seasoned 
after the armature is completely assem- 
bled. This seasoning consists of subject- 
ing the commutator to centrifugal forces 
and thermal stresses in excess of those 
which are encountered in service and 
tightening, and grinding the commutator 
until it operates smoothly, both hot and 
cold. 

The armature is designed to withstand 
the stresses of high-speed operation that 
go with double-reduction gearing. The 
coils are held in the core slots by wedges, 
and the end windings are held with bind- 
ing wire. The completed armature is 
dynamically balanced to close limits so 
that it operates smoothly at all speeds. 
It is also equipped with anti-friction 
bearings on both ends. The commutator 
end bearing housing is designed so that 
the armature can be removed without 
opening the bearing housing and exposing 
the bearing to dirt. This bearing also is 
arranged with all-metal labyrinth seals 
to keep grease in and to keep dirt out. 
The bearing on the pinion end of the 
motor armature is mounted outside of 
the motor pinion to form a straddle- 
mounting for the pinion. The bearing 
on this end is housed in the gear case 
and lubricated with the same oil as the 
gearing. The commutator end bearing is 
grease-lubricated. 

The frame of the motor is bolted to the 
gear case so that the two become an 
integral unit and are mounted as such. 
Figure 1 shows a photograph of motor 
and gear unit. 


Electrical Features 


High-temperature insulating materials, 
such as asbestos cloth, asbestos paper, 
fiber-glass, and mica, are used in the 
modern double-reduction motor. With 
the aid of modern synthetic high-tem- 
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Figure 7. 
coils for modern double-reduction motor 


Figure 5 (above). 

Gear case _ for 

double-reduction 
gear unit 


Figure 6 (right). 
Double-reduction 
gear unit with gear 
case and axle caps 
removed 


perature varnishes, asbestos and mica, 
as well as fiber-glass and mica, have been 
combined to form tapes and wrappers. 
These materials have made it possible to 
use thinner insulation of a better quality 
and get a better-insulated machine. 
Thinner insulation leaves more space for 
copper and iron and at the same time im- 
proves the heat transfer coefficient 
through the insulation. Another advan- 
tage of these materials is their ability to 
stand high temperatures and at the same 
time have long life. High temperatures 
make it possible to get more tractive effort 
rating per pound of material. Inherent 
long life of insulating materials keeps 
maintenance costs low. 

Proper proportioning of copper and 


Exciting and commutating field 
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iron in the magnetic circuit has made it 
possible to reduce materially the size and 
weight of the field structure. The field 
coils have been reduced in size by the use 
of new insulating materials and methods. 
Both exciting and commutating coils are 
edgewise wound and formed to fit the 
poles. They are insulated between turns 
with asbestos paper. A sufficient number 
of turns on the armature and frame sides 
of the coils are taped with mica and 
fiber-glass to provide the required in- 
sulation. Figure 7 illustrates an excit- 
ing and a commutating field coil with 
this type of insulation. The commutating 
coil is shown before the asbestos insulation 
has been inserted between the turns and 
before the coil has been dipped in high- 
temperature insulating varnish. The 
exciting field coil is shown completely 
insulated and ready to be mounted on the 
pole piece. Mica insulating collars around 
the pole pieces protect the field turns 
that are not taped. The coils are mounted 
on the poles and given a number of dips 
and bakes in high-temperature synthetic 
insulating varnish; thus the pole and 
coil become a complete unit and are as- 
sembled in the motor as such. With this 
type of coil, the heat transfer coefficients, 
both to air and iron, are much higher than 
for a conventional coil. After the poles 
and coils are assembled in the frame, the 
complete assembly is dipped in modern 
synthetic varnish and baked to fill com- 
pletely and insulate all connections and 
joints so that they are sealed and pro- 
tected from water, oil, and other foreign 
materials that may enter the motor. 
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The design constants of the motor have 
been made to produce a steep speed curve 
which, with the maximum amount of 
field shunting, makes it possible to use the 
motors connected permanently in parallel. 
This motor connection reduces wheel 
slippage and gives the locomotive more 
pulling power. Figure 8 shows character- 
istic curves of the GE-733 motor on 250 
volts and for two field strengths. The 
wide change of flux in the motor, between 
maximum tractive effort and maximum 
permissible speed, together with the 
engine generator characteristics, makes a 
locomotive with a wide range of full 
utilization of the available engine horse- 
power. 


High Efficiency 


The power of a Diesel-electric locomo- 
tive is limited to that which the Diesel 
engine can deliver. For this reason, it is 
necessary that the transmission efficiency 
be kept as high as is compatible with 
reasonable design. This is especially 
true on switching locomotives where 
small engines are used and where heavy 
loads are handled at low speeds and high 
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Figure 8. Characteristics of GE-733 motor on 
250 volts and maximum reduction 
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HORSEPOWER LOSS 


Figure 9. Comparative motor resistance loss 
curves of traction motors with single-reduction 
and double-reduction gearing 


tractive efforts. Figure 9 shows compara- 
tive efficiencies of various motors based 
on motor resistance losses at 110 degrees 
centigrade copper temperature, with an 
assumed two volts for brush drop. Curve 
A is for the older type of single-reduction 
motors, stich as were being built in the 
period 1925 to 1930. Curve B is for 
single-reduction motors as they are built 
today. Curve C is for the double-reduc- 
tion motor. All three of these curves are 
based on the maximum reduction which 
can be used and still maintain clearance 
under the gear case as specified by the 
Interstate Commerce Commission. A 
study of these curves clearly shows the 
advantage of the double-reduction motor 
for locomotives that are required to oper- 
ate at moderate or low speed and to pro- 
duce high tractive effort. At the starting 
point of the locomotive, all of the losses 
are in resistance. The difference between 
curve B and curve C in Figure 9 shows the 
additional tractive effort that can be pro- 
duced with the modern double-reduction 
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motor over the modern single-reduction 
motor for a given horsepower loss. For 
example, this amounts to 47 per cent in- 
crease at 30 horsepower loss. 


Universal Use 


The modern double-reduction motor is 
used on a wide range of locomotive sizes. 
The motor has been applied on locomo- 
tives for all classes and types of industrial 
switching, and also for lightweight rail- 
way switching and road service. 

A rule-of-thumb measure of the capa- 
bilities of the motor is given by these 
facts: with maximum reduction gearing, 
it can be applied on 50,000 pounds of 
locomotive weight per motor and will 
have a continuous tractive effort rating of 
11.7 per cent adhesion, with a maximum 
permissible speed of 20 miles per hour. 

Table I lists the locomotives on which 
the GE-733 motor is used. This tabula-_ 
tion also shows the number of motors 


Table |. Tabulation of Locomotives Equipped 
With Modern Double-Reduction Traction 


Motors 
Weight, No. of Max. Adhesion 
Tons Motors Speed Per Cent 
Industrial Diesel-electric locomotives 
Dice teleeerd ore Lelie sraretelste, 20 inet nee LE 
AG wz Peterlee stone DEORE 20 ais see tone ts pH 7/ 
GD: Sap oreteste tes Beenie ere DON axstaotecers 11.5 
Railway Diesel-electric locomotives 
2 ea eer Dis tate otecene te BRB oes 14.6 
EO Meter odeiars rE ARC 7, DBs cael a ik eae 12.5 


used per locomotive, the maximum per- 
missible speed, and the continuous ad- 
hesion rating of the locomotive. The 
largest number of these motors have been 
used on the 25-ton and 45-ton locomotives 
for industrial service and the 44-ton loco- 
motive for railway service. A limited 
number of motors have been used on the 
65-ton industrial and the 70-ton railway 
locomotives. In all of these applications, 
the double-reduction motors have given 
excellent service. 
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Determination of Cable Temperatures 


by Means of Reduced-Scale Models 


ANDREW GEMANT 


NONMEMBER AIEE 


Synopsis: A method, using reduced-scale 
model installations, is developed for the 
laboratory determination of cable tempera- 
tures obtaining in the field. The theory of 
the method is given, followed by the de- 
scription of three sets of experiments con- 
ducted to show the feasibility of the method. 
One set of experiments is concerned with a 
single-conductor cable buried directly in the 
soil of the model setup, and temperatures 
obtained are compared with computed 
values. Another set is concerned with a 
single-conductor cable in a model duct bank, 
and sheath and duct temperatures obtained 
are compared with those of field determina- 
tions in an actual field installation. The 
third set is concerned with a model three- 
conductor cable in a duct bank, and con- 
ductor-sheath temperature differentials are 
compared with field data. All tests show 
that the accuracy of the method is sufficient 
for practical purposes. 


HE determination of cable tempera- 

tures, under both stationary and tran- 
sient conditions, is essential for the evalu- 
ation of maximum permissible loads. This 
statement follows from a consideration of 
the factors that limit the loads, that is, 
deterioration of the paper-oil insulation 
and undue stretching and longitudinal 
movement of the sheath. All these fac- 
tors are considerably dependent on tem- 
perature, so that, indeed, temperature 
limits the loads. 

Determinations of cable (conductor and 
sheath) temperatures can be and some- 
times are carried out in the field. If, 
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however, a wide variety of cable combina- 
tions and loading schedules is to be in- 
vestigated, field tests are time consuming 
and costly. 

A second possibility of obtaining cable 
temperatures is by calculation. This 
method, however, is suitable only for very 
simple arrangements, such as a cable 
buried directly in the ground. For duct 
systems of cables, a computation on a 
rigorous basis cannot be carried out. 

A third method of attacking the prob- 
lem is the use of electrical analogies. 
This method has been developed by 
Victor Paschkis! and applied successfully 
to a number of thermal problems. For 
several cables in duct banks, the necessary 
electrical equipment would be too in- 
volved, so that at present this method 
cannot be used for this purpose. 

The method to be described in this 
paper was developed for the purpose of 
providing a more satisfactory means than 
those just described. As will be seen from 
the following, the equipment even for in- 
volved cable problems is relatively simple 
and, once the installation is assembled, the 
time required to solve any specific cable 
temperature problem is relatively short. 


Theory 
Thermal problems in a system of cables 


belong, strictly speaking, to the group of 
3-dimensional problems, but, if the length 
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of the cable is at least 10 to 20 times 
larger than the depth of the cable below 
ground level (a condition that is nearly 
always fulfilled), the heat flow along the 
length can be neglected as compared with 
the heat flow in radial directions. Thus, 
cable heat-flow problems can be consid- 
ered as 2-dimensional. 

By examining the equations of heat flow 

n 2-dimensional cases,?:? a dimensional 
analysis shows that there is a possibility 
of a scale reduction in such problems, and 
that the rules according to which this re- 
duction is to be carried out are rather 
simple. Thus, installations can be re- 
duced in size and yet give the same in- 
formation concerning temperature dis- 
tribution as the original large installa- 
tions. This, briefly, is the principle of the 
method developed and described in this 
paper. 

The following is a brief presentation of 
the dimensional analysis mentioned. One 
of the basic equations? in 2-dimensional 
heat problems is the temperature distri- 
bution around an instantaneous cylin- 
drical heat source in an infinite medium, 
the temperature of which becomes zero 
at infinity. Let H, denote the instantane- 
ously generated heat per unit length of 
the cylinder with radius a, g the thermal 
resistivity, D the thermal diffusivity of 
the medium surrounding the source, T the 
temperature, ¢ the time, and 7 the radial 
distance from the axis of the cylinder. 
Then 


Ayg —(r?+a?) ira 
star exp j=" 1) (1) 
where Jo=Bessel function of the first 
kind and zero order. In this equation, the 
several variables occur in two combina- 
tions. One is (with /=any characteristic 
length of the installation) 


[2 
ee 2 
Di (2) 
the other 
I~ Fe 


where H stands for the heat rate H,/t and 
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has the meaning of heat generated per 
unit length per unit time. Both x and y 
are dimensionless, as is shown by the 
following. 

D stands for J/gpc, with p=density and 
c=specific heat, and has the dimension 
/2t-1, Hence, x is dimensionless. Con- 
cerning equation 3, T as temperature is 
dimensionless, the dimension of H (heat 
per unit length per unit time) is mlt~* 
(m=dimension of mass), and that of g is 
m— 1-43; consequently, y is dimensionless. 
As can be seen from equations 2 and 3, 
equation 1 has the form 


y=f(«) (4) 


where f stands for a function of the single 
argument x, containing no other pa- 
rameter. 

By further examining equations of 2- 
dimensional heat flow, it will be found 
that all of them can be reduced to a di- 
mensionless form similar to equation 4. 
As a further example, a cylindrical space 
bounded by an inner cylinder of radius a, 
and an outer cylinder of a radius a’ is con- 
sidered. The inner cylinder generates 
heat in the amount of H per unit time per 
unit length; the outer cylinder is main- 
tained at zero temperature. The thermal 
constants of the medium between the two 
cylinders are g and D, as before. The 
temperature of the inner cylinder T atany 
time ¢ is then given*® by 


_ies pa\ Pt ( _ ert 
roy: a[ (2) | E exo( =) | 


(S) 
where 
poe ! 
rg (6) 
4+n—-1 
and, approximately, 
p=2.40+(n—1)r (7) 


the infinite series to be extended from 
n=1 to infinity. 

It can be seen that equation 5 contains 
all variables in the form of x and y, as 
before, and, in addition, z; where 


ve 


yy 


(8) 
land 1’ denoting two characteristic lengths 
of the installation. Hence, equation 5 
can be written in the general form 


y=f(x, 2) (9) 


f standing for a function of the arguments 
x and gz only. 

From the existence of functional equa- 
tions such as 4 and 9, the conclusion is 
drawn that any two installations for 
which x, y, and z are respectively the 
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same are physically similar. A closer in- 
vestigation of equations 2, 3, and 8 re- 
veals the conditions ‘of similarity, as 
follows: 


1. Equation 8 shows that a scale reduction 
of an installation is feasible if all linear di- 
mensions normal to the running direction of 
a cable or a duct system of cables are re- 
duced in the same ratio. For instance, the 
ratio a/a’ in a concentrical cylindrical case 
should be the same both in a scale model and 
an actual cable. 


2. If the heat-conducting substances are 
the same in the two corresponding installa- 
tions, that is, if D is the same for both, then 
equation 2 shows that the time ¢ required to 
attain the same temperature in both cases 
is reduced by a factor that is equal to the 
square of the reduction factor of linear di- 
mensions. This can be seen by writing 
t=l?/Dx and recalling that x is the same in 
the original and the model. This indicates 
the considerable gain in time that may be 
obtained by carrying out temperature meas- 
urements on a reduced-scale installation. It 
should be added that, while the method 
covers transient conditions, as shown, it is 
obviously applicable for the limiting case of 
t=, the steady-state condition. Equation 
5, for instance, is valid for the steady-state 
condition if the exponential is replaced by 
zero, thus making the second bracket unity. 
Steady-state conditions are approached, 
according to equation 2, faster in the re- 
duced-scale installation than in the original. 


3. Equation 3 shows the following condi- 
tion. Since the same materials are used for 
both the actual installation and the model, 
g is the same. If, now, the reduced-scale 
system should yield the same temperatures 
T as does the original system, the condition 
that follows from equation 3 is that H, the 
heat dissipated per unit time and unit length, 
should be the same in both cases. Disregard- 
ing dielectric and sheath losses in obtaining 
a first approximation, H is given by 
Jil ilIk (10) 
where J =current in a conductor and R= 
resistance of the conductor per unit length. 
Because of condition 1, the cross-sectional 
area is reduced by the square of the linear 
reduction factor, and R increases in the 
same ratio. Thus, in order that H be the 
same, the current has to be reduced by the 
same factor as the linear dimensions. 


If the reduction factor g be introduced 
and if quantities referring to the reduced- 
scale installation be designated by the 
index 7, then condition 1 requires 


1,=- (11) 
condition 2 requires 
= @ (12) 
and condition 3 requires 

I 
I,=- (13) 


The last equation is approximate; since 
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the influence of skin effect varies with the 
size of conductors, a small correction fac- 
tor that is available from tables has to be 
considered. If these three conditions are 
fulfilled, corresponding temperatures in. 
the model and original installations are 
the same. 

The larger g, the smaller is the model 
installation. Practical considerations, 
however, limit its value, and for 3-conduc- 
tor 24-kv cables, a value in the approxi- 
mate range of from four to five has been 
found to be suitable. 


Test Results 


The theory of scale reduction, as out- 
lined above, does not need experimental 
proof, as it is based on straightforward 
mathematics. To what extent it could be 
put to use could, however, be determined 
only by experiment, because in building 
the model installation, some approxima- 
tion of the theoretical requirements could 
not be avoided. To mention a few ex- 
amples: the insulation of the model cable 
could not be easily built of paper five times 
thinner than real cable paper, that is, 1 to 
0.6 mil thick; the concrete in the duct 
bank could not be easily built of pebbles 
reduced five times the original size; and 
the soil surrounding the duct bank could 
not easily be maintained at exactly the 
same moisture content, and hence at the 
same insulation level, as the soil in the 
field. 

Apart from these approximations, re- 
sulting from a compromise because of de- 
tails of construction, there is another di- 
vergence between actual installations and 
the conditions required by the theory as 
developed. The latter refers to heat 
transfer by conduction. This condition 
generally is fulfilled in cable systems with 
the exception of the space between the 
cables and the ducts, in which part of the 
heat transfer takes place by radiation and 
convection and for which the scale re- 
duction as developed is not valid. These 
local processes within the duct play a defi- 
nite and by no means negligible part in 
determining the temperature distribution. 
By means of approximate calculations, it 
is possible to assess their role in a semi- 
quantitative manner. 

In the following sections, three particu- 
lar tests, carried out for the purpose of 
checking the degree of accuracy obtain- 
able in practical use of the theory, are de- 
scribed and the results discussed. One of 
these tests concerns one single conductor 
cable buried directly into the ground of 
the model installation. In this case a 
comparison of test results is made with 
calculated results. Such calculations are 
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feasible in this simple case. The second 
test refers to a single-conductor cable in a 
~model duct system, and comparison is 
made with the results of an actual field 
test in a corresponding installation. The 
third test refers to a model 3-conductor 
_ cable in a model duct system and com- 
parison is made with results of the same 
full scale field test as in the second test. 
All these tests were carried out in a 
wooden box 15 feet long, 5 feet wide, and 
4 feet high filled with soil (a yellow clay 
obtained from the location of the field 
installation just referred to). A volume of 
soil equal to that of the space in the box to 
be filled was dug in the field and placed in 
the box by tamping. Only about five 
cubic feet were left over, so the density of 
the soil in the box had nearly the original 
value obtaining in the ground. Moisture 


From D=1/gpc, a value of 4.21073 
square centimeters per second was ob- 
tained for the diffusivity. These values for 
g and D were used in the calculations. 


SINGLE CABLE BURIED IN GROUND 


This arrangement was selected because 
the temperature distribution in and 
around one single conductor cable buried 
in the ground could be computed theoreti- 
cally. A comparison between experi- 
mental and computed data would indicate 
the accuracy and reliability of measure- 
ments obtained from a small size model 
installation. 

The test cable used was a single-con- 
ductor, number 6 American Wire Gauge, 
paper-insulated cable having an insula- 
tion thickness of 9/64 inch, lead sheath 
thickness of 6/64 inch, and over-all diam- 


Figure 2. Tempera- 
tures of conductor and 
sheath of one single- 
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determinations revealed that the soil con- 
tained originally 17.5 to 20 per cent water. 
Although a certain decrease of the mois- 
ture content with time could not be pre- 
vented, lining the box with tar paper, 
covering it with tarpaulin, and occasional 
watering of the top kept the drying out of 
the soil within reasonable limits. For fu- 
ture tests, it is considered advisable to 
install the model in a room in which the 
moisture content is artificially main- 
tained at a relatively high level, say 80 per 
cent. 

The thermal resistivity of the soil was 
measured by means of a cylindrical soil- 
resistivity cell‘ in the field, and shortly 
before removal of the sample a value of 72 
thermal ohms was obtained. The diffusiv- 
ity D was obtained as follows. The den- 
sity p was 2.1 grams per cubic centimeter. 
The clay-to-water ratio was four to one 
and, since the thermal capacities of clay, 
and water are 0.22 and 1.0 respectively, 
the thermal capacity of the soil is 0.37. 
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eter of 0.65 inch. The cable was installed 
ten inches below the ground surface in the 
box. The ratio of depth of burial to 
length of cable being 1 to 18, the error in- 
troduced by the end-effect, according to 
data of S. Whitehead,4 was between one 
and two per cent. 

The temperatures of both the conductor 
and the sheath were measured. The 
model method permits the copper tem- 
perature to be obtained by means of a 
thermocouple inside the conductor, since 
it is possible to pull a thermocouple into a 
narrow channel within the conductor. In 
this particular case, the central one of the 
seven conductor strands was pulled out 
before the test in order to accommodate a 
thermocouple; another thermocouple was 
soldered on the lead sheath to obtain 
sheath temperatures. The temperatures 
were continuously registered by means of 
arecording instrument. Thus, it is possi- 
ble to maintain uninterrupted registration 
of copper temperatures during the whole 
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load cycle. In contrast to this procedure, 
copper temperatures in field tests are ob- 
tainable only by resistance measurements, 
necessitating a temporary interruption of 
the loading. 

A current transformer with the neces- 
sary control and measuring equipment 
was provided for the loading of the cable. 

With regard to calculation of tempera- 
ture in this case, equations recommended 
by S. Whitehead* were used. By con- 
sidering the sheath as the source of heat 
flow, the basic equation 1 immediately 
gives the solution in the case of the buried 
cable. Since the ground surface is an iso- 
thermal plane, the field of an image sink 
above ground, added to the field of the 
real source, constitutes the solution of the 
problem. For values of a?/4Dt that are 
small as compared to unity, the solution 
for the sheath temperature 7, becomes 


ry | — ea i fi 
Ag *"\ “opr SADR 
2 
on (- 2.) oe2| (14) 


where g, is the thermal resistivity of the 
soil, Ei stands for the exponential inte- 
gral,® and b denotes the depth of the cable 
below ground, the other symbols being 
the same as in equation 1. 

The rise of the copper temperature 
above sheath temperature can be com- 
puted by considering both the thermal 
capacity C, and the thermal resistance G, 
of the cable per unit length as lumped ele- 
ments, in which case the solution is an 
exponential. This solution, although 
approximate, is sufficiently accurate for 
the purpose at hand. The copper tem- 
perature is then given‘ by 


2t 
Te=HGe| 1 en (-Z5) |er. 
ce. 


T; being known from equation 14. The 
factor 2 in the bracket is approximate: it 
accounts for the fact that the center of the 
cable is heated instantaneously, while the 
periphery is heated across the resistance 
G,; in the average, a resistance of G,/2 is 
operative. 

The numerical values used for the two 
constants G, and C, were evaluated from 
the geometry of the cable and the known 
characteristic data of each cable constitu- 
ent. G,is given by 


(15) 


Cie’ Togs (16) 
2Qr 


% 

with g,=thermal resistivity of insulation, 
ys=inside radius of sheath, and r,= 
radius of conductor. For g,a value of 550 
thermal ohms was taken. Withr,=0.232 
inch and 7,=0.092 inch, the value 
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obtained for G, is 81 ohms or 81X1077 
centimeter-gram-second units. 

The thermal capacity was computed by 
adding the values for copper, insulation, 
and lead. The specific heats are respec- 
tively: 0.4210’, 1.8X107, and 0.147X 
107 centimeter-gram-second units, result- 
ing in thermal capacities per unit length 
of 0.42107, 1.98X107, and 1.78X10" 
centimeter-gram-second units, giving a 
total for C,=4.1810" centimeter-gram- 
second units. 


The steady-state temperatures are 
given by the well-known formulas: 
ZH, 2b 
hie foe (17) 
20 a 
and 
T.=HG,+ Ts (18) 


Since the temperature of the conductor 
and, consequently, its resistance varies 
during a load cycle, in order to maintain 
a constant heat loss H, upon which the 


theoretical equations used for calculation ° 


are based, the current must be adjusted 
occasionally, This adjustment is possible 
when the copper temperature is registered 
continuously. The currents reported in 
the subsequent parts of this paper are the 
values applied at 20 degrees centigrade 
copper temperature and at which the con- 
ductor resistance was 15.4X10~® ohms 
per centimeter. 

The first test was carried out with a 
load of 120 amperes corresponding to H= 
6.8 watts per foot. Loading continued for 
about eight hours, after which the current 
was switched off. Both the heating and 
the cooling curves—temperature versus 
time—are shown on Figure 1 for the con- 
ductor as well as for the sheath. The time 
is plotted on a logarithmic scale. The 
crosses and circles indicate measured data; 
the solid lines were computed from equa- 
tions 14 and 15, using the numerical values 
given. 

The agreement between calculated and 
measured data is satisfactory, the dis- 
crepancies being generally one to two de- 
grees centigrade, except the copper tem- 
perature within five minutes after switch- 
ing off the current, where the divergence 
is up to four degrees centigrade. The 
amount of disagreement between compu- 
tation and test is partly caused by the 
fact that the equations, although theoreti- 
cal and without arbitrary constants, 
contain, asexplained above, some unavoid- 
able approximations. Part of the dis- 
agreement, however, is certainly caused 
by deficiencies of the equipment (end- 
effect, boundary layer between sheath and 
soil, drying of the soil, time lag in tem- 
perature recorder, and so forth). But 
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Figure 3. Details of assembly of model ducts 
in model trench 


since a disagreement of less than two de- 
grees centigrade is of no great practical 
significance, and since the cooling period 
is of relatively little interest to the prac- 
tical cable engineer, who is not greatly 
concerned with the precise rate of tem- 
perature decrease after the temperature 
has reached its maximum, the method is 
considered satisfactory. For higher ac- 
curacy some of these deficiencies might be 
eliminated: for instance, the use, instead 
of moist soil, of a suitable dry and stable 
powdered material having the same ther- 
mal resistivity is being considered. 

A second test (Figure 2) shows the tem- 
perature changes during and after short 
overloads. A current of 120 amperes was 
first maintained for about four hours (255 
minutes), after which three overload 
cycles of 60 minutes duration, with over- 
loads on for 15 minutes each, were applied. 
The total overload currents were respec- 
tively 140, 160, and 180 amperes (values 
reduced for 20 degrees centigrade copper 
temperature). The corresponding heats 
dissipated are 9.2, 12.0, and 15.2 watts per 
foot. The degree of agreement between 
test results and calculation is the same 
(deviation generally within two degrees 
centigrade) asin the first test. The agree- 
ment during the temperature maxima, 
which are of particular interest from a 
practical standpoint, is rather good. 
These findings are encouraging with re- 
gard to the practical application of a 
model installation (see conclusions at end 
of paper). 


SINGLE CONDUCTOR CABLE IN Duct BANK 


This test was carried out in order to 
show whether the model was satisfactory 
in a case involving ducts. Since computa- 
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Figure 4. Completed model duct bank prior 
to pouring of concrete 


tion for such a case is not possible, a set 
of field tests conducted by The Detroit 
Edison Company was duplicated in the 
model setup to determine the degree of 
agreement between the two. 

It is planned for all tests of this type in 
the future to use reduced scale replicas 
of those cables that are involved in the 
actual field installations in question. At 
the time of carrying out the test to be de- 
scribed in this section, such model cable 
was not available, and the same single 
conductor cable that was used in the pre- 
ceding test was installed in the model 
duct bank. In spite of this difference, 
sheath and duct temperatures, apart from 
the initial transients, in the model and 
the field should be the same. Because of 
the difference in the cable structures, 
however, copper temperatures in the 


field and in the model were not comparable | 


in this particular test, and, as they are not 
essential in answering the specific ques- 
tion concerning the role of ducts in scale 
model tests, they are not given here. 

A fiber-conduit—concrete duct bank for 
12 4-inch ducts (3 wide by 4 high; 22/2 


¥ by 281/2 inches) was reproduced in a re- 


duced size model. The linear reduction 
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Figure 5. Diagram (not to scale) of model 
duct with number and location of thermo- 
couples 


factor g (see equation 11) was chosen as 
4.6. This figure was selected in order to 
enable number 8 American Wire Gauge 
stranded wire to be incorporated in the 
model 24-kv 350-Mem round conductor 
cable in the subsequent tests. The con- 
ductor diameter of the 24-kv cable is 0.68 
inch, that of the number 8 wire 0.147 inch, 
the ratio of the two being 4.6. With g= 
4.6, the inside diameter of the model 
ducts was 7/8 inch, and the wall thick- 
ness was 1/16inch. Three-foot lengths of 
bakelite-impregnated linen tubing, joined 
by short pieces of 1-inch inside diameter 
tubing as sleeves, were used as the con- 
duit. The thermal resistivity of this 
material is comparable with that of fiber 
conduit as used in the field. Scale model 
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Figure 6. Temperatures of a test cable, ducts, 
and ground at three different indicated loads 
for both field and model installations 


concrete spacers between the ducts were 
used. A scale-model trench with a cross- 
sectional area of 4.9 X6.2 inches was dug in 
the soil contained in the wooden box men- 
tioned previously, and the duct bank was 
assembled in the trench. The manner in 
which the ducts were assembled is shown 
in Figure 3. 

Two bakelite plates attached to the end 
walls of the box fixed the position of the 
ends of the duct bank. Pebble-free con- 
crete containing sieved sand mixed with 
fly ash and having a two to one sand-to- 
cement ratio, was poured into the trench. 
The soil was tamped down on top of the 
duct bank, the top of the concrete being 
111/, inches belowthe top of the soil (corre- 
sponding to four feet four inches below 
ground level in the field), The completed 
assembly, prior to pouring the concrete 
and refilling the soil, is shown in Figure 4. 

The ends of the bank were protected 
from air currents by close-fitting wooden 
boxes attached to the outside of the main 
box. 

The arrangement of the cables and the 
location and number of thermocouples, as 
used in the field test and in the model, 
are shown in Figure 5. The length of the 
test cables was 17 feet. It should be 
noted that curve 2 (thermocouple 2) 
refers to the sheath of the test cable 
(thermocouple 1, as used in the field 
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test was not reproduced in the model); 
curves 3 to 9 inclusive refer to the air 
temperature in the center of the various 
ducts; and curves 10 to 12 inclusive refer 
to the soil. 

The results of the test are shown in 
Figure 6. The crosses and the curves 
drawn through them show the tempera- 
tures, in degrees centigrade, indicated by 
the 11 thermocouples used in the field 
tests; the circles show the data obtained 
with the model. The 40-day field test 
took 45 hours in the model setup (the 
time reduction factor from equation 12 is 
4.6?=21.2). 

Since it was realized that the ducts in 
this particular test were wet, some water 
was introduced in the duct containing the 
test cable in the model. A total of 200 
cubic centimeters was introduced in order 
to insure a conducting path between cable 
and duct wall. This point is discussed in 
detail later. 

Three different consecutive loads were 
applied. According to the requirements 
of the model theory, the heat input per 
unit length of cable has to be the same in 
the model as in the field. The three 
loads applied were 4.5, 11.8,and 18.9 watts 
per foot, respectively. 

In studying Figure 6, it can be seen 
from curve 12 that no attempt was made 
to duplicate in the model setup the am- 
bient temperatures recorded in the field; 
hence, the same disagreement prevails 
also for curve 11. The agreement for the 
sheath, the various ducts, and the soil just 
outside of the bank (shown by curve 10) 
is reasonably good, with a deviation of 
no more than about three degrees centi- 
grade. 


Additional Tests on Single- 
Conductor Cable in Duct Bank 


While the results shown in Figure 6 
answer the chief question, namely, 
whether the model method works in the 
case of ducts, it was deemed advisable to 
supplement the results by a few additional 
tests. As mentioned previously, one of 
the main causes of doubt with regard to 
the feasibility of the model test in the case 
of ducts is that heat is transferred not 
only by conduction, but also partly by 
radiation and convection. The scale re- 
duction theory, however, took into con- 
sideration conduction only. If, now, the 
two other mechanisms play only a minor 
role in ducts, the error in the model test 
is relatively small. While the satisfac- 
tory answer of the main test (Figure 6) 
answers this question in a favorable sense, 
it was thought advisable to strengthen the 
confidence in the model method by addi- 
tional tests directed toward showing spe- 
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cifically whether the errors introduced by 
radiation and convection in a duct are 
appreciable or not. 


RADIATION 


It is useful in this connection to con- 
sider the Christiansen equation, which 
controls radiation from a convex body in 
an enclosure® and which, applied to the 
present problem, reads approximately: 


(19) 


where H,=heat radiated per second, ¢= 
Stefan-Boltzmann constant = 5.7 X 107° 
absolute units, a=radius of sheath, T; and 
Ta=sheath and duct temperatures, in 
absolute units, and e, and €g=emissivities 
of sheath and duct. The emissivities of a 
tarnished lead surface and a fiber surface 
are 0.56 and 0.93, respectively. 

In order to assess experimentally the 
role of radiation in the model setup, the 
following procedure was adopted. From 
equation 19 it can be seen that ¢, has a 
marked influence on the radiation. Thus 
by varying the emissivity of the cable sur- 
face, all other conditions being left un- 
changed, it is possible to determine the 
magnitude of the role of the radiation in a 
duct. The variation of e€, was carried out 
by coating the cable with flat black, thus 
producing a surface with an emissivity of 
0.97. The factor 
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is then changed from 0.54 to 0.90, that is, 
increased by 66 per cent. 

The test described in the preceding sec- 
tion, ‘Single Conductor Cable in Duct 
Bank,’ was repeated with the black 
sheath, and in this manner sheath tem- 
peratures, for the same watts input, were 
obtained with the cable coated black as 
were obtained with the cable in its original 
condition. Results, obtained at identical 
loads and times for the two surface condi- 
tions, are shown in Table I. The duct 
was dry in these tests; hence the tem- 
peratures are higher than shown in Figure 
6. It can be seen that, considering the 
differences in the respective starting tem- 
peratures, the increases in temperature 
are practically identical for the two differ- 
ent surfaces. 

The results show that a substantial 
change in the radiation does not cause a 
measurable change of the sheath tem- 
peratures in the model setup. This con- 
clusion, while reassuring from our particu- 
lar standpoint, does not, however, prove 
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Table |. Sheath Temperatures, Degrees Centigrade, for Different Sheath Surface Conditions 
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that there is equally little change be- 
tween sheath temperatures in the field 
and the model, in case the radiation re- 
sistance in the two is not the same. An 
estimate, based on equation 19, will pro- 
vide this missing information for the 
steady-state condition. 

Since equation 19 contains the radius a, 
the radiation resistance of the duct space 
in the model is 4.6 times that in the field, 
while the thermal resistance remains un- 
changed in a scale-reduced model. If the 
total heat flow is the same in both cases, 
the sheath temperature in the model, be- 
cause of the higher radiation resistance, 
will be somewhat higher than in the field. 
It can be shown, however, that a very 
little increase, of the order of one to two 
degrees centigrade, is sufficient to satisfy 
the equations of heat flow in the two cases. 

All data in equation 19, with the excep- 
tion of Tz, are known. The latter was 
determined, at least approximately, by 
introducing a thermocouple into the duct 
containing the test cable and taking duct 
air temperatures. For a load of 11.8 
watts per foot, Fgz=35 degrees centigrade 
(or 308 degrees Kelvin) was obtained, and 
it is probably correct to say that the same 
(or nearly the same) duct temperature 
exists in the field, too. With a cable diam- 
eter of three inches and T,=43 degrees 
centigrade = 316 degrees Kelvin, equation 
19 yields for H, in the field 2.2 watts per 
foot, which is about 20 per cent of the 
total heat. Neglecting convection (see the 
following), the balance of heat, namely 
9.6 watts per foot is transferred by con- 
duction. 

The general equation for equilibrium 
conditions of temperature and heat flow 
in the duct is 


H=A(T,;—Ta)+B(Ts— Ta") (20) 


where A and B are the conductances 
caused by heat conduction and radiation 
(the latter given by equation 19), and in 
the present case (for the field): 


11.8=1.2 (7;—308) +2.2X10-*X 
(T;4—9 X 10°) 


and this equation is satisfied with T,= 
316 degrees Kelvin=43 degrees centi- 
grade. Inthe model, A remains the same, 
but B is reduced by a factor of 1/4.6. 
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Hence, for the model: 


11.8=1.2(Ts—308) +0.48X 10° 
(T;4—-9X 10°) 


and it can be shown that a value 7;= 
317.3 degrees Kelvin =44.3 degrees centi- — 
grade satisfies this equation. This value 
is only 1.3 degrees centigrade higher than 
that in the field, and this difference is well 
within the reported deviation of 3 degrees 
centigrade. This conclusion is valid for 
wet ducts, which constitute the majority 
of existing ducts. For dry ducts the error 
caused by radiation is certainly larger. 


CONVECTION 


A certain amount of heat is transferred 
across the duct space by means of free 
convection. There are empirical equa- 
tions,}® that permit approximate com- 
putations. H,, the heat transferred per 
unit length by convection from a pipe to 
air, is given by 


H,=ka*/,(Ts—Ta)/* (21) 


where k=a constant depending on the 
ratio of cable radius to duct radius; for 
the present case, k=2.7X10? absolute 
units. 

In order to check the influence of con- 
vection on the sheath temperature, the 
free convection normally active around 
the sheath was increased by forced con- 
vection. This was obtained by forcing 
nitrogen longitudinally through the duct. 
If V denotes the rate of flow of the nitro- 
gen, py its density, cy its specific heat, 
and AT the temperature differential along 
the duct, then the heat removed per unit 
time from the sheath by way of forced 
convection, Hy, is given by 


Hy = VenenAT (22) 


V and AT were measured, and H,, calcu- 
lated from equation 22. The rate of flow, 
V, was adjusted so that Hy; equalled 
approximately twice the value of H, 
(known from equation 21) times the 
length of the duct. The sheath tempera- 
tures measured before, during, and after 
applying the forced flow gave an indica- 
tion of the influence of convection on the 
temperature distribution. 

Table II shows the data obtained on 
two loads: 11.8 and 18.9 watts per foot, 


ELECTRICAL ENGINEERING 


Table Il. Sheath Temperatures, T,, for Different Conditions of Convection 


Load = 11.8 Watts Per Foot 


Forced Convection 


Load = 18.9 Watts Per Foot 


Forced Convectien 


Free Convection Superimposed, Free Convection Superimposed, 
Alone, 5 Watts 8.5 Watts Alone, 8.5 Watts 19 Watts 
Before forced convection......... TAGS c ASC Ob oigctace a en tobe jevarmiaratexcnset bean ERIC ORTON — 
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with the duct dry. 7, for the two loads is 
59 and 84 degrees centigrade; Tq is 37 
and 51 degrees centigrade respectively. 
It can be seen that the influence of a 
forced convection, amounting in terms of 
heat loss to about double that for free 
convection, is practically negligible. As 
before, in the case of radiation, this result 
refers to the model only and does not give 
specific information as to a divergence be- 
tween field and model data caused by a 
possible difference in convection. This 


LEGEND: 0 AND CURVE= MODEL DATA 
x FIELD DATA 


SHEATH-AMBIENT 
DIFFERENTIAL~ 


WATER IN Ducts 

As a last additional test, the ques- 
tion of the amount of water that is re- 
quired to make a wet duct out of a dry 
duct was investigated. In comparing 
sheath temperatures shown in Table I 
(dry duct) with those shown for the model 
test in curve 2 of Figure 6 (wet duct), it 
can be seen that a dry duct results in 
sheath temperatures higher than those in 
a wet duct. It was important to find out 
how much water should be introduced in 


Figure 7. Tempera- 
ture differentials be- 
tween sheath and 
ambient, and con- 
ductor and sheath 
for a 3-conductor 
model cable 


Installation and load 


TEMPERATURE — C 


CONDUCTOR-SHEATH 


schedule is the same 
as indicated in Fig- 
ures 5 and 6. Field 
data for the conduc- 
tor are equilibrium 
values * 


OIFFERENTIAL 


TIME —HOURS IN MODEL 


difference, however, can be estimated from 
equation 21. 

Considering the medium load, 11.8 
watts per foot, the value of H,, the heat 
dissipated by way of convection, for the 
field and the model respectively, is 0.3 and 
0.1 watt per foot, that is three and one per 
cent of the total. In contradistinction to 
radiation, which amounts to appreciable 
percentages of the total heat dissipated— 
without, however, affecting correct du- 
plication of the field test by the model— 
convection amounts to only a small per- 
centage of the total heat dissipated. The 
effect of this small amount, being re- 
duced in a ratio of one to three in the 
model as compared with the field, has 
certainly no influence upon the duplica- 
tion of the sheath temperatures. 
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TEST 


the model duct in order to approximate 
field conditions. From physical consider- 
ations it appeared that a certain minimum 
amount is required in order to establish a 
conducting path of water between the 
cable and the bottom of the duct wall and 
that further additions of water should 
have little effect. Table III gives the re- 
sults of a test, referring to a load of 18.9 
watts per foot, in which increasing 
amounts of water were added to the duct 
containing the test cable. It can be seen 
that for the model, small amounts of 
water (ten cubic centimeters) were suffi- 
cient to bring the temperature of the 
sheath from 83 degrees centigrade down 
to 65 degrees centigrade. It appears that 
ten cubic centimeters is sufficient to cause 
an appreciable drop in temperatures and 
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that 50 cubic centimeters is sufficient to: 
insure the formation of a complete con- 
ducting path along the length of the model 
duct and to bring the temperature level 
down to 60 degrees centigrade, which was. 
the level as measured in the main test and 
also in the field. Further additions of 
water change the temperature only 
slightly. The equivalent amount of water 
present in a wet duct in the field is then at 
least 10X21.2/15=14 cubic centimeters 
per foot. 


MopeE. 3-CoNDUCTOR CABLE 
IN Duct BANK 


The tests described in the two preced- 
ing sections were carried out with a single- 
conductor cable, and accordingly con- 
ductor temperatures were not comparable 
with those in the field because the field 
tests involved 3-conductor cables. In 
order to fill this last gap in the research, 
it was necessary to have a model of the 3- 
conductor 350,000-circular-mil cable used 
in the field. Through the courtesy of 
Doctor R. J. Wiseman, the Okonite Cal- 
lender Cable Company manufactured such 
a cable according to developed specifica- 
tions. 

The cable was constructed according to 
the following design. The conductor was 
number 8 American Wire Gauge wire 
having an over-all diameter of 0.147 inch, 
which is, as pointed out previously, 4.6 
times less than the conductor of the high- 
voltage cable. One of the three conduc- 
tors was a copper tube of an outside 
diameter of 0.156 inch and a wall thick- 
ness of 0.032 inch; the cross-sectional 
area of the tube was nearly identical 
with that of the stranded wire. The pur- 
pose of the tube was to accommodate 
the thermocouple for conductor tem- 
perature measurements. The insulation 


Table Ill. Sheath Temperatures, Degrees 
Centigrade, for Increasing Amounts of Water 
in Duct 


Load = 18.9 Watts Per Foot 


Amount of Water, 
Cubic Centimeters, 


in 15-Foot Sheath Temperature, 
Duct Containing Degrees Centigrade, 
Test Cable of Test Cable 
Or: +280 
10.. 7055.5 
20.. 57 (2) 
30... . 67 
40.. -65.5 
50.. . 62 
60.. .60 
70. SOL 
80. - 62 
100. 60.5 
120. . 59 
140. 58 
200. .59.5 
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thickness was 0.31/4.6=0.068 in. The 
outermost layer was metallized paper. In 
order to compensate for the larger outside 
diameter of the tube, one layer of paper 
was omitted from its insulation. Fillers 
of suitable size and a binder tape made of 
4-mil copper were used. (A copper tape 
of reduced thickness, say, 2-mil, is more 
advisable.) The lead sheath was 2/64 
inch thick, and the over-all diameter ob- 
tained was 0.69 inch, which is close to the 
theoretically correct 0.68 inch, that is, 
3.1/4.6. 

The single-conductor cable used as test 
cable in the last test described (Figure 6) 
was then replaced by this model cable, 
and the same load cycle schedule applied, 
except that for the sake of simplification 
the duration of the cycles was not more 
than about two hours each. This was 
sufficient in this case, since the main inter- 
est of this test centered around the sheath- 
conductor temperature differential, and 
this reached its final value in about that 
time. 

The results of this test are reproduced 
in Figure 7. Both sheath-to-ambient 
and conductor-to-sheath differentials are 
shown. The corresponding field data for 
the conductor refer to equilibrium values 
as obtained at the end of each load period. 

While the sheath temperatures are in 
rather good agreement with those in the 
field, the discrepancy for the conductor- 
sheath differential is somewhat larger, up 
to three degrees centigrade. This differ- 
ence is partlyinherent,inasmuch as the in- 
sulation structure, and therefore the ther- 
mal resistivity, for areal and a model cable 
cannot be made strictly identical. Part of 
the difference, however, is caused by un- 
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certainties and difficulties in the measure- 
ment of copper temperatures in the field 
(obtained from the electrical resistance of 
the conductor). A deviation of up to 
three degrees centigrade, nevertheless, is 
not objectionable from a practical stand- 
point. 

In closing, a few remarks concerning 
end-effect are in order. Since these tests 
were carried out with the idea of later 
developing the method into a practical 
one, it was tried to keep it as simple as 
feasible; no attempt was made, therefore, 
to compensate for a possible end-effect. 
In order to ascertain whether or not an 
appreciable error is introduced on this 
account, the last test with the model cable 
was used also for the measurement of the 
magnitude of this effect. A thermocouple 
was inserted into the tube, about six 
inches inside the end walls of the box. 
At the end of the first load period, the end 
was cooler by one degree centigrade than 
the center; at the end of the second load, 
the end was warmer by two degrees centi- 
grade than the center; and at the end of 
the third load, this difference increased to 
six degrees centigrade. 

An approximate calculation shows that 
these differentials are not likely to lead to 
an appreciable error. From the dimen- 
sions of the cable and the thermal resistiv- 
ity of copper, the thermal conductance of 
the three conductors from both ends to 
the center is found to be 0.0013 watt per 
degree centigrade. For the worst case 
(the third load) the heat that flows to- 
ward the center is only 0.008 watt. Even 
with the conservative estimate that this 
heat is dissipated along a length of, say, 
only one inch, for which the load is 1.6 
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watts, the error is only one-half per cent, 
and thus is negligible. 


Conclusions 


The present research shows that a re- 
duced scale model installation can be used 
successfully for determining cable tem- 
peratures and hence maximum permissible 
loads, both normal and overload. Such 
an installation is meant to be used as a 
laboratory tool, just as any other measur- 
ing device. Its chief use probably will be 
found in cases of several cables in a duct 
bank, each cable having a different pre- 
scribed load schedule. By reproducing 
any desired cable and load combination in 
the model, a reliable answer to any spe- 
cific problem can be obtained in a rela- 
tively short time. 
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Shutdown Versus Hot-Spot 


Temperatures in Polyphase 
Induction Motors 


Discussion of paper 46-58 by C. P. Potter and 
A. E. Frohardt, presented at the AIEE winter 
convention, New York, N. Y., January 21-25, 
1946, and published in AIEE TRANSAC- 
TIONS, 1946, February section, pages 56-8. 


B. M. Cain (General Electric Company, 
Lynn, Mass.): The authors have touched 
upon a very important point in connection 
with the relationship between observed 
temperatures and the temperature at the 
hottest spot. Others have reasoned, as did 
the authors, that ventilation has a marked 
effect on this relation, but this paper has 
gone much further by presenting the data 
to prove it. 

There is another element of this problem 
which deserves recognition, namely, the 
effect of the size of the machine. I set out 
to study analytically the effect of machine 
size on the ratio of end winding temperature 
to hot spot temperature. To do this, I 
calculated the theoretical maximum tem- 
perature drop along the winding for double 
end ventilated induction motors from 1 to 
250 horsepower, 1,800 rpm. The calcula- 
tions were made by assuming that the stator 
copper and iron losses are dissipated uni- 
formly along the entire length of the end 
windings. The calculations therefore will 
not apply to motors having radial ventilat- 
ing ducts through the core. Figure 1 shows 
the calculated differences plotted versus 
horsepower. As might be expected, the 
temperature difference increases consider- 
ably with increased size of machine. 

To compare the calculated results with 
tests, I took available data! and estimated 
average per cent temperature differences 
for different values of horsepower. The 
averages were estimated by plotting the test 
points versus horsepower and drawing a 
representative curve through the points. 
Three tests on motors having radial venti- 
lating ducts were omitted since the calcu- 
lated curve would not apply to this type of 
construction. If these observed differences 
bear any direct relation to the differences 
indicated by the calculations, the curves 
should have the same slope when plotted 
with double logarithmic scales. Figure 1 
shows that the theoretical and observed 
curves do have nearly the same slope, thus 
confirming the assumption that size as well 
as ventilation has an important effect on the 
difference between the observed tempera- 
ture and the hot spot temperature. 

It is important to note that the tempera- 
ture difference between end winding and hot 
spot increases with physical size and with 
motor speed because of the better ventila- 
tion with higher speed. However, since 
physical size is approximately proportional 
to horsepower divided by speed, the effect 
of speed tends to cancel so that temperature 
difference tends to increase directly with 
horsepower. For motors above about ten 
horsepower, this difference begins to be 
quite appreciable, so that if some other 
means of temperature measurement less 
sensitive to size and ventilation effects could 
be used, this would be very desirable. 
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TEMPERATURE DIFFERENCE -DEGREES OR PERCENT 


20 
HORSEPOWER 


Figure 1. Temperature differences along 
windings plotted versus horsepower 


El—Calculated theoretical maximum tempera- 

ture difference in degrees between minimum 

end winding temperature and maximum hot- 
spot temperature 


O—Calculated theoretical maximum tempera- 

ture difference in degrees between minimum 

end winding temperature and average tem- 
perature of entire winding 


A—Observed temperature difference in per 
cent between thermocouple on end winding 
and thermocouple at hottest spot!” 


With this point in mind, I have made the 
following comparison of rise by resistance 
and rise by thermocouple in per cent of hot 
spot for the tests which the authors have 
reported: 


Thermocouple Resistance* 
(Per Cent) (Per Cent) 
Totally enclosed........98.8%........ 100% 
Protected iaiin2 aan Sere ony Pe aes 89% 
Provected)., preseie ss Ge inl a Om Son 92% 
Normal Open. 4....0 2:05 0s 8450 Vom mete 89% 
Exaggerated open....... ik ee a 90% 


*Rise by resistance was obtained by extrapolating 
the authors’ curves along the same slope as the 
major portion of the curve. 


Note that the rise by resistance is af- 
fected much less by differences in ventila- 
tion than the rise by thermocouple. 

In further confirmation of the greater 
dependability of resistance measurement as 
an indication of hot spot temperature, note 
the following analysis of the data on open 
integral horsepower motors! covering a 
range from 5 to 250 horsepower: 


Average 
Number PerCentof Standard 
of Tests Hot Spot Deviation 


Thermocouple....... iW AEP oe oa PS Bei ata 10.0 
RVESISUAMCEl-o.adaeeripelss LL ee errr NOs SOte avec 8.1 
Discussions 
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Die Cast Rotor Testing 
by Test Stator Method 


Discussion and author's closure of paper 46-64 
by P. H. Trickey, presented at the AIEE 
winter convention, New York, N. Y., January 
21-25, 1946, and published in AIEE 
TRANSACTIONS, 1946, March section, 
pages 139-41. 


L. C. Packer (Westinghouse Electric Cor- 
poration, Springfield, Mass.): I was very 
much interested in Trickey’s paper. This 
method will check the rotor resistance, 
and thereby reject any rotors with high 
resistance caused by excessive porosity, 
variation in alloy, broken bars, and so forth. 
However, I would like to ask Trickey how 
he checks for broken bars as such. Rotors 
with a large number of bars would show a 
small increase in resistance with one or two 
broken bars which may be within the resist- 
ance limits. The small change in reactance 
may be caused by other changes and within 
normal limits, unless there is a large number 
of broken bars which may increase the re- 
sistance and reactance to values outside the 
limits set up. It is well known that broken 
bars cause noise. 


P. H. Trickey: The test stator described in 
this paper will measure average resistance 
and will not pick out cores where only one 
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or two bars are open. If readings are taken 
with rotor in several different positions, bad 
cases of single phase in rotor, caused by cold 
molding, can be detected. 


The Polyphase Commutator 
Regulator for Speed 
Control 


Discussion of paper 46-59 by A. G. Conrad, 
F. E. Brooks, Jr., and R. G. Fellers, presented at 
the AIEE winter convention, New York, N. Y. 
January 21-25, 1946, and published in AIEE 
TRANSACTIONS, 1946, June section, pages 
321-8. 


Fred Baumann (General Electric Company, 
Schenectady, N. Y.): The analysis of the 
adjustable speed drive presented by the 
authors is both interesting and useful. The 
added complications sometimes involved in 
this form of drive, such as series and shunt 
power factor correcting transformers, have 
been eliminated to good advantage for the 
purpose of this analysis. The internal volt- 
age of the wound rotor motor is assumed to 
be substantially constant. This condition 
together with a few other assumptions and 
the splitting of the secondary current J; 
into two components J, and J, have led toa 
very simple solution proved by tests on a 
small set. 

While tests were taken on a small set, it 
usually is not economically feasible to use 
the polyphase commutator regulator for 
sets below several hundred horsepower. For 
smaller ratings, other forms of drives, such 
as Ward Leonard or the Schrage brush 
shifting motor have considerable advantage. 

I thought that it would be interesting to 
comment on the Scherbius type of commuta- 
tor regulator. The Scherbius machine, so- 
called because of its 3-phase compensation 
invented by Arthur Scherbius,* usually has 
both shunt and series interpole windings in 
addition to compensating windings. The 
compensating windings compensate for 
armature reaction. The series interpole 
windings perform their usual function of 
canceling the reactance voltage caused by 
current commutation. The shunt interpole 
windings produce a flux which introduces a 
speed voltage in the armature windings. 
This speed voltage cancels the transformer 
voltage under the brushes at one particu- 
lar speed and partly cancels it at other 
speeds. 

The transformer voltage is induced in the 
armature by the main field which is excited 
at slip frequency. The main field flux is 
proportional to the slip (neglecting imped- 
ance drops) and inversely proportional to the 
speed of the regulating machine. For a 
directly connected regulating machine, 
it therefore is evident that the shunt inter- 
pole flux necessary to cancel the transformer 
voltage under the brushes is approximately 
proportional to the square of the slip and 
inversely proportional to the square of the 
speed. 

This condition necessarily limits the speed 
range or the size of machine which can be 
built economically. It»has been found in 


* United States patent 1,084,640, January 13, 1914. 
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practice that a slip frequency of about 20 
cycles approaches the upper limit of slip. 
Above this slip, the necessary shunt inter- 
poles become disproportionately large. 

One of the best applications of the poly- 
phase commutator regulator is its use in con- 
nection with large asynchronous frequency 
changers. The frequency changer set usu- 
ally consists of a synchronous machine di- 
rectly connected to a wound rotor induction 
machine, a polyphase commutator regula- 
tor, and an ohmic drop exciter. The second- 
ary of the wound rotor machine is con- 
nected to the polyphase commutator regu- 
lator and the field of the regulator is con- 
nected to the ohmic drop exciter. Since the 
amount of frequency or speed regulation is 
usually small, the maximum slip frequency 
is low and the size of the commutator ma- 
chines is small compared to the induction 
machine. 

By means of this arrangement, a flexible 
tie between two power systems is obtained. 
The frequency of either system may vary 
and the active or reactive power can be fed 
in either direction. Frequency changers of 
the order of 25,000 kva using polyphase 
commutator regulators are in operation. 

In general, the use of the polyphase 
commutator regulator for speed control on 
a-c systems should be considered particu- 
larly if the amount of power is large and the 
speed range is limited. 


The Short-Circuit 
Characteristics of 


D-C Generators 


Discussion and author's closure of paper 46-66 
by G. E. Frost, presented at the AIEE winter 
convention, New York, N. Y., January 21-25, 
1946, and published in AIEE TRANS- 
ACTIONS, 1946, June section, pages 
394-402. 


A. M. Harrison and B. Litman (Westing- 
house Electric Corporation, East Pitts- 
burgh, Pa.): Frost has contributed some 
valuable information on calculation of 
short-circuit currents. We have compared 
the calculated results with test data we have 
obtained on both compensated and noncom- 
pensated machines and find that, with cer- 
tain modifications to suit the characteristics 
of these machines, good agreement can be 
obtained. 

Frost makes use of the oscillogram of 
Figure 8, to separate the armature and field 
leakage coefficients. In so doing, he assumes 
the field leakage coefficient to be 0.2, which 
yields an armature leakage coefficient of 
0.67. It appears that these two coefficients 
should be roughly the same in magnitude, 
since approximately the same leakage path 
exists for either of these fluxes in comparison 
to the main field path available for these 
fluxes. If we assume 0.3 for the field leak- 
age, we then obtain 0.37 for the armature 
leakage by using the same data from Figure 
8, which gives values that are much closer 
together and hence more reasonable. The 
over-all apparent leakage coefficient then will 
be much smaller than the value of 1.0, which 
the author has assumed. It also is possible 
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to calculate the over-all leakage coefficient 
from the peak field current and armature 
current at short circuit, based on the as- 
sumption of constant linkages in the shunt 
field circuit. This method gives an over-all 
leakage of 0.59 which, again, is much less 
than the author’s assumed value. 

In checking the author’s equivalent elec- 
tric circuit of Figure 9, we observe that the 
value of v4, is slightly larger than gu, which 
does not appear to be correct since gaz is 
just one of the two parallel current com- 
ponents into which gy, is separated. gaz 
should be much smaller in comparison to 
va, which would then give a more reasonable 
value for the armature leakage coefficient. 

In order to obtain the proper peak short- 
circuit current from the formulas with this 
reduced value of leakage, it is necessary to 
assume a larger demagnetizing magneto- 
motive force from the armature at the short- 
circuit current (for example, a larger value 
of synchronous resistance R,). The value 
of this demagnetizing magnetomotive force 
can be calculated from the peak field cur- 
rent and armature current at short circuit, 
and a value of 2.99 per unit is obtained. 
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Figure 1. The reduction in main field flux 
versus armature current for a large compensated 
machine 


This value is larger than would be expected 
by extrapolating the straight line curve of 
Figure 16 to the peak short-circuit current 
point, and indicates that, beyond the steady 
state short circuit point, the armature de- 
magnetization begins to grow at a much 
largerrate. If weincrease R, sufficiently to 
make the straight line pass through this 
point, the formula for short-circuit current 
then will yield a value in agreement with 
test. We include an illustration of a curve 
(Figure 1), which is similar to the one shown 
in Figure 4 of the original paper, showing 
the reduction in main field flux versus arma- 
ture current for a large compensated ma- 
chine. This machine was rated 1,000 kw 
1,500 volts, and the curve is carried out to 
20 times full load current, which is the value 
of peak short-circuit current. It is apparent 
from this curve that armature demagnetiza- 
tion effects do not become important until 
we go well beyond full load to a point ap- 
proximately six times full load. Using a 
straight line through this point to represent 
the synchronous resistance, we again can 
obtain good agreement with tests if we 
modify the formulas to use a value of 


AIEE TRANSACTIONS 


; , 
I,=6, instead of ,=1. Thus for peak 
short-circuit current, we have the formula 


n 


1l+n 


n 
IRS PIRI 
atRz+ ‘lin 


Since this generator was compensated almost 
perfectly, we must look for other sources of 
armature demagnetization. One of the 
principal sources is the shifting of the neu- 
tral zone of commutation from under the 
center of the brushes, because of commutat- 
ing pole saturation. At short circuit, we 
may assume that the current in the coils 
undergoing commutation, undergoes prac- 
tically no change until the trailing edge of 
the brush is reached when it reverses 
abruptly in an arc. In fact, photographs of 
this machine under short circuit indicate 
that this arc extends beyond the trailing 
edge for quite some distance, and making 
calculations on the basis of the size of the 
arc, we can account for about 70 per cent 
of the experimentally observed demagnetiz- 
ing magnetomotive force. The remainder 
probably is caused by such effects as com- 
mutating pole saturation, which also satu- 
rates part of the main field flux path in the 
frame yoke. This machine used a com- 
mutating pole of very large iron cross sec- 
tion so that good commutation was obtained 
even at currents of seven times full load. 
This fact explains why armature demagne- 
tization effects do not become appreciable 
until we pass this load, and why such a large 
peak short-circuit current (20 times full 
load) is obtainable. The presence of these 
effects also would explain why, in the 
author’s test machine, armature demagneti- 
zation began to rise more rapidly at currents 
beyond the steady state short-circuit value. 

Thus it appears that test curves, such as 
shown in Figure 4, should be carried well 
beyond the steady state short-circuit point 
in order to obtain an average value of R,, 
which is representative for currents as high 
as the peak short-circuit value. 
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T. M. Linville (General Electric Company, 
Schenectady, N. Y.): The paper is an im- 
portant one, usefully defining the short- 
circuit performance of d-c machines in terms 
of simple factors. I welcome the oppor- 
tunity to help evaluate the factors for prac- 
tical use, particularly R,’ which determines 
the maximum short-circuit current. 

Some additional light is thrown on the 
nature of R,’, as well as on the physical 
concept of the paper, by recognizing that 
experience with big machines shows that 
the peak current is obtained with the in- 
ternal electromotive force of the machine 
substantially sustained. To make this clear, 
numerous tests (of circuit breakers), using 
large d-c machines for power, have shown 
that the typical value of peak transient field 
current 7,’ ranges from two to three in per- 
unit terms, when short circuit occurs with 
negligible external resistance and with 
normal voltage on the machine. Therefore, 
if the internal armature voltage previous to 
short circuit is one per unit and the field 
flux linkages are (1+7,), where my is the 
leakage coefficient of the field circuit, the 
internal electromotive force immediately 
after short circuit must be at least (1—2my). 
This result is apparent by equating the field 
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linkages before short circuit (1+7,) to those 
after short circuit (o+my)is’, where pty’ is 
the linkages created by air gap flux. This 
latter term also is equal to per-unit armature 
electromotive force. With my equal to 0.10 
to 0.15 by tests and calculations for these 
big machines, it is evident that the armature 
electromotive force is sustained at some 
70 per cent of full voltage until the transient 
field current decreases appreciably. There- 
fore, the peak short-circuit current is ex- 
pected to be 70 per cent of full voltage di- 
vided by the resistance of the armature cir- 
cuit. It also is known from experience that 
the peak current with zero fault resistance 
falls far short of reaching a value equal to 
70 per cent of full voltage divided by the 
resistance of the machine windings. There- 
fore, there evidently is another element of 
resistance on which R,’ depends in addition 
to those described in the paper. 

This resistance is that of the brush con- 
tact, or more exactly that of the reactance 
voltage of the alternating current in the 
armature coils, which appears as a brush 
contact voltage. To show clearly what this 
resistance is and to give more understanding 
of the matter in general, an expression will 
be derived for the peak current and for 
Ree 

The field linkages before short circuit are 
(1+y)tyo, where ty, is normal field current 
(equals one per unit). Immediately after 
short circuit, the field linkages are (p+ny)iy’, 
where p is the ratio of permeance for air 
gap flux after and before short circuit, re- 
spectively. Then the transient field cur- 
rent is 


_i+ny 


Ay = 


per unit 
p +nyz 


and the armature electromotive force is 


e=1;'p a barde per unit 
p+nyz 

Here it is interesting to note that in the 
original paper, z,’ for any sudden rise in 
armature current is determined by M, the 
coefficient of mutual inductance representing 
the shunt field voltage in per unit corre- 
sponding to one per-unit armature current 
change per second. This factor has been the 
stumbling block of all earlier attempts to 
determine short-circuit performance of d-c 
machines because M involves variable mag- 
netic saturation. At normal loads there is 
very little magnetic coupling between the 
armature winding and the shunt field wind- 
ing, that is, 22 is very large. On short cir- 
cuit as the current rises, this coupling goes 
through a gyration, but under heavy over- 
load current is low again. At least this con- 
dition is found in large machines because 
when short circuit occurs, while there is 
always a decrease in the exciting flux, there 
is a very large increase in cross flux and 
armature leakage flux, such that flux densi- 
ties above the intrinsic saturation density 
for steel occur in the pole tips at both sides 
of the pole and in the armature teeth at 
both sides of the pole arc. Under these con- 
ditions, which hold for peak short circuit 
current, the permeance for the exciting flux 
is substantially linear again and is the frac- 
tion p of its value before short circuit. The 
coupling between the shunt field and arma- 
ture windings is nearly zero, and the peak 
shunt field current and corresponding arma- 
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ture voltage are given by the foregoing 
equations. 

If we let the resistance of the circuit be 
(fw+ry’), where 7 is the resistance of the 
machine windings and 7,’ is the resistance 
of the brush contact, then the peak current 
on short circuit is 


Ones (1+7y)p 
(rw +1’) (on) 


Be sure to notice that for small values of 
ny this current becomes nearly independent 
of p. If zs,’ is set equal to equation 1 of the 
paper, it is evident that 


VF (Yo+ro’) (o-+ny) 
(1+n7)p — (to +1’) (p +m) 


It is essential that the size of the factor 
ry’ be recognized. It is very large because 
the sudden rise of peak current on short cir- 
cuit leaves the machine substantially with- 
out the benefit of commutating pole flux 
until after peak current is reached. There- 
fore, the reactance voltage of commutation 
appears as a voltage drop at the brushes of 
each polarity so that 


per unit 


Mey 


ER : 
las > per unit 


where 


Ep =reactance voltage of an armature coil at 
rated full load conditions 
V =rated voltage 


The symbol for ‘‘greater than’ is used be- 
cause without benefit of commutating pole 
flux, commutation is delayed to occur at the 
trailing side of the brushes with increased 
rate of change of current in the commutating 
coils and, therefore, increased reactance volt- 
age. If the energy at the brushes is taken 
to be equal to the energy of the magnetic 
field of the commutating coils, it can be 
shown that 


,_ Egb 
1p mre per unit 


where 


b =the number of commutator bars covered 
by the width of the brush 


Always a large factor in determining the 
peak current, 7)’ can be evaluated by calcu- 
lating the reactance voltage, and even in 
many cases by inspection of the machine. 
By the latter method, it is determined 
roughly by counting the turns of the arma- 
ture and commutating field windings and 
calculating the net difference in their ampere 
turns, then using the following formula 


Erp=6.88XATXGXLXSX10= 
where 


AT =net ampere turns 

G=measured length of the commutating 
pole air gap and nonmagnetic shims 

L=measured length of the core 

S=revolutions per second times the meas- 
ured periphery of the armature 


A third method, based on the relation be- 
tween Ep, rated kilowatts, and armature 
diameter, uses the formula 


Ep=c, Xkilowatts/armature diameter 
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where 


c, is a reactance voltage coefficient which 
does not vary widely for large ma- 
chines of normal design 


Then 
} Erb c,kilowatts:b Onlin ; 
ry = = = per unit 
V Vd 1,000d 


where 


Iq=rated full load current 
d =armature diameter 


For large machines cy averages 0.12, so that 
rp! =1.2I gb 10-4/d per unit 


In conclusion, it is possible to evaluate 
R,’ with useful accuracy in accordance with 
these comments (taking 0.25 as an average 
value of p). If a machine has a usually 
high field leakage coefficient my, an accurate 
value for p may be essential. In this way 
it is possible to calculate not only the peak 
current, but also the corresponding armature 
electromotive force. This fact is of the 
greatest importance not only for circuit 
breaker protection, but for determining the 
maximum mechanical stresses. 


P. N. Ross (Westinghouse Electric Cor- 
poration, East Pittsburgh, Pa.): In con- 
trast with the large amount of data available 
on the short-circuit characteristics of a-c 
generators and simplified methods for the 
calculation of short-circuit currents in a-c 
systems, there has been little similar infor- 
mation available for those concerned with 
the design of d-c systems. The reason is 
that the field of application of d-c genera- 
tors has been relatively limited, and the 
need for such information, therefore, has 
not been as great. Nevertheless, in certain 
industrial, marine, and railway applications, 
when d-c systems are used, information on 
the short-circuit characteristics of d-c gen- 
erators is often necessary. This fact is par- 
ticularly true in regard to the proper ap- 
plication of protective devices. Frost’s 
analysis of the problem should prove very 
valuable in the design of such systems. By 
reducing the problem to one involving the 
determination and use of relatively few 
constants directly analogous to those which 
are well known in connection with a-c gen- 
erator short-circuit calculations, the author 
has made it possible to perform similar cal- 
culations on d-c systems in a practicable 
manner. 

In connection with the analogy between 
d-c and a-c machine constants, such as 
transient resistance, transient reactance, 
synchronous resistance, and synchronous re- 
actance discussed in the paper, it is worth- 
while to point out the following additional 
manner by which these quantities are inter- 
related. It is well known that when an a-c 
generator is short circuited, the suddenly 
induced increment in field current is always 
equal to the product of (Xq— Xq’) and the 
sudden increment in armature current. 
Thus, for zero fault impedance, the incre- 
ment in field current is (Xqg— Xqa’)/ Xa’ for 
a fault from no load. A similar constant of 
proportionality can be shown to exist be- 
tween the increment in field current and the 
increment in armature current for a short 
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circuit on a d-c generator. Referring to 
Appendix I of the paper, the increment in 
field current under short circuit can be 
found by subtracting the initial value of 
(1+ R,) from the peak value given by 
equation 20d. The results show that the 
field current increases by an amount equal 
to (R,— R,’) times the increase in armature 
current. This result also checks, of course, 
with the relationship between the short- 
circuit and open-circuit transient time con- 
stants as given in the paper. 

The constant of proportionality between 
the field and armature currents is also of 
value in connection with the determination 
of the over-all apparent field leakage coeffi- 
cient defined in the paper as x. Thus it can 
be shown that neglecting armature resist- 
ance the apparent field leakage coefficient 
is equal to the reciprocal of the per unit 
increment in field current. By this method 
a value of n equal to 0.5 was derived from 
the test curves in Figure 1. This value dif- 
fers considerably from that derived by the 
author from Figure 8, but agrees very closely 
with that which can be derived, using the 
author’s method and assumptions, from the 
peak field and armature currents in Figure il 

In view of the foregoing, it is apparent 
that the leakage coefficient is not actually a 
constant, but varies somewhat with arma- 
ture and field currents caused by variations 
in armature tooth and pole face saturation. 
Similarly, R, also must vary with armature 
current as well as field current, since it is 
dependent to some extent on the value of 7. 
Some idea of the variation of R, with field 
current can be obtained from Figure 4, where 
for 1.5 per unit field current, R, is seen to 
be equal to 0.375 per unit, based on the 
assumptions used in deriving equation 3 of 
Appendix I, namely, no saturation in the 
magnetic circuit of the field. Actually, it 
is evident that considerable saturation exists 
in the field circuit at 1.5 per unit field cur- 
rent. Consequently, it appears probable 
that instead of representing the no load satu- 
ration curve by an equation of the form 


=ty 


this equation should be changed to the 
form 


e; =i, —s(iy—0.8) 


as a closer approximation for values of field 
current above 0.8 per unit, where s is a 
factor taking into account saturation of the 
field circuit. 

Then, if R, is defined by an equation of 
the form 


€,=t,—5(ty—0.8) — Re(ta—th) — Rata 


the variations in the over-all leakage coef- 
ficient » with armature and field current 
can be avoided. 

Because of the close check between the 
calculated and test values of the transient 
current for external resistance, as shown in 
Figure 15 of the paper, it seems reasonable 
to assume that the method of analysis and 
the nature of the phenomena taking place 
in the machine, as described in the paper, is 
substantially correct, despite the variations 
in R, and n which have been noted. How- 
ever, while representation of the machine 
by a transient resistance, which will enable 
the effective determination of the output 
current and voltage under transient condi- 
tions, is sufficient for most purposes, it is 
essential that the actual phenomena in the 


Discussions 


machine acting to limit the current defi- 
nitely be known when calculating the short- 
circuit torques. The latter are determined 
by the actual net air gap flux and the arma- 
ture current. If the short-circuit current is 
limited primarily by the reduction in air 
gap flux, as described in the paper, the 
torque will be much smaller than if the 
current is limited by other phenomena, such 
as brush drop, wherein the air gap flux is re- 
duced only by the magnitude of field leak- 
age. 


G. E. Frost: The author is indebted to 
Linville, Ross, Harrison and Litman for 
generally adding valuable contributions to 
the analysis of the paper and to the theory 
of d-c short circuits. 

The principal difficulty relative to the 
analysis of the paper appears to reside in 
explaining the low peak short-circuit current 
as compared with the peak field current. 
The following factors have been mentioned 
in explanation of this effect: 


1. Apparent armature leakage flux caused by flux 
between the poles, which is a result of shifting of 
the neutral axis from coincidence with the pole 
structure, to some other position determined by the 
unsymmetrical saturation existing at the pole faces. 
This analysis is one way to visualize the leakage flux 
considered in the paper. 


2. Apparent armature resistance voltage drop 
caused by the abnormal increase in reactance volt- 
age (or brush contact drop) associated with satura- 
tion of the commutating poles. Linville describes 
this phenomenon in detail. 


3. Anapparently greater value of Re because of the 
apparent brush shift associated with sparking at the 
brushes. Harrison and Litman describe this effect. 


In addition, very great variations in the 
leakage flux coefficient, R,, or armature re- 
sistance, as armature and field current vary, 
might lead to an apparent inconsistency in 
the values of peak armature and field cur- 
rent. 

The analysis by Ross offers an opportu- 
nity conveniently to determine the effective 
values of the apparent leakage flux coeffi- 
cient and R, at the instant of peak current. 
Using the relation he derives for the ratio of 
increment in armature current to increment 
in field current, the following equation may 
be written: 


Aig=(R—Re’) Aig =| (Re+Ra] — 


(Re tRe)) MigRe/(1+n) (1) 


From equations 19 and 20, Appendix I, the 


following additional equation may be 
derived: 
n=(1/A1,—R,) Atg/ Air (2) 


From Figure 1, the value of Az, is about 5.7 
per unit for the machine described, and the 
value of Az; is about 1.7 per unit. From 
equation 2, the value of m is then 0.52 for 
0.02 per unit armature resistance, and 0.42 
for 0.05 per unit armature resistance (a 
value based on the effective machine resist- 
ance during steady state short circuit). 
Substituting in equation 1, the value of R, 
then is 0.45 at 0.02 per unit armature re- 
sistance, and 0.42 at 0.05 per unit armature 
resistance. 

It should be noted, however, that the 
values calculated above represent only the 
values at the instant of peak short-circuit 
current and do not indicate necessarily the 
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effective average values during the short- 
circuit interval. In the machine considered 
in the paper, for example, the value of R, 
based on Figure 4 (an average value repre- 
senting armature currents from one per unit 
to the peak value at one per unit field cur- 
rent) is 0.29 rather than 0.42 to 0.45, as cal- 
culated from the peak short-circuit current 
values. In fact, the slopes of the curves 
shown in Figure 4, corresponding to 4;=1 
and 77=1.5 at zero air gap flux, correspond 
toa value of R, of about 0.44, a valuein close 
agreement with the foregoing calculated 
values. Inasmuch as the curves of Figure 4 
are based on the test points actually indi- 
cated in the figure, this accuracy may be 
accidental. 

From the computed constants, it might 
appear that peak torque can be determined 
without reference to an exact value of ef- 
fective armature resistance. It can be 
demonstrated that this fact is not true by 
computing air gap flux from equation 3, Ap- 
pendix I (deleting the term R,i,and substi- 
tuting 7:=1) to give 
Fair gap =17— Re(ig —1) (3) 
Inasmuch as per unit torque is equal to per 
unit air gap flux times per unit armature 
current, 
T = ig(iy— Relig —1)) (4) 
Substituting the value of R,», as determined 
by equations 1 and 2, 


P=Reia’ (S) 


Hence the value of peak torque necessarily 
involves a determination of effective arma- 
ture resistance. 

At the time the paper was written, the 
author did not appreciate the significance of 
the steady state value of armature current 
as an indication of the effective armature re- 
sistance. From Figure 4, it is evident that 
when 7; equals zero a residual flux of about 
0.07 per unit exists, and the corresponding 
armature current flow is about 1.4 per unit. 
This value corresponds to an apparent re- 
sistance of 0.05 per unit, or about 2.5 times 
the value measured at standstill. Inasmuch 
as no significant sparking took place at this 
time (and hence commutation was on the 
neutral axis), this value of armature resist- 
ance substantiates Linville’s analysis that 
the increment of armature resistance associ- 
ated with brush contact drop (or reactance 
voltage) is substantial. 

If the value of apparent armature resist- 
ance is assumed constant at the value of 
0.05 per unit, and the apparent leakage flux 
coefficient is calculated from Figure 8 as 
described in the paper, the value of air gap 
voltage prior to opening the circuit is 0.18 
per unit, and the apparent armature leak- 
age flux coefficient is 0.42. The correspond- 
ing total leakage flux coefficient is 0.70, a 
value consistent with that calculated for the 
instant of peak short-circuit current, but 
sufficiently different therefrom to indicate a 
definite change in this coefficient with arma- 
ture and field current. 

In view of the preceding analysis, together 
with the analyses of the discussions, it is 
evident that the machine constants given in 
the paper should be revised. 

On the basis of available information 
the following characteristics seem most 
probable: 
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At the 
Instant of 
Peak Current 


Average 
During Entire 
Short Circuit 
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The suggestion of Harrison and Litman 
that apparent brush shift, as a result of 
sparking, accounts for a substantial pro- 
portion of the armature demagnetizing ef- 
fect in compensated machines requires that 
the statements of the paper be modified ac- 
cordingly. Under such circumstances, per- 
fect compensation would not prevent arma- 
ture demagnetizing effects. 

The value of yg, (Figure 9) should be 1.38. 

Linville’s use of the permeance factor p 
offers an attractive alternate method of con- 
sidering the performance of a d-c machine 
under short circuit. This method not only 
conforms more closely to physical realities 
in avoiding the purely artificial representa- 
tion of armature demagnetizing effect as a 
magnetomotive force, but also offers an op- 
portunity to evaluate peak current without 
the machine constants that have proved such 
a source of difficulty in connection with the 
analysis of the paper. It should be noted, 
however, that this method does not permit 
a direct analogy with the a-c machine and 
necessarily requires solution of a nonlinear 
differential equation to determine the com- 
plete short-circuit current curves. 


Pressure-Arc-Interruption 


Circuit Breakers for 400- 
Cycle Aircraft Electric- 
Power System 


Discussion of paper 46-13 by B. O. Austin, 
presented at the AIEE winter convention, New 
York, N. Y., January 21-25, 1946, and pub- 
lished in AIEE TRANSACTIONS, 1946, 
February section, pages 58-60. 


D. W. Exner (Westinghouse Electric Cor- 
poration, Lima, Ohio): The design of a 
successful main circuit breaker for the 208 
Y /120-volt 3-phase 400-cycle aircraft 
power system is an important factor in the 
growth of this system. Its designers are 
to be commended for having combined the 
important features of adequate rupturing 
capacity, high operating speed, confined 
arc space, and reasonaBle operating coil 
current values in a structure weighing only 
five pounds. 

One feature which should not be over- 
looked is the comparatively low operating 
coil current required. This factor is one 
which is important to the user and to the 
designer of associated control equipment, 
because it reduces the demand from aux- 
iliary control power sources and permits a 
reduction in size of contacts on control re- 
lays, thereby reducing the size and weight 
of the relays and associated wiring. Re- 
duced maintenance of relay contacts will 
result. 

The oscillogram shows that the arc is 
extinguished at the end of the first half 
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cycle. A large number of tests at both low 
and high currents has shown that this per- 
formance is characteristic of the device. As 
a result the contact erosion is very low and 
maintenance is reduced. 


Basic Design Principles for 
A-C Electric-Power 


Systems in Large 
Military Aircraft 


Discussion and author's closure of paper 46-3 
by C. K. Chappuis and Leonard M. Olm- 
sted, presented at the AIEE winter convention, 
New York, N. Y., January 21-25, 1946, and 
published in AIEE TRANSACTIONS, 1946, 


January section, pages 12-17. 


G. E. Sylvester (Consolidated Vultee Air- 
craft Corporation, Fort Worth, Tex.): 
During the past few years there has been 
considerable discussion among aircraft elec- 
trical engineers on the subject of the most 
suitable aircraft electric system, and many 
honest opinions exist. At the outset it 
must be realized that each particular air- 
plane presents peculiar problems as to size, 
location, and character of loads, service 
ceiling, and other factors. 

When operation of aircraft at high alti- 
tudes became a military necessity in1939 and 
1940, aircraft electric equipment available 
at that time was wholly inadequate. Test 
flights on airplanes, such as the B-24 Liber- 
ator, had to be terminated after only a few 
hours flying at high altitude because of 
brush failures on generators. As airplanes 
increased in size in order to carry loads for 
longer distances, continued operation at 
high altitudes became necessary. 

For extremely long range airplanes, the 
weight empty (total gross weight of the air- 
craft minus payload, fuel, oil, ammunition, 
and crew) becomes extremely critical. For 
example, the amount of fuel and oil required 
to carry a pound of weight empty may be as 
much as two pounds; that is, one pound of 
weight empty actually represents three 
pounds of gross weight. 

Since structural limitations and flight 
conditions define a maximum gross weight 
of the airplane, it is necessary to give 
all possible consideration to obtaining 
the least possible weight for the entire 
aircraft including structure and equip- 
ment. It has been estimated that ap- 
proximately 2,000 pounds could be saved by 
the use of a high voltage electric system on 
a large aircraft over what would be required 
if the conventional 28-volt d-c system were 
used. This weight is saved in all com- 
ponents, generators, distribution wiring, 
and load equipment. For example, a 16- 
horsepower motor geared down to an out- 
put speed of 3,600-rpm weighs 22.75 pounds. 

If large aircraft are successful in opera- 
tion, the maintenance troubles associated 
with present day d-c equipment must be 
reduced. By the use of squirrel cage induc- 
tion motors, commutator and brush prob- 
lems have been eliminated. When it is 
realized that there may be over 100 electric 
motors on a single aircraft, it is easy to see 
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that maintenance problems are reduced 
materially. 

The foregoing is only a brief elaboration 
as viewed by the aircraft electrical engineer 
on the discussion presented in the first part 
of the excellent paper prepared by the 
authors. The paper covers thoroughly the 
design objectives that are set forth to attain 
as foolproof an aircraft electric system as 
possible. The modern large military air- 
craft is dependent wholly upon the proper 
functioning of the electric system for its op- 
eration and accomplishment of its mission. 
The atuithors have presented those factors 
believed necessary to achieve the objective 
of a lightweight serviceable foolproof air- 
craft electric system. 


J. C. Cunningham (Westinghouse Electric 
Corporation, East Pittsburgh, Pa.): This 
record of system design criteria will be very 
helpful to engineers planning new aircraft 
power systems, and also to those who will 
be associated with the particular system 
described in the examples. In the interest 
of further clarification, there are several 
comments and questions I would like to 
address to the authors. 

It is stated that a particular system pro- 
vides a minimum of 90-per-cent nominal 
voltage during motor starting. This mini- 
mum should provide adequate motor start- 
ing torque. I would like to ask whether 
it should be considered a specific design 
objective, and whether this voltage is ade- 
quate for satisfactory operation of other 
equipment, such as fluorescent lights, radio, 
radar, and control devices. Under normal 
circumstances, a locked rotor condition 
would only persist for a fraction of a sec- 
ond; but, as the authors mention in objec- 
tive 6, the system is expected to withstand 
this condition for 30 seconds in the event of 
jamming of equipment caused by ice or 
mechanical damage. 

In the list of typical alternator character- 
istics, the negative sequence reactance is 
shown equal to the direct axis subtransient 
reactance. I would like to ask whether 
these two reactances actually were measured 
and found equal or merely were assumed to 
be equal, as is the case in most turbo-alter- 
nators or those which have connected 
dampers. Atleast one alternator design for 
aircraft service has nonconnected dampers, 
with the result that the negative sequence 
reactance is greater than the direct axis 
subtransient reactance. An inequality also 
will be found between the positive sequence 
resistance and either the negative or zero 
sequence resistance. In these cases the 
magnetic fields set up by negative- and zero- 
sequence currents produce losses in the 
damper windings and pole faces. 

A net saving in weight and greater flexi- 
bility in alternator control have been 
achieved by the use of a latched control re- 
lay between the fault protective relays and 
the breaker and exciter trip circuits by com- 
parison with direct tripping, as described in 
the paper. 

Will the authors clarify the term “any 
section of a feeder’ in design objective 2, as 
compared with “load area”’ in objective 3. 

Note that objectives 4 and 8, though de- 
sirable, are not accomplished fully by the 
system illustrated in Figure 1. 

Objective 10 does not appear necessary 
if requirements 2 and 3 are satisfied. 
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The observation that ‘‘there is little ad- 
vantage in backing up the d-c system” 
should be examined for any given system, 
in view of the critical nature of some of 
the devices which may be supplied from the 
d-c system. 


Leonard M. Olmsted: Preparation of this 
paper was started nearly two years ago. 
Even as the manuscript was being written, 
progress in the design of several experi- 
mental aircraft required further considera- 
tion of the principles and occasional modi- 
fication of the original thoughts. The 
authors finally concluded that, if this paper 
ever were to be offered to AIFE, it would be 
necessary to establish a deadline and record 
the basic principles as of that date. Modi- 
fications have continued and the a-c elec- 
tric power systems finally installed in air- 
craft undoubtedly will differ in some re- 
spects from the information in this paper. 
Motor starting depends upon the torque 
characteristics of the driven device, as well 
as of the motor itself. Generally speaking, 
however, if the motor terminal voltage can 
be maintained within ten per cent of nom- 
inal, there is little need for concern over the 
ability of the motor to start and come up 
to speed. Present indications are that a 
system designed to maintain 90 per cent 
voltage during the starting of all frequently 
started motors will maintain voltage suit- 
able for lights, radio, radar, and control de- 
vices at the more centrally located load 
busses which supply these devices. The 
few large motors, for which it may be diffi- 
cult to maintain this starting voltage, 
operate infrequently and justify special 
consideration to assure starting and coming 
up to speed at lower voltages. Lights, 
radio, and radar may be affected somewhat, 
but it is believed that infrequent disturb- 
ances can be tolerated, particularly as they 
are not likely to occur during combat. 
The objectives presented in this paper apply 
to the ability of the system to protect it- 
self against fault and retain the ability to 
carry load. At the time they were written, 
comparatively little specific information 
was available regarding the operating char- 
acteristics of the electric equipment. This 
information has become available during 
the development of designs following the 
predetermined objectives and eventually 
might be added to them when it becomes de- 
sirable to start a new design project. 
Cunningham’s comments in regard to 
alternator characteristics, alternator coen- 
trol, and d-c system storage batteries are 
typical of considerations requiring modifica- 
tion of the original objectives as actual design 
progresses. The” paper records the infor- 
mation available at the time it was written, 
but such improvements are being incorpo- 
rated in the aircraft electric systems 
wherever they are found applicable. 


By “load area” in objective 3, the authors 


intended to include both a second fault in 
any section of a feeder and a first fault 
in an adjacent section. Either of the 
feeders running downward from the central 
bus shown in Figure 1 illustrates this reason- 
ing. Assuming that the first fault occurs 
in and isolates one of the sections of the 4- 


circuit multiple portion of the feeder, with- 


out damaging any fuses except those re- 
quired to isolate the faulted section as re- 
quired by objective 2, then a second fault 
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occurring subsequently in the load area, 
either in a second section of the 4-circuit 
multiple portion or in the adjoining 3-circuit 
multiple portion, must clear at its own fuses 
without isolating either of the load busses. 
The requirements for this second fault are 
relaxed to the extent that other fuses may 
be damaged, but not blown. 

These same circuits shown in Figure 1 
serve to illustrate discussions of the com- 
ment that objections 4 and 8 are not ac- 
complished fully. While a fault on any of 
the busses at the extreme ends of the 3-cir- 
cuit multiple portions will isolate only the 
faulted bus, it is true that a fault on the 
busses where the 3-circuit multiple portions 
originate can isolate both the faulted bus 
and the load bus at the extreme end. This 
condition is not too objectionable, however, 
as the additional load dropped by the ex- 
treme end bus either is of secondary impor- 
tance or its operation depends upon a con- 
trol device energized by the faulted bus. 
Objective 10 is covered adequately by ob- 
jectives 2 and 3 for a system of the type 
shown in Figure 1, but was written to apply 
to other arrangements considered earlier 
in the development of the a-c system for 
aircraft. 

Sylvester’s discussion assists materially 
in presenting the basic reasons for the a-c 
electric power system. He makes it quite 
clear that weight economy in itself is ac- 
complished by the use of higher voltages, 
either direct or alternating, but that the a-c 
system affords the additional advantage of 
eliminating such problems as brush and com- 
muter trouble, which have necessitated 
frequent maintenance on present d-c equip- 
ment. 


Effect of Altitude on 


Ventilation and Rating 


of Aircraft Electric 
Machines 


Discussion and author’s closure of paper 46-15 
by Cyril G. Veinott, presented at the AIEE 
winter convention, New York, N. Y., January 
21-25, 1946, and published in AIEE TRANS- 
ACTIONS, 1946, February section, pages 
84-90. 


H. J. Braun (Westinghouse Electric Corpo- 
ration, Lima, Ohio): Figures 8 and 10, 
which show the effect of altitude on the 
temperature rise of fan-cooled and enclosed 
aircraft motors, were derived from tests on 
several motors rated at approximately one- 
third to three-quarters horsepower. Heat 
dissipation by conduction was minimized 
by using heat insulation material to isolate 
the motor from surrounding objects. 

Whether or not tests on a particular motor 
check these curves depends on a combina- 
tion of many things. For instance, how was 
the motor mounted, what is the ratio of 
heat dissipated by radiation to that dis- 
sipated by either free or forced connection, 
is the motor fundamentally an iron or cop- 
per motor, and how easily is heat conducted 
and transferred inside the motor? Any of 
these variables and many others may alter 
the final test results. 


AIEE TRANSACTIONS 


Heat conduction is not affected appre- 
ciably by altitude. If a motor is mounted to 
a good conducting surface whose tempera- 
ture would tend to follow the ambient tem- 
perature, the heat dissipated by conduction 
would increase with temperature rise. Thus 
at altitude the over-all temperature rise 
would be less than that shown on the curves. 

In very small fan-cooled motors, a large 
percentage of the heat is dissipated by radia- 
tion. Such motors would tend to have 
characteristics somewhere between those 
shown for. fan-cooled motors and those 
shown for enclosed motors. 

Fan-cooled motors having larger horse- 
power ratings than those from which these 
curves were derived would dissipate less 
heat by radiation and, therefore, would de- 
part from the curves shown. The tempera- 
ture rise would tend to be higher at altitude. 

The temperature rise curve of any par- 
ticular motor depends upon the design char- 
acteristics built into it and the particular 
set of conditions which surround it when it 
is tested. 

These curves were derived as an aid to 
judgment. In general, they have proved 
satisfactory for motors of 1!/2 horsepower 
and below. Each individual new design 
must be checked and its application made 
with consideration of the design’s limitations. 


D. E. Fritz (Westinghouse Electric Corpora- 
tion, Lima, Ohio): In making use of the 
principles outlined in this and Veinott’s 
previous paper,! closer co-operation between 
the air frame manufacturer and the electric 
accessory manufacturer than now exists will 
be necessary. In the design of an aircraft 
electric system, blast tube characteristics 
are as important as load charts, if the gen- 
erator is to meet requirements at the least 
cost in weight. 

Another factor that has not been suffi- 
ciently emphasized in specifications is the 
duty cycle of the machine with respect to 
altitude cycles. It has been general to state 
that for specifications for electric apparatus 
the machines shall operate satisfactorily at 
altitudes between sea level and 50,000 feet, 
although, as Vienott shows, unless the sea 
level temperature rise is relatively low, in- 
sulation life at 50,000 feet is considerably 
less than insulation life at 40,000 feet. In 
present airplanes, operation above 30,000 
feet occurs infrequently, and for relatively 
short periods. However, this is not recog- 
nized in the specifications. If a manufac- 
turer interprets the specifications literally, he 
must design a much heavier machine than 
would be necessary if he followed his ex- 
perience as to actual requirements. 

This premise is supported by the fact that 
in the past few years military specifications 
for aircraft electric apparatus have specified 
altitudes, first of 30,000 feet, then 40,000 
feet, and now 50,000 feet, with no increase 
in allowable weight. Manufacturers have 
made great weight savings by increasing the 
sea level operating temperatures of the ma- 
chines. Yet, each time they increased the 
temperature rise of the machines, they were 
deviating farther from the literal require- 
ments of the specifications, and reducing the 
high altitude life of the machines. It has 
been believed generally that the develop- 
ment of high temperature insulations would 
result in aircraft machines with higher out- 
put per pound. Unless a designer is famil- 
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iar with the principles outlined in Veinott’s 
paper, machines designed to use these high 
temperature insulations to obtain low weight 
are likely to have high sea level temperature 
rises, so that the temperatures at altitude 
may exceed the safe limits of high tempera- 
ture insulation, since, as Vienott shows, an 
increase in sea level temperature rise is 
multiplied when the machine operates at 
altitude. 

It is hoped that this problem will be recog- 
nized by both manufacturers and users of 
aircraft electric equipment, and that even- 
tually the constants of the blast tubes and 
the factors of time-altitude cycles, will be 
considered fully. The result will be aircraft 
electric apparatus that will be much more 
satisfactory, without unnecessary weight. 
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Cyril G. Veinott: Braun’s comments reflect 
the experience of a designer of aircraft 
motors. Fritz points out that the present 
tendency in writing specifications is to ask 
for more than the service actually requires, 
whereas electric equipment manufacturers 
tend to build to meet the requirements of 
the service, rather than meeting specifica- 
tions. The author concurs with Fritz in 
the hope that manufacturers and users of 
aircraft electric equipment will follow a more 
realistic engineering approach in the speci- 
fication, design, and application of electric 
machines for aircraft service. 


Application of the Betatron 
to Practical Radiography 


Discussion of paper 46-54 by J. P. Girard 
and G. D. Adams, presented at the AIEE 
winter convention, New York, N. Y., January 
21-25, 1946, and published in AIEE 
TRANSACTIONS, 1946, May section, pages 
241-6. 


G. W. Dunlap (General Electric Company, 
Schenectady, N. Y.): The authors of this 
paper have done a service to the Institute 
by bringing to its attention the important 
implications of the betatron. A _ great 
amount of development work on this device 
was carried on during the war under security 
restrictions, and the results only recently 
have begun to appear in print. In addition 
to this paper and those listed in the bibliog- 
raphy, a description of a 100-million-volt 
betatron or induction accelerator recently 
was published,! and an important improve- 
ment has been suggested.? 

The paper indicates that a 20-million-volt 
machine is the optimum size for two of the 
three present applications. This conclusion 
is open to question. It would appear more 
reasonable that the proper voltage level 
should be selected to fit the specific applica- 
tion, rather than that a compromise be ef- 
fected between the requirements of two such 
different applications as industrial radiog- 
raphy and medical therapy. 

For example, in the field of radiography, 
the requirements are maximum penetration, 
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maximum intensity, and maximum cover- 
age. Figure 10 of the paper shows that 
there is little change in penetration above 5 
or 6 million volts. While intensity varies 
exponentially with energy as stated, there 
is no doubt that comparable intensities can 
be produced by a machine of lower voltage 
than 20 million volts. Ih a smaller ma- 
chine, higher frequencies present no insur- 
mountable problem, and even liquid cooling 
can be included with an over-all saving in 
weight. 

It is on coverage, the third requirement, 
however, that a lower voltage machine has 
the greatest advantage. As the authors 
state, the useful X-ray beam emerges as a 
cone. The angle of this cone varies inversely 
with energy as follows: 
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It will be seen from this tabulation that 
in order to obtain the same coverage with a 
20-million-volt machine as with, for example, 
a 10-million-volt machine, it would be neces- 
sary to place the object approximately 2.4 
times as far away from the source. Since a 
point source of radiant energy is provided 
by this equipment, the well-known inverse 
square law holds, so that for equal coverage 
at a given intensity the rated intensity of 
the 20-million-volt machine would have to 
be 2.4 squared, or 5.8 times that of the 10- 
million volt machine. This amount, then, 
partially offsets the energy advantage of the 
20-million-volt machine, even at a fixed fre- 
quency, and, with an increase in frequency 
for the smaller machine, the entire opera- 
tional advantage of the 20-million-volt ma- 
chine disappears. 

In the field of medical therapy, the re- 
quirements are quite different. The most 
important consideration is the so-called 
depth dose relationship (reference 10 of the 
original paper). It is indicated that the 
depth dose relation is improving with in- 
creased energy as far as studies have been 
made. Therefore, it is quite probable that 
for medical therapy a machine of consider- 
ably higher energy than 20-million volts will 
be desirable; in fact, up to 50-million volts 
appears to be practical and advantageous. 

The third application for betatrons, ap- 
parent at the present time, is in the field of 
nuclear research. Here it has been found 
that very important nuclear reactions can be 
produced in the energy range of 50 to 100 
million volts, and a session of the recent 
American Physical Society meeting in New 
York was devoted to a description of some 
of these reactions. Some of these results 
have been reported,? which include the 
artificial production of mesons, as well as 
other very arousing reactions. It is inter- 
esting to observe that very many important 
studies are being made with the existing 
100-million-volt betatron,! and there ap- 
pears to bea wide field, which can be explored 
during the time that developments are pro- 
gressing, for the production of higher 
energies. 

In summarizing, one then might predict 
that the betatron will find its optimum use 
in at least three different sizes to meet the 
specific needs of the applications involved. 
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A Tunable Rejection Filter 


Discussion and author's closure of paper 46-23 
by R. C. Taylor, presented at the AIEE winter 
convention, New York, N. Y., January 21-25, 
1946, and published in AIEE TRANS- 
ACTIONS, 1946, May section, pages 263-7. 


A. R. D’Heedene (Bell Telephone Labora- 
tories, Inc., New York, N. Y.): The filter 
described by Taylor has considerable merit 
in its simplicity and in that it can be tuned 
readily to reject any particular frequency 
over a wide band. 

A point of considerable interest is the re- 
lation of the configuration of this filter to 
so-called conventional filter theory. By a 
consideration of general filter theory, it can 
be shown that Taylor’s configuration is a 
special case of one type of filter design. 

The term ‘‘conventional filter theory” is 
subject to several definitions. It is true, as 
the author states, that the usual type of 
filter is designed to use only reactance. In 
this type of filter, resistance is objectionable. 
However, the filter designer need not be re- 
stricted to circuits using only reactances. 
There are, in general, two types of filters. 
One type provides discrimination by the re- 
flection of energy back to the generator, 
while the other type provides discrimina- 
tion by the absorption of energy.* The 
filter described in the paper is a particular 
case of the type that absorbs energy. 

The general configuration for filters of the 
type described is a bridge circuit, the con- 
jugate branches of which contain networks 
having inverse impedances. As an illustra- 
tion consider a bridge-type circuit with high 
pass filters in each branch. Let these filters 
be terminated by matched loads at the far 
end. In one pair of opposite branches, the 
filters are to be midseries terminated, while 
in the other and conjugate pair of branches 
they are to be midshunt terminated. Since 
the filters are terminated by matching im- 
pedances, their input impedances will equal 
their image impedances. Finally, since the 
midseries image impedance is the inverse of 
the midshunt image impedance, the inverse 
impedance condition is satisfied. 

A consideration of these impedances ex- 
plains the performance of the bridge circuit. 
Above the cutoff frequency in the pass band 
of the high pass filters, both of the branches 
will have resistive impedances. Hence the 
bridge circuit will absorb frequencies in the 
pass band of the high pass filters. Similarly, 
below the cutoff, in the attenuating region of 
the high pass filter, the impedance of the 
midseries terminated filter will be a negative 
reactance while the impedance of the mid- 
shunt terminated filter will be a positive 


* See United States patents 1,724,987 and 2,043,345. 


490 


reactance. Hence the bridge circuit will 
transmit freely at frequencies attenuated by 
the high pass filters. The resulting bridge 
circuit constitutes a low pass filter in which 
the energy at frequencies above the cutoff is 
absorbed. 

An interesting feature of this type of struc- 
ture is that it can be designed to provide a 
constant resistance at all frequencies. 

The circuit described by Taylor may be 
considered a particular case of this general 
structure with the arms of the bridge con- 
taining band pass filters of a single branch. 
The terminating loads are provided entirely 
by coil dissipation. The band width of such 
structures will be inversely proportional 


to Q. 


R. C. Taylor: D’Heedene’s discussion of the 
two general types of filters is good, and 
properly classifies the rejection filter de- 
scribed in the paper as an absorption-type, 
where the absorption takes place in the in- 
cidental dissipation of the coils and capaci- 
tors. It is not necessary to consider the 
bridge arms as inverse networks or as filter 
image impedances, since the sufficient con- 
dition for a rejection filter is balance of the 
bridge. For instance, if a variable coil or 
variable capacitor is substituted for the 
series resonant arm, a narrow rejection band 
can be realized although, of course, not as 
narrow as that obtained with inverse net- 
works. 


A New Crystal Channel Filter 


for Broad Band Carrier 
Systems 


Discussion of paper 46-26 by E. S. Willis, 
presented at the AIEE winter convention, 
New York, N. Y., January 21-25, 1946, and 
published in AIEE TRANSACTIONS, 1946, 
March section, pages 134-8. 


V. F. D’Agostino (Western Electric Com- 
pany, Kearny, N. J.): It might prove of 
interest to supplement Mr. Willis’ paper 
with a brief glimpse of the effect this new 
filter had on the Western Electric Com- 
pany’s manufacturing operations. 

The mechanical design of the new filter 
offered a considerable number of advantages 
over the old type. To begin with, the funda- 
mental structure, including the container, 
was used as the basis for a standardization 
program in which Western Electric and Bell 
Laboratories engineers collaborated. This 
program was designed to reduce the variety 
of structures and piece parts and to simplify 
operations. Recognizing the manufacturing 
problems associated with the production of 
25,000 such filters per year, Mr. Willis ef- 
fected further economies by reducing the 
variety of coils required on all 12 filters toa 
single type having one inductance value. 
With a view toward using power-driven nut 
and screw drivers, the varieties of nuts and 
screw heads were reduced to three types, 
corresponding to three different assembly 
positions on our production line. Moreover, 
all process assembly and wiring operations 
were consolidated, as were all process elec- 
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trical adjusting and testing, enabling the use 
of a straightforward line of progressive as- 
sembly and testing. 

The use of sealed crystal units and the 
change to air-core coils permitted the as- 
sembly and wiring of the new filter outside 
the air-conditioned room previously re- 
quired. Moreover, the crystal containers 
gave added protection to the quartz plates 
during assembly and wiring operations. 

While these measures afforded inestimable 
relief during the war effort, they are proving 
to be almost equal in importance now in the 
face of the demands for communication 
equipment brought on by the reconversion 
period. 


R. W. Chestnut (Bell Telephone Labora- 
tories, Inc., New York, N. Y.): This paper 
by Mr. Willis brings to us information of 
another very important milestone reached 
in the progress toward better and cheaper 
filters which began over 30 years ago. In 
the design of this filter, it seems to me that 
Mr. Willis for the first time has taken full 
advantage of the high precision and the 
high stability which is inherent in quartz. 
I am sure that his paper will be of interest 
to all who have to do with the design and use 
of quartz crystal band filters and perhaps of 
other types of filters also. The filter is al- 
ready in extensive commercial use on im- 
portant long-distance telephone communica- 
tions circuits and its performance seems to 
be very good. 


Application of the Ohm 
and Mho Principles 


to Protective Relays 


Discussion and author’s closure of paper 46-38 
by A. R. van C. Warrington, presented at the 
AIEE winter convention, New York, N. Y., 
January 21-25, 1946, and published in 
AIEE TRANSACTIONS, 1946, June section, 
pages 378-86. 


W. R. Brownlee (The Commonwealth and 
Southern Corporation, Jackson, Mich.): 
The combinations of voltage and current, 
which can be used on the multipole induction 
cylinder elements as outlined by the author, 
give promise of even broader coverage of the 
transmission line relay protection field. 
Limitations of the mho units on shorter 
lines are readily apparent, and for these the 
author recommends the reactance relay, but 
suggests ‘‘applications to lines not subject 
to power swing conditions. ...” It is believed 
that this restriction well could be removed, 
since the shorter lines naturally result in 
more restricted relay zones and, therefore, 
less sensitivity to power swings if the start- 
ing unit of the reactance relay had a char- 
acteristic similar to the mho unit. With the 
polyphase starting unit used with present 
reactance relays, the mho characteristic is 
achieved only on 3-phase faults (and load 
current), Accordingly, the response of the 
relay for phase-to-phase faults and the de- 
gree to which the system voltage is col- 
lapsed varies over such a range that the re- 
lay must be made 11/2 to 2 times as sensitive 
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to 3-phase load current as would be neces-_ 


sary with mho type units. It is hoped that 
further developments will make it possible 
to take full advantage of the characteristics 
of reactance relays for shorter lines. 

One caution is desirable in considering 
the use of biased circle characteristics 
(Figure 7 of the paper) and memory action 
of the first zone of the relay, both of which 
may cause false tripping in the presence of 
load current if the potential supply is re- 
moved suddenly. The principal disad- 
vantage encountered in early distance relay 
applications was that of incorrect tripping 
caused by the corrosion of potential trans- 
former secondary fuses, loose fuse clips, and 
so forth. Since these conditions produce a 
very low voltage (but not zero voltage) on 
one of the relays, false tripping is inevitable 
unless a valuable part of the distance relay 
characteristic is sacrificed. Accordingly, 
several companies have replaced all second- 
ary fuses supplying distance relays with 2- 
pole or 3-pole air circuit breakers, which are 
more reliable than fuses in the first place, 
and which open all three phases of the po- 
tential supply at once. False tripping thus 
is avoided if the relays themselves will not 
trip when all three phases of the potential 
supply circuit are opened suddenly. 

The use of auxiliary relays responding to 
the time sequence between operations of 
different impedance zones has its limitations 
in preventing incorrect operations on power 
swings, particularly since these are not 
smooth, but are influenced by oscillations 
between generators on the same side of a 
long system tie line. Where a carrier current 
channel is used, the line may be made prac- 
tically immune to swings which do not re- 
sult in actual out-of-step conditions. A 
number of system stability analyses have 
shown that slight restrictions in coverage of 
zone 1 of back-up distance relays will pre- 
vent false operation, but that many swing 
conditions would result in tripping by zone 2 
of the back-up relays. Since primary de- 
pendence is placed on the carrier current 
tripping for internal faults (and on bus pro- 
tection for bus faults), zone 2 may be made 
inoperative when the carrier current pro- 
tection is in service, either by normally dis- 
connecting these elements and cutting them 
in service with the same switch which cuts 
out carrier current tripping, or by a simple 
auxiliary relay to block zone 2 tripping in 
the absence of a carrier current signal. 


Eric T. B. Gross (Illinois Institute of Tech- 
nology, Chicago, Ill.): Looking back some 
25 years, when the first impedance relays 
appeared on the market, it is apparent that 
we have made great progress in the art of 
designing distance relays to fit any charac- 
teristic desired—ohm or mho, impedance 
or reactance, and combinations of arbitrary 
choice. We have learned to apply the dis- 
tance relays in the field of systems protec- 
tion and to take care of all the faults in- 
volving more than one conductor of the 3- 
phase circuits. If we recall that on the 
average 20 per cent of all faults are of the 
kind mentioned (invelving more than one 
conductor), we can say proudly that we 
cover 100: per cent of these faults where dis- 
tance protection is in use. However, what 
about the remaining 80 per cent of all faults, 
the single line-to-ground faults? 

Here, we do not seem to have been equally 
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successful; as a matter of fact, distance re- 
lays have been applied for the protection 
against single line-to-ground faults in but a 
few systems. In other words, our high 
powered schemes of distance protection, 
though extremely efficient, only apply to the 
minority of faults, and we still are using the 
old idea of inverse time relays to protect 
against the faults which occur most fre- 
quently. It is somewhat puzzling that most 
of the money is spent for the protection in- 
volving about 20 per cent of all faults, and 
only a small amount to cover the remaining 
80 per cent which are the single line-to- 
ground faults. Would it not be wise to dis- 
tribute the money in a different way? 

Both the types of distance relays required 
and the theory about their proper external 
connections to instrument transformers have 
been developed and are available. Perhaps 
the next 25 years will bring us the practical 
applications of these developments, and with 
them the solution to the whole problem of 
distance protection. 


A. R. van C. Warrington: The author thanks 
Brownlee and Doctor Gross for their inter- 
esting discussions. Brownlee pointed out 
that the application of the reactance relay 
could be extended in the direction of longer 
lines if the starting unit were modified to be 
apure mhounit. This is true but not neces- 
sary, however, because there is already a 
more than adequate overlap of the ohm and 
mho type distance relays (see Figure 1 of this 
discussion). Furthermore, the advantages 
of the mho unit have been shown in the 
paper to be such as to make it more desirable 
to extend the application of the mho unit to 
shorter lines rather than apply the (react- 
ance) ohm unit to longer lines. 

Brownlee called attention to the tendency 
of the mho relay to trip on load current if 
the secondary potential supply fails. All 
distance relays tend to trip if the potential 
supplied to the relay is reduced accidentally 
to a value which, in relation to the load 
current, represents an ohmic value within 
the setting of the unit. It generally is con- 
sidered preferable to connect distance relay 
potential circuits around the fuses directly 
to the potential transformer circuits. 

Where fuses are used, the potential with 
one blown fuse will be normal across one 
phase pair and half normal across the other 
two, and the mho relay will trip on a load 
current of four amperes if the ohmic setting is 
above 115/2./3X1/4=8.3 ohms phase to 
neutral. The memory action does not affect 
this condition, but an offset mho unit will 
trip on a lower value of current or ohmic 
setting because of its additional torque 
caused by current alone. Brownlee advo- 
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cates the use of circuit breakers instead of 
fuses. This is a very good solution if the 
circuit breakers have suitably interlocked 
contacts in the trip circuit. The only other 
solution known to the author is to use in- 
stantaneous overcurrent units in series with 
the distance relays, as has been done for 
many years. This practice, of course, is 
only possible where the fault current is al- 
ways above load current. 

Where the power swing is so severe that 
the impedance presented to the relay enters 
the second zone mho circle, it is customary 
to use a blinder ohm unit to limit the trip- 
ping to the fault zone. Brownlee pointed 
out that, where carrier blocking is used, the 
second zone time-step can be eliminated be- 
cause the carrier tripping extends to the end 
of the section, and this may be done by the 
same switch that cuts out carrier tripping. 
In the first zone the distance trip operates, 
backed up by the carrier trip. In the end 
zone of the section, tripping is by carrier 
with second zone t:me trip as back-up. Any 
tripping on external faults is done by the 
time delay distance steps if the breaker in 
the next section does not trip instantane- 
ously. 

Doctor Gross says that phase relaying has 
made great strides in speed and selectivity, 
whereas ground relaying is still in the time- 
overcurrent era, although most faults are 
ground faults. It is true that no ground 
relay unit corresponding to the mho unit 
has been developed yet, but the standard 
reactance distance relay can be used just as 
successfully for ground faults as for phase 
faults, and, of course, good protection 
against all faults can be secured by the addi- 
tion of carrier. For some unknown reason, 
however, very few companies use distance 
relays for ground faults. They are used 
widely abroad, the same relays normally 
being connected for phase faults and 
switched to ground fault connections on 
single-phase ground faults only. The 
Kansas Gas and Electric Company is the 
outstanding user of complete phase and 
ground distance protection in the United 
States. 


Air-borne Radar for 
Navigation and Obstacle 
Detection 


Discussion of paper 46-48 by R. C. Jensen 
and R. A. Arnett, presented at the AIEE 
winter convention, New York, N. Y., January 
21-25, 1946, and published in AIEE 
TRANSACTIONS, 1946, May section, pages 
307-13. 


L. V. Berkner (Carnegie Institution . of 
Washington, Washington, D. C.): In this 
discussion I should like to emphasize four 
points to aid in assessment of the future of 
air-borne radar. 

In the field of navigation, observation on 
a single fixed target or radar beacon can 
establish uniquely the position and move- 
ment of an aircraft in space. Other types 
of navigational devices do not provide this 
absolute information as precisely or as 
quickly from a single point. A radar obser- 
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yation on a single point is all the information 
needed to establish any ground track or 
flight path. 

To utilize radar information efficiently 
and effectively, a computer is required. 
With a computer, automatic flight over any 
predetermined track within horizon range of 
the radar beacon or reference point is en- 
tirely feasible. Air-traffic control problems 
certainly can be simplified by radar. Prob- 
lems of air spacing, stacking, and close 
landing order can be solved to a greater ex- 
tent than heretofore with radar methods. 
Crowding and channelization of air traffic 
can be eased when ground tracks need not 
be confined to narrow channels as at 
present. 

Radar differs from ordinary vision or 
from beaconry by providing exact range. 
There is a tendency to believe that a tele- 
vision picture would be ideal. I believe, 
in contrast, that carefully computed and 
presented desired information ultimately 
will prove the more important, for radar 
provides more than simple vision. ; 

It is not essential that an airplane carry a 
high powered radar to get all possible radar 
information. Radar information can be 
relayed to an airplane equipped with a 
lightweight radar receiver, making available 
the selected output of one or more powerful 
radars strategically located on the ground or 
in other aircraft. Figure 1 demonstrates the 
possibilities in this regard. When receiving 
such a picture, simple radar beacons on the 
airplanes can serve to locate uniquely the 
plane itself or other aircraft on its map. 


Co-ordinated Electric Drive 
for a Rubber Calender Train 


Discussion and authors’ closure of paper 46-56 
by K. W. John, G. W. Knapp, and W.A. 
Mosteller, presented at the AIEE winter 
convention, New York, N. Y., January 21-25, 
1946, and published in AIEE TRANSAC- 
TIONS, 1946, March section, pages 128-34. 


John Grotzinger (Goodyear Tire and Rubber 
Company, Akron, Ohio): As an electrical 
engineer connected with the rubber industry, 
J am very much gratified to see an important 
co-ordinated rubber mill drive made the 
subject of a paper, and I want to congratu- 
late the authors for performing a very fine 
job. Unlike the steel and paper industries 
which have similar electrical problems, that 
are discussed freely by their engineers to the 
great benefit of the industries named, we in 
the rubber industry have worked behind 
closed doors too long. I hope that this paper 
will “break the ice’”’ and be the forerunner of 
other application papers in the near future. 
I readily agree that the calender train de- 
scribed has many advantages over one in 
which the auxiliaries are driven mechanically 
from the calender proper. The whole plan 
concerning the selection and grouping of 
drives and automatic features controlling 
acceleration and deceleration, the control 
of tension, as well as arrangement of central- 
ized and local operator’s control stations, is 
well chosen and entirely practical. However, 
these advantages only will be realized if a 
maintained demand for the product makes 
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Figure 1. 


possible continuous production at high 
speed. Comparatively few rubber mills 
enjoy these favorable conditions. I do not 
mean to say that the train described cannot 
be started and stopped easily, where fre- 
quent changes of specifications make this 
necessary, but rather that the actual hourly 
or daily production will be very much lower 
than optimum production unless uninter- 
rupted speed can be maintained over pro- 
tracted periods. 

The industry is not entirely of one opin- 
ion on the relative merits of coating the 
fabric simultaneously on both sides on a 4- 
roll calender, or coating it successively on 
one side and then on the other on a train 
of two 3-roll calenders. However, a 2- 
calender train, incorporating all the essential 
features outlined in this paper, could be 
arranged without serious difficulties. 

I would like comments from the authors 
on the following points: 


J. Details on the screw-down motors and control. 


2. Is the control of gauge of the coated fabric 
manual or automatic? 


3. What is the coasting distance, measured on the 
surface of the calender roll, when making an emer- 
gency stop with the calender running idle at a speed 
of 60 yards per minute? 


V. O. Johnson (United States Rubber 
Company, New York, N. Y.): In the 
design of complex control equipment such 
as this drive, the designer always has 
the choice of several alternate systems. I 
have noted that one of these alternates is 
the possibility of using booster control to 
regulate tension in the central auxiliaries 
group of the calender train. The system 
described in the paper makes use of field 
control for this purpose. There are several 
advantages to using booster control accom- 
panied by some increased cost. Tension in 
a fabric is proportional to the torque it 
exerts on a constant diameter roll, and hence 
is proportional to the product of armature 
current and flux in the driving motor. Con- 
stant tension thus is attained by holding 
constant armature current and flux. By us- 
ing booster control, armature current regu- 
lation is obtained without altering the field 
excitation. With field control it is neces- 
sary, in one instance, to compensate for the 
change in flux at low speed by regulating at 
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Simultaneous photographs of a PPI (plan-position indicator) scan before relay of ra- 
dar information at 100-mile range (left) and after relay of radar information at 80-mile range 


(right) 


Note direct comparison of shipping and other targets showing no loss in relay link transmission 


a different value of armature current from 
that at top speed. Continuously running 
boosters will maintain tension in the fabric 
for short shutdown periods. With field 
control, armature voltage is removed from 
the motors at shutdown. 

Another point where an alternate design 
might be considered is in the entry auxil- 
jaries. There, in place of regulating the reel 
motor armature current to maintain tension 
between the reel and the pull rolls, the pull 
rolls motor armature current might be regu- 
lated. Since the pull rolls have a constant 
diameter and the motor a constant field 
excitation, the regulation problem is simpli- 
fied somewhat. Although the pull rolls’ 
speed is controlled by the position of the 
festoon, the control of tension can be at- 
tained through automatic adjustment of the 
reel speed. JR drop compensation to main- 
tain the reel motor generated electromotive 
force accurately proportional to the surface 
speed of the fabric would not be required. 

These remarks are meant, if possible, to 
contribute some ideas to this control system 
which is already rich in clever applications 
of the latest knowledge of electric control 
possibilities. The authors have given a great 
deal of thought to the design of this control 
with special emphasis on its application to 
the needs of the rubber calender operator, 
his safety, and the protection of the machine. 
For that reason, the authors are to be con- 
gratulated on this fine paper. 


K. W. John, G. W. Knapp, and W. A. 
Mosteller: As Grotzinger has pointed out, 
the benefits of this equipment can be real- 
ized to the fullest measure, only if continu- 
ous production at high speed is required. 
However, electric drives with comparable 
control are being used on calenders making 
all kinds of products at various speeds, with 
substantial improvements in the perform- 
ance achieved. The flexibility of operation 
and ease with which new arrangements can 
be made, that are inherent in this type of 
drive, are outstanding performance features 
when making a multiplicity of products. 

A drive of this type, consisting of an entry 
let-off, two 3-roll calenders in tandem, and a 
delivery windup, has been in operation for 
approximately two years. It serves many 
purposes in one of the smaller rubber proc- 
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essing plants, and it has made a fine record. 
In answer to Grotzinger’s specific ques- 

tions, we wish to offer the following: 

1. The screw-down motors may be operated in- 

dividually or in pairs at the choice of the operator 


by push button control. When operated in pairs, 
the motors are tied together by a selsyn circuit. 


2. Gauge control is manual, with indicating in- 
struments provided for the operator, showing the 
gauge of both the top and bottom coatings on the 
right side and left side of the fabric. 


3. When making an emergency stop with the 
calender running idle at a speed of 70 yards per 
minute, the stopping distance is calculated to be 45 
inches, without the effect of friction included. Ina 
short time, tests will be made to verify this calcula- 
tion, 

Boosters may be used, as pointed out by 
Johnson, to simplify the control for the 
central auxiliaries. Actually, the resulting 
simplification is not of material advantage, 
and the first cost is higher. His remarks 
regarding an alternative design for the entry 
auxiliaries are very interesting. Such a 
system was not considered by the authors in 
designing the present equipment and first 
consideration indicates that it might have 
considerable merit. In our opinion, before 
it should be applied, the complete electro- 
mechanical system should be studied for its 
stability characteristics, to make sure that 
there is nothing in it which would have a 
tendency to produce hunting. 


Technique of Electrical 
and Hydraulic Testing 
of Hydroelectric Units 


Discussion and authors’ closure of paper 46-70 
by G. D. Floyd and J. J. Traill, presented at 
the AIEE winter convention, New York, 
N. Y., January 21-25, 1946, and published 
in AIEE TRANSACTIONS, 1946, March 
section, pages 163-9. 


H. R. Sills (Canadian General Electric 
Company, Ltd., Peterborough, Ontario, 
Canada): Mr. Floyd, surprisingly, has 
omitted from his paper an item on which 
he is well qualified to write, that is, 
temperature tests. For some reason, it 
is customary to take loss tests at a num- 
ber of points from zero to over full load 
and from zero to over rated voltage, and 
work up the efficiency over this range even 
though the losses at part ratings can be 
approximated closely from those at rated 
conditions. It is also customary to take 
rated voltage (saturated) reactances and 
rated current (unsaturated) reactances. 
Yet, it is not customary to take zero and 
part load temperature tests, though these 
data cannot be estimated, and such tests 
can be made with a small increase in the 
total time required for the test. In the 
majority of cases, there is a net saving in 
time, for in practice, it is usually necessary 
to resort to considerable tap changing and 
system shuffling to approximate rated load 
conditions. This rearranging can be avoided 
if several runs are made at available condi- 
tions, and rated load conditions interpolated 
from these curves. This procedure should 
be an accepted method in the test code. 
Figure 1 is a record of a test made at zero, 
three-quarter, and full load on the stator, 
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Figure 1. Sustained 
temperature rises of 
a 15,000-kva 0.9- 
power factor 150- 


rpm 12,000-volt ° 
generator at zero, I 
three-quarter, and 2% 
full load (tests < 
made at 12,800 5 
volts and plotted < 
againsta base of per 
unit rated kva 2 
squared for the *° 


stator, and per unit 
rated excitation for 
the rotor) (0) 


but a considerable overload on the field as 
the station voltage was high. The tempera- 
tures are plotted against the square of the 
load as the curves are essentially straight 
lines on this base. Some variation in volt- 
age at rated kilovolt-amperes does not af- 
fect the stator temperature appreciably, but 
does make an appreciable difference in the 
field temperatures. However, when the 
field temperatures are charted against the 
square of the rated excitation, it is an easy 
matter to pick off the temperature rise at 
rated load. 

This curve is always of use. Any in- 
crease in temperatures caused by fouling of 
the machine can be followed readily at its 
operating load, and so provision for load ad- 
justment or cleaning may be made in ample 
time. 

It also is desirable to take the temperature 
over the whole heating period for each in- 
cremental increase in load, as this record 
gives the thermal time constant of the ma- 
chine, which may vary from 15 minutes to 
an hour, depending upon the losses, mass, 
and ventilating characteristics of the ma- 
chine. The temperature of a machine at 
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Figure 2. Test temperature rise readings of a 
15,000-kva 0.9-power factor 150-rpm 12,000- 
volt generator at zero, three-quarter, and full 
load plotted against time (shows method of 
obtaining the thermal time constant) 
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any time after a sudden increase in load is 
approximately 


(AEA CI Me 
where 


T:=sustained temperature of the increased 
load (from Figure 1) 

T,=sustained temperature of the initial 
load (from Figure 1) 

tp = thermal time constant 

t=time in same base as the time constant 

€=2.718 


These data are often of value in calculating 
permissible overloads from various base 
loads. 

Figure 2 shows the temperature rise of a 
machine taken during a zero, three-quarter, 
and full load heat run, and the method of 
determining the thermal time constant. 

Another time factor that should be deter- 
mined is the rate of temperature rise of an 
enclosed machine with the cooling water 
shut off, so that the operator may know the 
safe time that the machine may be operated 
without cooling water. 

The same data should be secured on the 
bearings with the water shut off. These 
data are defined best as a rate of rise 
rather than a time constant, because 
failure occurs before a stable condition is 
reached. 


G.D.Floydand J. J. Traill: Mr. Sillshasraised 
a point of some importance regarding the 
temperature test. This test is made almost 
universally by loading the unit under test on 
the system. System conditions usually must 
be taken as found. Asa result interpolation 
later becomes necessary, and the inter- 
polated data may not have a sound basis. 
If the actual temperature rise is approaching 
the guarantee, as many elements of inac- 
curacy as possible should be removed. Al- 
though the result obtained by the method 
suggested by Sills also is interpolated, it has 
a sound basis and should be considered when 
a revision of the test code is made. The 
method has been used on acceptance tests 
of two units purchased by the commission, 
the results from one of which have been 
used as an illustration in Sills’ discussion. 
Use of this method of testing in the future 
will determine its suitability. It would ap- 
pear to be very suitable for the enclosed 
water-cooled type of generator. The only 
objection that appears is that a test made in 
this manner usually would take more time 
than the standard test. 
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Amplifying the suggestion in the paper 
that it is desirable to widen the scope of the 
tests as much as possible, an example is sub- 
mitted of a case where the additional in- 
formation gained thereby later was found to 
be very valuable. In 1936, in tests of a 
group of 66,000-horsepower units in the 
Abitibi Canyon plant in Northern Ontario, 
as one of the units, separated electrically 
from the other units, was carrying a steam 
boiler load, the opportunity presented itself 
to make tests on this unit at speeds varying 
by ten per cent above and below normal. 
The information was of some use in con- 
nection with the plant at which the turbine 
then was installed, but later proved to be of 
great value. During the war, to meet an 
urgent need for power in the Niagara dis- 
trict, this particular unit was moved from 
the Canyon where the head is 240 feet to 
DeCew Falls where it is operating now 
under a head of 268 feet. The results of the 
variable speed tests proved to be very valu- 
able in determining the operating character- 
istics of the unit under the higher head. 


A B-H Curve Tracer for 
Masgnetic-Recording Wire 


Discussion and authors’ closure of paper 46-30 
by T. H. Long and G. D. McMullen, pre- 
sented at the AIEE winter convention, New 
York, N. Y., January 21-25, 1946, and pub- 
lished in AIEE TRANSACTIONS, 1946, 
March section, pages 146-9. 


H. A. Leedy (nonmember; Armour Research 
Foundation, Chicago, Ill.): It has been very 
gratifying to learn about the development of 
an instrument of the type described by Long 
for measuring the magnetic properties of 
recording wire. The Armour Research 
Foundation especially is interested in such 
an instrument because in recent weeks a set 
of specifications on recording wire has been 
drawn up by a committee formed from a 
group of industrial organizations working 
with the foundation on magnetic recording. 
Such an instrument appears to be suitable 
for determining whether or not a given wire 
meets the magnetic specifications. 

Weat the foundation have developed a 10- 
kilocycle hysteresis loop tester, but this has 
been found somewhat unsatisfactory be- 
cause of difficulties in correlating results 
obtained from this test unit with those ob- 
tained with a d-c permeammeter. This 
lack of correlation may be caused by an 
uneven flux distribution in the wire result- 
ing from 10-kilocycle eddy currents. 

Long and McMullen apparently have 
gone to a 200-cycle hysteresis loop tester to 
obtain a better correlation with d-c perme- 
ammeter measurements. I would like toask 
the authors whether or not they have been 
able to correlate their results with those ob- 
tained from a d-c permeammeter. 

In addition, since a 60-cycle frequency is 
so much more readily available than 200 
cycles, I would like to ask the authors why, 
in the design of their test equipment, they 
did not use the readily available 60-cycle 
source. Obviously, this usage would mean 
lower voltages induced in the B coil and 
hence require greater amplification, but 
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perhaps the authors have their reasons for 
using the 200-cycle frequency in addition to 
the above. 


T. H. Long and G. D. McMullen: In the 
development of the B-H curve tracer, our 
first experiments were made at 60 cycles 
with a rather crude setup. Our conclusion 
from this test was that such equipment for 
60-cycle operation would either be imprac- 
tical or very difficult on account of hum. 

Fortunately (or unfortunately), audio fre- 
quency was almost as readily available to 
us for this purpose as was 60 cycles, since we 
had access to a 75-watt power amplifier. It 
looked as though the job would be at least 
eight times as easy at 500 cycles as at 60 
cycles. 

A rather scattered 500-cycle equipment 
was experimented with and found to operate 
satisfactorily, but in order to get the maxi- 
muti excitation we had to go to 200 cycles, 
evidently on account of eddy current loss 
in the magnetizing coil. This equipment 
then was built into a single unit with a few 
minor changes that had been indicated by 
experience. 

We never experienced, at any time after 
establishing a ring sample calibration for the 
equipment, lack of reasonable correlation 
between hysteresis loop measurements and 
permeammeter measurements from other 
laboratories. For agreement to exist be- 
tween measurements at different peak mag- 
netizations, the coercivity force of the wire 
must be less than about 40 per cent of the 
lesser peak magnetizing force. The caption 
of Figure 4 in the advance copies of the 
paper was in error on this point since the 
right-hand loop almost certainly is not 
saturated. 

In Table I of this discussion Hci denotes 
the intrinsic coercivity force, that is, the 
magnetic field strength required to reduce a 


sinusoidal field the ratio of magnitudes of 
the 90-degree lagging component to the in 


phase component of flux is 


(ber y: ber’ yi t+bei »: bei’ 1) + 
(ber y; bei’ y:—bei y: ber’ 91) (1) 


in which y, is the product 0.713 times the 
cylinder radius in inches, times the square 
root of the quantity (permeability times 
frequency in cycles per second, divided by 
resistivity in microhms per centimeter cube) ; 
ber and bei are the Bessel functions defined 
by the series 


ber y=1—~y*/2?42-+ y8/22426282—.... 
bei y= y2/2?—y8/2?462+ .... 


and ber’ y and bei’ y are the first derivatives 
of those functions. 

Such an equation, of course, assumes con- 
stant permeability, and a permanent magnet 
material in a saturating a-c field has a per- 
meability that is anything but constant. It 
would seem, however, that an estimation 
of the maximum possible effect of eddy cur- 
rents could be obtained by taking as the 
permeability the maximum value of what is 
called the differential permeability, by meas- 
uring the maximum slope of the saturated 
hysteresis loop in permeability units. 

So, if we take the left hand hysteresis 
loop of Figure 3 of the present paper as 
representative of the maximum differential 
permeability encountered in stainless steel 
wire of good recording quality, we find that 
the maximum value of the differential per- 
meability is about 40. It might be explained 
that the right hand loop of that figure is not 
representative of good wire, and that the 
maximum differential permeability of wire 
according to the new wire specification that 
Doctor Leedy refers to is around 10 to 20. 
The resistance of such wire is around 40 
times that of annealed copper wire, so that 
the ratio of lagging to in phase flux should 


Table |. Comparison of Magnetic Measurements 


Hysteresis Loop Measurements by B-H 
Curve Tester 


Permeammeter Measurements 
From Other Labs 


Sample At 500 Oersteds At 750 Oersteds At 500 Oersteds 

Number Hei Br Hei Br Hei Br 
DBT Nas mrcrei aie 295 iat scion 1,860 SPAS rs te 1,860 O25 Pees 1,800 
205 aansge Sica aster col bat see aes DAO We Fak CW Roun ceeee OID is ea, aac Oa ene ve 400 
BOO). ecevctotantesne as ZOD ent eeocne 2480) Sosorrds 210s ea oe 2,480 (OOF en eee 2,100 
BO Lees aye che sve 190. cate are SuLSO Meo cet BOS: rersuncsuy 3,180 (2204 or eitin tee 2,900 
Boe veg ae oases $90c% SR aes 2640 eae toa 205 ase ee 2640 sacle iavane B2Ocs ais ae 2,300 
B33) eet Orne: QOS Gd oe 2,710 208 Sane tee 2,710 EL LOO Rear: 2,200 
2 a err eS a  BAa Ot & tae 235 Vestas DBIUSOpecehe es 236 Pio tees 2,461 


* Measured at 1,000 oersteds at Armour Research Foundation. 
on a different piece, but from the same spool of wire. 


saturated total induction to zero intrinsic 
induction. This is inevitably the coercive 
force read on a B-H curve tester if the bal- 
ance control is set to produce a straight 
horizontal line with no sample in the detec- 
tor coil. 


UNEVEN FLUX DISTRIBUTION AT 10 
KILOCYCLES 


It hardly seems possible that the correla- 
tion difficulty encountered at 10 kilocycles 
could be the result of that uneven flux dis- 
tribution in 0.004-inch diameter stainless 
steel wire, caused by eddy current in the wire 
itself. In equation 5 of the appendix of the 
companion paper,! it is shown that for a long 
magnetic cylinder magnetized axially in a 
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This was undoubtedly a measurement 


be the same as for a copper wire of the same 
diameter. 


For a wire diameter of 0.004 inch and a © 


frequency of 10 kilocycles, the value of 
will be around 0.1066. For values of 7:<0.2, 
equation 1 can be evaluated to about four 
significant figures by using the first term of 
each of the appropriate series, so that the 
ratio of the 90-degree lagging component to 
the in phase component is y,?/8. Evaluated, 
this is 0.00125 and 0.005 for y, =0.1 and 0.2 
respectively. 

The ratio of the in phase component at 
the center to the in phase component at the 
surface is 


(ber 0) /(ber? y,;-+ bei? y,)'/2 
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This term can be evaluated as the foregoing 
to equal 


(1 —4/64)/(1+,1/32) =1—3y,4/64, when 
W1<0.2 


It should be understood, of course, that 
it is possible for eddy currents in other 
parts of the magnetic circuit to cause the 
flux through the coil to lag up to 45 degrees 
behind the magnetizing current in the coil. 


MAGNETIZING Cort DESIGN FOR 10 
KILOCYCLES 


When this project of magnetizing coil de- 
sign was undertaken, it simply did not oc- 
cur to us to think about it in terms of any- 
thing less than about 1,500 ampere turns 
per inch peak magnetizing force on a con- 
tinuous basis. It is at least theoretically 
possible to obtain this magnetization at ten 
kilocycles without water cooling the coil, 
but rather awkward as a little calculation 
will show. 

For instance, equation 6? can be written 


Qmaa(144 R,/Ra-N2)'/4 
=2(Re/Rac) *(3/N)'7? (2) 


where 


a@=conductor thickness in inches 

D=radial depth of copper in winding in 
inches 

Nv =number of layers in winding 

m =0.505(uf/p)'/* 

f =frequency in cycles per second 

w=fictitious permeability (<1) to account 
for end effect 

e=conductor resistance in microhms per 
centimeter cube 

R.=Rac— Rac, or the increase in resistance 
due to eddy currents caused by the 


axial field 
Since N=D/,, this substitution can be. 
made in equation 2 so that 
2maa2(Re/Rac)'/*(8a/D)'/? (3) 
«@=11.8(R./Rac)'’p/pfD  N>5 (4) 


When layer thickness is the independent 
variable, total losses are a minimum for 
R./Rac=0.338 approximately. Then, as- 
suming D=1, n»=1 (this ignores end effect), 
f=10,000, and p=2.0, the layer thickness 
is found to be 0.00136 inch. Several of our 
approximations have contributed to making 
this value too small and the layer thickness 
should be at least 0.0015, but certainly less 
than 0.002 inch for minimum loss. Taking 
the former value and allowing 0.0003 inch 
for layer insulation, the radial depth of the 
winding will be 1.2 inches. A 670-turn spiral 
winding having one turn per layer of 0.0015- 
inch thick copper foil is assumed at this 
point as a possibly practical interpretation 
of the mathematics. Equation 2 does nct 
take into account the extra eddy current 
loss at the ends of such a coil caused by 
radial field, but this loss will be substantially 
independent of layer thickness and so does 
not influence the problem, although it may 
burn up the coil. 

The voltage across such a winding for 
any given peak magnetizing force and fre- 
quency almost will be independent of the 
length of the winding, but for simplicity let 
the coil length be assumed to be 3 inches 
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and the inside diameter of the winding be 
0.5 inch. Neglecting end effect, the induct- 
ance will be about 0.00633 henrys, and the 
reactance at 10 kilocycles will be 397 ohms. 
A peak excitation of 1,500 ampere turns per 
inch will require 4.73 rms amperes (still 
neglecting end effect), and the voltage 
across the winding will be 1,880 volts. 

The only possibly practicable alternative 
to the 670-turn spiral coil would be some- 
thing on the order of 1,000 (preferably many 
more) X0.002-inch Litz wire, which simply 
was not available. 

However, a practical coil for 500 cycles 
can be wound from 0.040-inch round wire, 
and the potential across such a coil at 1,500 
ampere turns per inch will be around 250 
volts. This makes it quite obvious why our 
thinking about high frequency stopped at 
500 cycles. ’ 
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Signal and Noise 
Levels in Magnetic 
Tape Recording 


Discussion and author's closure of paper 46-31 
by D. E. Wooldridge, presented at the AIEE 
winter convention, New York, N. Y., January 
21-25, 1946, and published in AIEE 
TRANSACTIONS, 1946, June section, 
pages 343-52. 


R. E. Zenner (nonmember; Armour Re- 
search Foundation, Chicago, IIl.): We were 
very interested in the paper presented by 
Doctor Wooldridge, and we feel that this 
work represents a very excellent study on 
signal and noise levels in magnetic tape re- 
cording. 

In any study of noise frequency distri- 
bution, the shape of the resulting curve 
may be affected by the band width of the 
equipment with which the data are taken. I 
should like to ask the author if he would 
discuss the band width characteristics of the 
equipment used for determining the noise 
frequency distribution curve. 

Also, I should like to ask the author 
if he has made any study of the effects of 
changes in alloy composition or processing 
on the resulting noise level, and if so, 
what the results of this investigation have 
been. 


D. E. Wooldridge: The noise frequency dis- 
tribution measurements were made with an 
analyzer that passed a band of 20 cycles per 
second width at all measuring frequencies. 
We have made noise measurements on 
tapes of various kinds. Changes in either 
composition or processing, in general, were 
found to change the noise level, but not the 
shape of the frequency distribution of noise. 
We were unable to establish any clear cor- 
relation between noise level changes and 
composition or processing changes. 


Discussions 


A New Wire Recorder Head 
Design 


Discussion and author's closure of paper 46-29 
by T. H. Long, presented at the AIEE winter 
convention, New York, N. Y., January 21-25, 
1946, and published in AIEE TRANSAC- 
TIONS, 1946, April section, pages 216-20. 


D. E. Wiegand (Armour Research Founda- 
tion, Chicago, Ill.): The type of magnetic 
recording and reproducing heads developed 
in the early stages of the rebirth of the 
magnetic wire recorder at Armour Research 
Foundation approached ideal electrical and 
magnetic characteristics. They provided 
very close coupling between the recording 
medium and the energizing or pickup wind- 
ing, and the structure of the magnetic pole 
pieces provided very thorough shielding 
around the recording medium. This type of 
head, however, required threading the wire 
through a small hole in the head lamination. 
This construction required considerable care 
in the threading operation and did not allow 
the use of knotted splices in the recording 
wire. 

The tendency in subsequent design has 
been awayfrom this ideal magneticstructure, 
and toward mechanical simplicity and con- 
venience of threading. First, the drilled 
lamination was replaced by one with a slot 
in the edge, and the coil window was en- 
larged to allow the passage of knots through 
the head. This compromise still required 
threading the recording wire through the 
coil window, but the operation was simpli- 
fied greatly. 

Next, the so-called open-type head was 
developed. In this design the windings were 
placed around one or more legs of the yoke 
of the head lamination. This construction 
greatly simplified the threading operation 
and allowed a wire on two spools to be placed 
on the machine without the necessity of 
unspooling one of them. This further com- 
promise decreased coupling between the 
recording medium and the coil, increased 
leakage flux, and stray field effects caused 
by the greater separation of coil and record- 
ing medium. 

These compromises in favor of mechanical 
convenience did not have as great an effect 
on performance as might be expected. Com- 
plete tests and operating experience on 
these heads have shown them to be entirely 
satisfactory. 

There are several further compromises 
that seem quite serious in the head described 
by Long. Twisting of the wire in the spool- 
ing and respooling operations in the normal 
record and playback operations will allow 
the wire to pass over the head in the play- 
back process in different angular orienta- 
tions from those it had in the recording 
process. We wonder if in the author’s 
opinion variations in response, particularly 
at the higher frequencies caused by this 
twisting action will be much greater than the 
variations caused by magnetic mud in a 
slotted head, which the new design is sup- 
posed to eliminate. We have found that if 
the wire is allowed to run over a head sur- 
face not in the slot, there is a serious loss in 
the high frequencies, apparently because of 
twisting of the wire between recording and 
playback operations. In the test setup de- 
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scribed by Long, there is not much chance of 
the wire twisting between the record and 
playback operations. ; 

Has the author experienced any difficulty 
in getting smooth lateral motion of the wire 
in level winding across the head? Any slight 
variation in the head surface may cause the 
wire to pause in its lateral motion, thus 
wearing in an increased irregularity at this 
particular point. There would seem to bea 
cumulative effect in wearing grooves in the 
head surface. Each of these grooves would 
tend to collect magnetic mud, and the final 
magnetic shunt effect well could be more 
serious than in the case of the head design 
with a single slot. 

There also is the question of whether the 
effect of different optimum biases at different 
signal frequencies noted by the author is a 
definite indication of saturation in the head. 
We have noticed a similar effect in record 
and playback systems in which the heads 
were solenoids linked by the recording 
medium, having no magnetic material in 
their construction. In this case, of course, 
there was no possibility of head saturation 
entering into the picture. 

The difference in response at high fre- 
quencies for the two types of heads shown in 
Figure 7A of Long’s paper is within the 
range of variations that might be expected 
among heads of the same design. Therefore, 
unless these curves represent average data 
for several heads of each type, they should 
not be used as a basis of comparison of the 
two design types. 

Response curves for the closed-type head 
in Figures 7A and 7B show an effect which is 
contrary to our experience. We have found 
that when a head is tested first with a low 
coercive wire and then with a high coercive 
wire, the decrease in response at high fre- 
quencies is less for the high coercive wire, 
providing the bias current is adjusted prop- 
erly in each case. However, Figure 7B 
shows a 7-decibel greater drop from the 
maximum response than Figure 7A, even 
though the B curve was obtained with a wire 
of higher coercive force. Possibly, recording 
conditions may not have been adjusted 
properly for the higher coercive wire in ob- 
taining data for the B curve for the closed- 
type head. 

The number and thickness of laminations 
is another item that confuses the comparison 
of the two type heads. In Figure 6, the new 
design is shown to have several laminations 
in its core structure. While present practice 
is to build open- or closed-type heads with 
a single lamination, as shown in Figures 1 
and 2, they could, of course, be built with 
several laminations and thus show improved 
response at high frequencies. 

Absolute value of signal level is also an 
important item in the comparison of differ- 
ent head designs. When a head is used in 
conjunction with a coupling transformer, it 
is usually possible to sacrifice signal level 
in order to gain on frequency response. 
Therefore, absolute values of signal level 
should be shown in order to get a fair com- 
parison on heads of different types. Also, 
each of the heads should be matched to its 
transformer so as to give the best com- 
promise between signal level and frequency 
response. This matching may require the 
use of a separate transformer for each head. 
Whether these precautions were taken and 
whether all the response curves have the 
same reference level is not clear. 
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We believe that the troubles with the 
grooved-type heads presently in use are 
overemphasized in Long’s paper. The proc- 
ess of removing foreign material which 
may accumulate in the wire groove is a very 
simple one, especially with the open-type 
head. Even the most critical listener will 
need to perform this cleaning operation no 
more often than he would change needles in 
a disk phonograph, and the two operations 
are of about the same complexity. 

Long’s trouble with a slightly oversize 
wire jamming in the head groove is the first 
case of this kind that has come to our atten- 
tion. The deepened portion of the groove 
worn in by the wire always will be slightly 
wider than the diameter of the wire because 
of the random lateral motion of the wire, and 
the lateral forces caused by the level wind 
motion, which will cause a certain amount 
of wear on the sides of the groove. Chances 
of this jamming action, therefore, seem ex- 
tremely remote. 


T. H. Long: I wish to thank Doctor Wie- 
gand for his concise review of the very good 
developmental progress, that has consisted 
mainly of mechanical simplifications by 
Armour Research Foundation on the 
grooved type of head, and suggest that what 
may be called the cylindrical head described 
in the present paper is merely another step 
in the process of mechanical simplification. 


HicH FREQUENCY LOCALIZATION 


It has been suggested that the grooved 
head may be less subject to trouble from the 
localizing of high frequencies on the wire 
than is the cylindrical head, and this is 
true. The situation, however, is one that 
involves an inevitable choice between 
“eating this cake’ and having it. If the 
grooved head has a groove that fits the wire 
quite precisely, then a high frequency signal 
will be recorded at least half way around the 
wire while the groove is clean, but there 
will be a region in which there is very little 
recording, or at least theoretically there 
should be. Whether or not there is such a 
region is unimportant since for mechanical 
reasons it is not practical to operate with 
such a precise fit between the wire and the 
head, and as Doctor Wiegand suggests 
later, it is probably not possible anyway. 
Even if it were mechanically possible for a 
little while, it inevitably would lead to bind- 
ing or wedging of the wire in the groove; at 
least that is what our experience leads us to 
believe. 

On the other hand, if there is, for example, 
0.0005-inch clearance between the wire 
diameter and groove width, the recording 
occurs with virtually the same sort of line 
contact as is the case with the cylindrical 
head. Even so, such a head is not proof 
against jamming. 

Quantitatively, the effect of the localiza- 
tion of the high frequencies in the case of 
either head type is quite comparable to the 
effect of magnetic mud in the grooved type 
of record head. Our experience indicates 
definitely that, at least for some cases, the 
localization of high frequency recordings 
makes no difference, since there is a pro- 
nounced uniformity in the angular orienta- 
tion with which the wire unwinds from reel 
to reel. Apparently, the only things that 
are able to cause any substantial disturb- 
ance in the uniformity of this performance 
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are the twists that usually are introduced 
into a wire when a break is spliced with a 
knot. Thus if several twists are introduced 
into a wire having music recorded on it, the 
playback will suffer a transient loss of qual- 
ity comparable to that which occurs when 
someone walks between the listener and the 
loud speaker. There should be no percep- 
tible difference in such cases between the 
cylindrical head and the grooved head. 

Probably the best evidence of the uni- 
formity of the angular orientation is the per- 
formance of the wire recorder with musical 
selections involving high frequencies. These 
recordings may be played back several dozen 
times (at least) with no apparent loss of 
quality. Visual confirmation can be ob- 
tained readily by a simple experiment. By 
using a small wheel with a very fine gritina 
high-speed hand grinder, it is possible to 
mark the surface of a limited area of the cir- 
cumference of the wire, without removing 
an appreciable amount of material as the 
wire runs between reels. If the grinder 
is held at a slight angle to the wire, it will 
cause vibration of the wire, so that there will 
be regular alternate skips and grinds about 
1/32 inch long. If the arrangement is such 
that this wire winds up on the outside of the 
reel, the resulting pattern will be obvious 
to the eye and will persist through succes- 
sive wind and rewind cycles. This indicates 
that any random or progressive twist is 
negligible. 

Equipment such as that shown in Figure 4 
of the paper that involves a rather long run 
of wire from reel to reel definitely is subject 
to difficulty from twist in the wire, especially 
when the record and playback head positions 
are spaced about 30 inches to make shielding 
unnecessary. Even when operating on a 


loop, it has sometimes been quite a trick to . 


avoid a variable twist between the record 
and playback heads. Remarkably enough, 
this variable twist will go through a regular 
cycle corresponding to the length of the loop. 
The cycle is not invariable, but changes are 
very slow. This trouble can be avoided by 
getting the record and playback heads close 
together and shielding them carefully. 
Another expedient is to mount one of the 
heads so it can be shifted around the wire 
to the most favorable position. 


QUESTIONS RELATING TO BIAS 


It is difficult to interpret as anything 
other than evidence of saturation the fact 
that the optimum bias decreases as the re- 
corded frequency goes up. I would appre- 
ciate another explanation. The report of 
the same effect in the absence of a magnetic 
recording head is difficult to appraise in the 
absence of information as to the bias fre- 
quency and maximum differential perme- 
ability of the recording medium and other 
details. It is at least possible that there was 
appreciable skin effect in the medium. Since 
minimum harmonic distortion seems to be 
obtained at the lowest bias consistent with 
maximum response at 500 cycles (or any 
other convenient low frequency), it follows 
that this is the best bias to use unless the 
design is to be compromised in favor of high 
frequency. 

The comment that the two curves of 
Figure 7A come within the range of varia- 
tions that might be expected with heads of 
the same design is quite correct. An effort 
was made to use representative heads rather 
than take an average on a number of heads. 
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The apparent discrepancy between the 
curves of Figure 7A and B is really an excel- 
lent illustration of the point I was trying to 
make more directly in Figure 5. The ap- 
parent discrepancy entirely depends on the 
method of determining what is a proper bias. 
The results shown were obtained in each case 
at the lowest bias consistent with maximum 
500-cycle response. Markedly different 
results can be obtained by setting the bias 
for maximum response at 7,000 cycles, or 
some other high frequency. 

It is regretted that the playback reference 
level was not stated explicitly in the pre- 
print of this paper. The level used through- 
out was that standardized by Armour Re- 
search Foundation for this work as far as 
playback is concerned, namely, zero deci- 
bels equals ten microvolts at the secondary 
of the playback transformer. The same 
grooved-type low-impedance playback head 
and transformer were used for all curves of 
Figure 7, and probably for all other curves 
except the curve for the open-type head in 
Figure 38. With the same exception, all 
curves were taken at a record current level 
that was independent of frequency and that 
corresponded to playback about ten deci- 
bels below saturation level for that frequency 
at which the playback was a maximum. 


MISCELLANEOUS COMMENTS 


It may be true that the deepened portion 
of the groove worn in by the wire always 
will be slightly wider than the wire, but 
even if this is so, it does not eliminate jam- 
ming. In one particular case, a combina- 
tion type of head also was being used as the 
level wind. The machine operated at a 

. wire speed of two feet per second, and the 
wire that was on the machine had made 
between 10 and 20 round trips through the 
head. So we had a listening test in which 
various recording systems were compared. 
When the turn came for this particular in- 
strument,itemitted the most horrible sounds 
for perhaps 30 seconds, after which the 
difficulty substantially cleared and opera- 
tion was normal. During the 30-second 
period, the trouble was a very pronounced 
flutter having (by guess) a frequency of 15 
-cycles per second and an amplitude in excess 
of one per cent. Only one-half hour before 
this trouble, the same wire in the same head 
had operated perfectly. A subsequent un- 
reeling of the wire in which the difficulty had 
occurred showed that when released it curled 
on about a one-quarter inch diameter. 

I have been censured somewhat for mak- 
ing an unfair comparison when I measured 
the performance of a cylindrical head having 
several thin laminations against that of a 
single lamination grooved head, but the 
fault is hard for me to see. The comparison 
is reasonable since one of the advantages of 
the cylindrical head is this simplicity of 
construction which makes it so readily 
possible to use several thin laminations. 
Assuming an equal precision of construction, 
it seems obviously possible to do as well 
with a grooved head assembled from several 
thin laminations, but the lack of evidence of 
anyone having done this is adequate evi- 
dence of the difficulty. 

The predicted multiple grooving of the 
head caused by irregularities of lateral travel 
has beet observed, but even when it happens 
it does not seem serious. The possible seri- 
ousness has not been evaluated, but the 
lateral motion of the wire definitely pro- 
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hibits any appreciable accumulation of mud. 
Beside this condition, the irregularities of 
lateral travel can be avoided readily and 
completely. One of the first heads we made 
of the type illustrated in Figure 8 of the 
paper provided for a wire travel of 0.5 inch. 
This head was used for several hours in an 
experimental setup where it was not expedi- 
ent to provide any lateral travel of the wire, 
and this setup resulted in two fairly pro- 
nounced grooves. These grooves caused a 
fairly pronounced irregularity in the motion 
of the wire when lateral motion again was 
introduced. Occasionally, this irregularity 
of motion would cause a barely audible 
sound on playback, but after several more 
hours of operation the grooves were gone and 
no irregularity of motion was perceptible, 
either to the ear or tothe eye. The only re- 
quirements seem to be that the wire tension 
should be more than about one ounce and 
the wrap on the head less than about ten 
degrees. 


CoNCLUSION 


The relative merits of the cylindrical and 
grooved types of heads can be established 
only by more experience than is now avail- 
able. Since very satisfactory recordings 
can be made with either type, it would seem 
reasonable to assume that electromagnetic 
advantages either way are not particularly 
pronounced, especially since different ad- 
vantages can be claimed for each type. I 
cannot agree, however, that the mechanical 
advantages of the cylindrical type of head 
were overemphasized in the paper. 


Formulas for Conductor Size 
According to Cost 
of Resistance Loss 


Discussion and author’s closure of paper 46-8 
by Herbert B. Dwight, presented at the AIEE 
winter convention, New York, N. Y., Janu- 
ary 21-25, 1946, and published in AIEE 
TRANSACTIONS, 1946, January section, 
pages 22-5. 


William S. Peterson (Department of Water 
and Power, City of Los Angeles, Calif.) : 
In Professor Dwight’s paper, the state- 
ment is made that the cost of copper, v 
dollars per pound, should include the 
cost per pound for installation and 
also the cost of any part of the supports 
whose cost varies directly with the weight 
of copper. The point I desire to emphasize 
is that the cost of the supports relative to 
the weight of copper carried is a rather in- 
tricate problem and is a very important 
part of the cost considerations involved. In 
connection with the economic design of the 
Boulder Dam transmission lines of the City 
of Los Angeles, we found it desirable to 
develop curves for the cost and weight of 
transmission towers which could be ex- 
pressed most readily for any given crossarm 
length, in terms of resultant conductor 
tower loadings and height to the top cross- 
arm. These data, taken in conjunction with 
the proper tower dimensions to meet inde- 
pendent selection of conductor diameter, 
conductor area, maximum tension, and 
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various span lengths, gave the basis for the 
ultimate selection of the values for each of 
the four independent variables to achieve 
the best economy. 

I believe Professor Dwight would find it 
very interesting to try to develop formulas 
that would express the foregoing relation- 
ships in terms of cost formulas for economic 
use of copper conductors. 


G. D. Floyd (Hydro-Electric Power Commis- 
sion of Ontario, Toronto, Ontario, Canada) : 
No one can question the fact that it is pos- 
sible to determine by mathematical means 
the desirable cross section area of the conduc- 
tor in a given application when a definite 
value can be assigned to the cost of resist- 
ance losses. However, in practice it is 
extremely difficult to assign a definite figure 
to this value of the resistance loss. 

Depending on the type of system (that is, 
whether steam or hydraulic supplied) and de- 
pending on the relationship between the 
system generating capacity and system 
load, the value of resistance losses may vary 
from virtually zero to the actual selling price 
of the primary power. Furthermore, as the 
relationship between system capacity and 
load varies over the years, the coincident 
value of losses also may vary over this same 
range. 

For example, under given conditions it 
may be shown that the value of losses is the 
incremental cost of additional generation. 
This incremental cost probably would not 
exceed 0.5 mill per kilowatt-hour in a hydro- 
electric system in which excess capacity 
exists, or it may be an incremental generat- 
ing cost of the order of 1.5 to 2.0 mills per 
kilowatt-hour in a steam-electric plant 
where excess capacity is available. On the 
other hand, with existing system facilities 
loaded to the practical limit, this incremen- 
tal cost may be the cost of developing the 
next available power source. 

Again, system conditions temporarily may 
be such that a saving in losses is reflected in 
additional saleable power at primary rates, 
which would be several times the incremental 
cost quoted above. However, this condition 
almost certainly would be temporary, and 
it would appear that such a high value of 
losses seldom could be justified. 

In the application of the formulas pro- 
posed by Professor Dwight, there could be, 
therefore, as many answers as there are 
values assigned to the variable cost of 
power. However, it is not intended to infer 
that it is futile to apply this form of mathe- 
matical analysis to this type of problem. 
In the general case, at least, the results will 
be of material assistance in forming the final 
judgment as to a reasonable selection of 
conductor size. 


Herbert B. Dwight: Referring to Peterson’s 
discussion, the data from the cost study 
which he describes apparently can be used 
in the formulas of the paper quite directly. 
By plotting the total cost of conductors plus 
towers on a base of weight of conducting 
metal, and drawing a tangent to the curve 
at the point under consideration, the place 
where the tangent cuts the axis of y shows 
the part of the cost which is constant, and 
also the part which varies directly with the 
weight of copper, thus determining the value 
of v for the formula. 
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In other words, the cost study is not 
really complete until a high-resistance con- 
ductor is charged with the cost of the addi- 
tional rating of generating-station capacity, 
which its high resistance makes necessary 
if the output is not to be decreased. 

A cost study such as Peterson describes 
is applicable, of course, only to the particular 
type of line for which it was made. 

Referring to Floyd’s discussion, without 
implying that the cost determinations are at 
all times simple and definite, a large part of 
the uncertainties expressed seem to be caused 
by the effort to state all costs in mills per 
kilowatt-hour. An effort has been made in 
the paper to depart from this practice to a 
considerable extent. 

If one is designing a generating station 
and a' power circuit connected to it, one does 
not need to wait until the facilities are 
loaded to the practical limit in order to put 
enough copper in the circuit so that the 
losses will not be excessive from the point 
of view of economy. In order for the cost of 
resistance loss to affect the choice of con- 
ductor size, there is needed only a normal 
amount of confidence in the growth of the 
power system. 


Arcing Ground Tests on a 


Normally Ungrounded 
13-Kv 3-Phase Bus 


Discussion and authors’ closure of paper 46-44 
by J. E. Allen and S. K. Waldorf, presented at 
the AIEE winter convention, New York, N. Y., 
January 21-25, 1946, and published in AIEE 
TRANSACTIONS, 1946, May section, pages 
298-306. 


Eric T. B. Gross (Illinois Institute of Tech- 
nology, Chicago, Ill.): This paper should be 
of considerable interest because its con- 
clusions can be applied not only to bus sys- 
tems, but also to others with similar or 
larger phase-to-ground capacities at the same 
or higher voltages. Most of the capacity- 
to-ground is very likely not caused by the 
bus proper, but by the underground cable 
connections from the alternators and trans- 
formers to the bus. In an ungrounded 
system of 13-kv line-to-line voltage, an 
arcing ground will not be self-extinguishing 
if the charging current to ground is larger 
than about 5 amperes. Therefore, if the 
charging current-to-ground is 9.2 amperes, 
as mentioned in the paper, overvoltages will 
be produced by single-phase flashovers to 
ground, and flashovers on the other phases 
can be expected to follow. 

To prevent such overvoltages, some kind 
of neutral grounding seems advisable. 
The installation of a ground fault neutralizer 
would prevent arcing transients and dam- 
ages to the system. The application of 
resonant neutral grounding (tuned with an 
accuracy of +25 per cent) will restore all 
the advantages of the operating features 
which an ungrounded system provides. 

An early indication of impaired insulation 
is very desirable. The sensitivity of a 
neutral voltage ground detector is increased 
considerably if the system is resonant 
grounded. The impedance of the system 
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to ground is increased largely by 2 ground 
fault neutralizer. If the ground fault 
neutralizer is tuned, that impedance will 
be the system’s leakage resistance to 
ground, which will be in the order of at least 
ten times the capacitive reactance to ground. 
This statement is based on an analysis 
which is similar to the one in Appendix B of 
the paper. 


H. A. Peterson (General Electric Company 
Schenectady, N. Y.): It is not often that 
a system is subjected to tests as complete 
as these appear to be. The results and 
conclusions, in general, further substantiate 
the contention that high overvoltages to 
ground in ungrounded systems are not 
produced by the arcing in the fault to 
ground. High overvoltages are much more 
likely to be obtained during the subsequent 
switching necessary to remove the portion 
of the circuit which has the ground fault 
on it solid or otherwise. It is extremely im- 
portant that this fact be emphasized in 
connection with interpreting the results of 
the tests as reported by Allen and Waldorf. 
There is another thought in the paper on 
which I would like to comment and that 
has to do with the effect of high frequency 
oscillations in producing excessive turn-to- 
turn insulation stresses. It would seem 
that the actual frequency of oscillations 
during arcing conditions, such as these 
reported in this paper, is of secondary 
importance. Of primary importance is the 
magnitude of voltage across the arc path 
just preceding a restrike. The actual re- 
strike, then, is equivalent to injecting an 
extremely steep front wave of voltage into 
the circuit at the fault point at this instant. 
If this fault point is near the terminals of a 
rotating machine, then this restrike is 
equivalent to injecting a steep front surge di- 
rectly into the machine, and certainly most 
of this abrupt voltage change will pile up 
across end turn insulation. If restriking 
takes place at low voltages, this “piling up’’ 
of voltage between end turns may be of little 
significance. However, as’ this restriking 
voltage increases up to values approaching 


two times normal line-to-neutral crest, as — 


indicated in some of the test oscillograms 
(Figures 11 and 13), then the actual voltages 
across turn insulation for the end turns of 
multiturn coils may reach magnitudes 
which cannot be ignored. 

This fact has even further significance. 
Suppose that the arc is on a bus, and that 
connecting each machine through its breaker 
to the bus, there is a length of cable, say of 
four or five hundred feet. Then at the in- 
stant of a restrike, as already mentioned, a 
steep front surge is injected at the point of 
fault, in this case on the bus. This surge is 
transmitted with practically no change of 
slope or magnitude to the cable circuits on 
the faulted phase and travels toward each 
machine. As the surge reaches a machine 
terminal, it is reflected and almost doubled 
in magnitude because the cable surge im- 
pedance is low and the machine winding 
surge impedance may be as high as ten times 
the cable surge impedance or more. Thus, 
the severity of such a restrike may be 
doubled as far as end turn-to-turn insulation 
is concerned, because of the cable between 
the restriking point and the rotating ma- 
chine. : 

Of course, for this latter and more severe 


Discussions 


case, protective capacitors at the terminals 
of each machine effectively slope off the 
surge transmitted through the cable to the 
machine so that the rate of change of volt- 
age at the machine terminals is held to safe 
values. Protective capacitors are just as 
effective in accomplishing this objective 
for restriking voltages as they are for 
lightning surges. On the other hand, for 
the former case, where no cable is present, 
or if the restriking in the fault is taking 
place at the machine terminal, protective 
capacitors can be of little, if any, assistance 
in reducing turn-to-turn stresses resulting 
from restriking of the fault are to ground. 
This condition prevails because, in order 
for the capacitors to be effective, the wave 
must approach them through a surge im- 
pedance, that is, as a traveling wave. 

These comments apply not only to hydro- 
electric stations, but also to many indus- 
trial installations where generators and pos- 
sibly many motors may be involved. Not 
only is the are to ground of significance, but 
the subsequent switching operations may be 
of even greater concern in this regard. Con- 
sequently, in dealing with problems con- 
cerned with adequate protection of rotating 
machines against overvoltage stresses, 
surges associated with faults and switching 
should not be ignored. In considering such 
surges, it becomes apparent that more ef- 
fective grounding can be very helpful in 
reducing the magnitude of restrike voltages. 


J.E. Allen and S. K. Waldorf: Doctor Gross 
states that an arcing ground on one conduc- 
tor of an ungrounded system, having a charg- 
ing current to ground in excess of five am- 
peres, will produce high voltages on the other 
two phase conductors sufficient tocause flash- 
overs. Test 5 of Table III in the paper was 
performed under conditions that produced 
a charging current through a solid ground on 
one conductor approximately equal to 
2.6 microfarads/1.06 microfaradsX9.1 am- 
peres=22 amperes. This current is con- 
siderably in excess of the critical current of 
five amperes mentioned by Doctor Gross, 
and the overvoltages to ground did not ex- 
ceed three times the normal phase-to-neutral 
voltage. If the equipment on a bus under 
these conditions was not deteriorated, it is 
doubtful that a flashover or breakdown 
would be produced. 

Any device, which will give an early indi- 
cation of impaired insulation on an un- 
grounded bus, will be quite useful. Doctor 
Gross’s disclosure of an additional benefit 
of a ground fault neutralizer in increasing 
the sensitivity of a neutral voltage ground 
detector is quite interesting. 

As Mr. Peterson brings out, it is necessary 
for an understanding of the behavior of un- 
grounded bus systems that a distinction be 
made between high voltages to ground pro- 
duced by arcing grounds, and those pro- 
duced by the switching required to isolate 
the fault. A careful analysis of experience 
with ungrounded bus systems, made per- 
haps by an appropriate ALEE committee, 
should do a good deal toward establishing 
the limits to which voltages rise on actual 
bus systems. If this analysis can be made, 
it then will be possible to operate an un- 
grounded system with some certainty of its 
behavior should a ground fault occur. 

It should be recognized that an arcing 
ground fault necessarily is not followed im- 
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mediately by switching to isolate the fault. 
It is common experience that appreciable 
time elapses between the occurrence of an 
arcing ground and the switching for fault 
isolation. Ordinarily, after this interval of 
time, the fault is no longer arcing, any 
transient overvoltages caused by the arcing 
have disappeared, and the overvoltage ac- 
companying switching is only that which 
occurs normally. Therefore, the possi- 
bility is quite remote that a transient over- 
voltage caused by switching could occur si- 
multaneously with that of an arcing 
ground. 

Mr. Peterson discusses the phenomenon of 
voltage doubling caused by reflection at the 
terminals of a machine, particularly under 
those conditions where a surge initiated by 
a fault travels through a length of cable. As 
shown in Figure 10 of the paper, the test 
arcs were produced at test point X. A 
surge originating at test point X had to 
travel through at least 225 feet of cable, as 
shown in Figure 4, to reach the terminals of 
the generator. In Table III it is shown that 
the voltage at the machine did not exceed 
three times normal. The connection of 
capacitors at the terminal of a generator for 
surge protective purposes increases the cur- 
rent in an arcing ground, increases the ioni- 
zation in the arc space, and thereby reduces 
the restrike voltage. 


Lightning Performance of 
220-Kv Transmission 
Lines—ll 


Discussion and author's closure of paper 46-16 
by the lightning and insulator working group 
of the AIEE committee on power transmission 
and distribution presented at the AIEE winter 
convention, New York, N. Y., January 21-25, 
1946, and published in AIEE TRANSAC- 
TIONS, 1946, February section, pages 70-6. 


M. S. Oldacre (Commonwealth Edison 
Company, Chicago, Ill.): The report gives 
exceptionally valuable information and con- 
clusions about operation of 220-kv lines, but 
it seems to lead to even more important 
ones. 

It is stated that the installation of ground 
wires, low ground resistance, and the line 
insulation are the three most important 
items in obtaining good performance from 
the high voltage transmission lines. This 
seems a logical conclusion, if certain other 
design factors, such as adequate clearance 
between conductors, and between conduc- 
tors and grounded objects, and also proper 
co-ordination of mechanical and electrical 
characteristics in all parts of the line struc- 
ture, are accepted as basic conditions for the 
line design. 

However, a further analysis of the data 
in the report, particularly that for two of 
the lines, indicates that low ground resist- 
ance is a necessary adjunct to the use of 
ground wires and that ground wires with 
low ground resistance is the most important 
individual element so far as lightning is 
concerned. 

The insulation of the line, that is, the 
number and spacing of the insulator units, 
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seems more important for protection other 
than lightning protection. This will be 
discussed a little later. 

There is another point of view worth 
thinking about for a moment. Instead of 
considering only the lightning performance 
of the high voltage lines, it is suggested that 
the over-all service record be studied and 
the cause of all outages be investigated. 

The actual number of outages of a line per 
year is usually of more importance to the 
utility and its customers than the number 
per 100 miles per year. The latter figure is 
valuable in a statistical analysis, but actual 
outages per line are the important element 
of reliability if service is to remain an 
essential item in line design. For example, 
two outages on a 50-mile line will not be 
considered as satisfactory service as one 
outage on a 25-mile line, even though both 
have an outage record of four per 100 miles 
per year. 

A low number of outages per line irrespec- 
tive of length seems to be a matter of some 
importance, for the report indicates, with 
one exception, that where there were more 
than two outages of a line per year, im- 
provements have been made or are contem- 
plated. 

The line covered by reference 11 of Table I 
was designed on the basis that it should be 
at least as reliable as the generators supply- 
ing it. This is a single circuit line and not 
two circuits as indicated in the report. The 
line originally was designed ten years before 
it was built, and it included the best design 
knowledge of that time. However, a re- 
view of the design just before the line was 
built resulted in an almost complete redesign, 
partly for lightning reasons but equally 
as much for good operation at all times. 

Experience on other lines in the territory, 
as well as in other sections of the country, 
indicated that short circuits caused by par- 
tial removal of sleet from conductors or by 
“galloping’’ of conductors was an equal or 
greater hazard than lightning, assuming of 
course that the best information about 
lightning protection was utilized. 

Clearances between the conductors and 
also from the ground wires were provided in 
accordance with the theories which had been 
developed and published by A. E. Davison. 
Every span was checked, and, when neces- 
sary, individual towers were modified to 
give the required clearances. 

The record to date has been as satisfac- 
tory for sleet troubles as for lightning out- 
ages. 

The report seems to indicate that light- 
ning has been conquered as far as transmis- 
sion line operation is concerned and that it is 
probably a small factor in total outages and 
maintenance costs. 

It therefore is suggested that a general 
study of the operating record of high voltage 
lines, probably 132 kv and higher, would be 
a very valuable aid in the improvement of 
transmission line operation. 

Some of the causes of outages to consider 
are as follows: 


1. Sleet accumulation and sleet preventive 


measures. 

2. ‘‘Galloping’’ of conductors. 

3. Dirt and condensation on insulators. 

4. Defects in line material and construction. 


5. Defects in terminal station equipment, if they 
prevent use of the line. 


6. Time required for maintenance. 
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The item of ‘dirt and condensation on 
insulators’? is an old one that crops up 
periodically and then is forgotten until the 
next time. In some sections of the country, 
dirt and moisture are more of a problem than 
lightning. 

The data in the report seem to indicate 
that as far as lightning is considered, the 
insulation between conductors and the sup- 
ports can be varied over a wide range, pro- 
vided that adequate ground wires and 
grounding facilities are installed. Thus 
insulation is primarily a low frequency 
problem under dirt and moisture conditions. 
Careful investigation and development may 
bring forth a new and better insulator design 
for use under severe conditions. 

A recent article in an English technical 
journal stated that about 60 per cent of the 
outages on the English 132-kv grid were 
caused by lightning. It is believed that the 
record in this country will be entirely differ- 
ent, probably 10 to 15 per cent of the total 
number of outages and probably less than 5 
per cent of the duration of the outages will 
be due to lightning. 

Thus there seems to be a fertile field for 
investigating the major causes of transmis- 
sion line outages to seek improvements that 
will reduce outages and maintenance costs 
economically, as well as expenditures for 
reserve facilities. 


William S. Peterson (Department of Water 
and Power, City of Los Angeles, Calif.): 
On the 287.5-kv Boulder Dam transmission 
lines of the Department of Water and 
Power of the City of Los Angeles listed as 
reference 14 and 15 of Table I in the paper, 
the connection between the buried copper 
counterpoise and the towers is made 
through a 1/16-inch concentric insulating 


_gap for the purpose of avoiding electro- 


lytic action and corrosion of the tower foot- 
ings. This gap also has proved to be of 
service in connection with counting lightning 
strokes that have hit the tower system and 
in making some rough estimate of the cur- . 
rent flow involved. To this end an ap- 
proximate calibration of such gaps was made 
by testing with impulse currents and a 
calibration determined between the area 
or length of burn and the current flow. 

With due reference to individual storms 
and the seasonal characteristics of lightning, 
the patrolmen and engineers conduct a pro- 
gram of checking these gaps and recondi- 
tioning them, so that a complete record is 
maintained of gap burning. These field 
results are analyzed in the office to deter- 
mine and estimate the number and severity 
of lightning strokes. 

Although only two strokes have caused 
flashovers of the lines during a 10-year 
period of operation, a very high number of 
strokes actually have hit the towers. The 
number of these strokes per year varies 
from as low as 70 to as high as 218. The 
detail by years is as follows: 


Number of Number of 

Year Strokes Year Strokes 
OSC eerste 158 AGA Tiere conver 70 

LOST feraeas 91 1942 ie wate 201 

MOSS ees 138 1943)5% site ¢ 187 

1930. ial 218 VGA cies sieeve 185 

LOO erent s 161 
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The foregoing values are for the complete 
line of three circuits, but, in general, more 
than half of the strokes are concentrated in 
the first one-third of the line nearest Boul- 
der. 

It is interesting to know that of the two 
strokes that did flash over the line insula- 
tion, the counterpoise burning was such as 
to indicate relatively small current flow. A 
very careful examination of the overhead 
ground wire and tower structure revealed no 
burning from lightning stroke termination. 
A small beaded burn on the tip of the upper 
arcing horn seemed to be the only possible 
point of termination of the lightning stroke, 
with other normal burning between the 
upper and lower arcing horns from the arc 
across the insulator string. The general 
conclusion is that each of these lightning 
strokes must have been from a cloud of rela- 
tively low potential close to the ground. 
This is in line with the observation made by 
Mr. Davison of the Hydro-Electric Power 
Commission of Ontario with respect to its 
lines. 


G. D. Floyd (Hydro-Electric Power Com- 
mission of Ontario, Toronto, Ontario, 
Canada): This discussion covers the light- 
ning outages listed in Table I of the paper 
for the line shown as reference 23. This 
line was placed in service in 1941, and the 
record shows 8 outages in 4 years, due pre- 
sumably to lightning. At least one of these 
is very doubtful. This line is not uniform 
in design over its whole length. The first 30 
miles from the west terminal station have 
the initial tower design, the next 240 miles 
have the new tower with elevated ground 
wires as indicated in reference 23. The 
easterly 25 miles is again the earlier de- 
signed tower with river crossing towers. 

The lightning outages shown do give the 
performance of the line as a line. It would 
be wrong to conclude that the performance 
as shown indicates the reaction of the im- 
proved design of tower to lightning. One 
of the 8 outages classed as due to lightning is 
doubtful, at least 3 occurred on the sections 
of line which have the older type of tower. 
This reduces the total outages occurring on 
the new section of line to 4, making the 
average for the new design of tower sub- 
stantially less than shown in the reference 
for the whole circuit. 

A much better conception of the effect of 
factors in design for lightning is obtained 
for the trunk lines (references 20-23) if the 
line to be studied is divided roughly in half 
sections. The easterly sections are gen- 
erally in rocky country, and the westerly 
sections in clay, with corresponding condi- 
tions as to tower footing resistance. For a 
given design, the performance is quite 
different in the two sections, and a more 
accurate analysis of performance can be 
made, if the line is subdivided as has been 
done in references 20 and 20A. 


H. N. Ekvall (Philadelphia Electric Com- 
pany, Philadelphia, Pa.): This very com- 
plete report on 220-kv aerial steel tower line 
construction and operating performance 
throughout the United States and Canada is 
not only timely but also a very valuable 
guide for use in postwar design work on lines 
in this voltage class. Of particular interest 
is the general conclusion that the pre- 
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dominating factors influencing lightning per- 
formance of these lines are 


1. Overhead ground wires. 
2. Insulation strength. 
3. Tower footing resistance. 


However, on existing well-insulated lines 
having overhead ground wires, lowering of 
tower footing resistance is the only one of 
these three factors which appears practical 
to apply. The 220-kv lines of the Phila- 
delphia Electric Company are in this cate- 
gory, and, therefore, I believe it would be of 
interest to supplement the reported data 
from that company with a brief discussion 
of steps taken to lower tower footing resist- 
ance and to indicate the apparent benefits 
to line performance. 

As indicated in Table I of the committee 
report, the four 220-kv lines of the Phila- 
delphia Electric Company radiate from Ply- 
mouth Meeting, two going to Conowingo, 
one to Roseland, and one to Siegfried; the 
latter two tying in with adjacent systems. 
The two circuits to Conowingo parallel each 
other on separate tower lines spaced about 
150 feet apart. Each of the four lines is 
equipped with two overhead ground wires, 
but has no continuous counterpoise. 

Apparent tower footing resistance has 
been lowered by application of short sections 
of counterpoise along the line or with cross 
bonds between adjacent towers of parallel- 
ing lines. Also in two instances multiple 
ground rods were used. 

In 1929, the year after the Conowingo 
lines were placed in service, 21 pairs of tow- 
ers having high ground resistance were 
cross-bonded. In 1939 six additional pairs 
of towers in one section in which there ap- 
peared to be particular susceptibility to 
lightning flashover also were cross-bonded. 
At three other locations cross-bonding was 
applied together with auxiliary counter- 
poises paralleling the line. Altogether 30 
pairs of towers have been cross-bonded us- 
ing an average of 167 feet of wire between 
towers buried to an average depth of 18 
inches. Since cross-bonding, only one flash- 
over has occurred on these towers, and fears 
that cross-bonding might lead to simul- 
taneous flashover on both lines, due to a 
major stroke to one, have not been sub- 
stantiated. 

Multiple ground rods were used in two 
locations where the hilly terrain made it 
difficult to obtain effective results with the 
counterpoise alone. At one of these, the 
pair of towers was located on a high resist- 
ance knob. At this location 12 driven rods 
were installed in marshy low land about 125 
feet down the slope from the towers and con- 
nected to the towers by counterpoise. This 
reduced the apparent tower footing resist- 
ance from 81 ohms to 8.3 ohms. No flash- 
overs have occurred at this location. 

At the other location, which happens to 
be near Conowingo, occurrence of a flash- 
over led to the discovery that the rods had 
been removed maliciously. . Presumably 
the theft of the rods occurred before flash- 
over. Also at Conowingo a counterpoise 
which was laid in the river bed disappeared, 
apparently by theft, and had to be replaced. 
More recently theft has been discouraged 
by the use of 5/16-inch black surfaced 
Copperweld strand instead of 2/0 American 
nie Gauge stranded copper wire formerly 
used. 


In addition to the above improvements on 
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the Conowingo lines, counterpoises also 
were extended about one-half mile out from 
Plymouth Meeting substation on each of the 
four lines. These were installed as a pre- 
cautionary measure to minimize chances for 
flashover at the substation and not because 
of unusually high resistance grounds or poor 
line performance. Thus far these sections 
have been free of lightning flashovers. 

In conclusion, it appears that improve- 
ment of grounding conditions at about 15 
per cent of the towers along the Conowingo 
lines and for about one-half mile out from 
Plymouth Meeting substation on all four 
lines has resulted in good operating perform- 
ance without the need for installing a con- 
tinuous buried counterpoise throughout. 


A. E. Davison (Hydro-Electric Power Com- 
mission of Ontario, Toronto, Ontario, 
Canada): Grading rings are reported in 
column 26 of Table I of the paper. It may 
be of interest to designers of 220-kv lines to 
know that the original HEPC lines installed 
in 1928 and shortly after, and reported un- 
der references 20A and 21 of Table I, were 
among the first, if not the first lines at this 
voltage to omit the use of grading rings. 
The late E. T. J. Brandon was of the opinion 
that the mechanical effects upon the con- 
ductors, for instance, at the throats of 
clamps would be much more severe if grad- 
ing rings were added to the mass of the 
clamps. Another feature was in mind: 
arcing horns had been installed on a 100- 
mile section of double-circuit, 110-kv line 
some 10 or 15 years previously. Experience 
was such that a decision had been made 
prior to 1928 to eliminate these arcing horns 
as opportunity arose. Since that time 
electrical burns on the 220-kv and other 
conductors and on the insulators due to 
arcing have not been such as to warrant the 
extra cost or weight of either arcing horns or 
grading rings. Another obvious factor, the 
reduction of arcing distance sometimes as 
much as 15 or 17 inches, is reflected in the 
operating records. 


I. W. Gross: In presenting and discussing 
the record of lightning performance given in 
the paper, the committee recognized, as it 
was not so familiar with the lines under dis- 
cussion as those who operate them, some 
features peculiar to the various systems well 
might be discussed and enlarged upon by 
the contributors. It is gratifying to find 
that this has been done in several cases. 

From his analysis Mr. Oldacre has reached 
the conclusion that low ground resistance is 
a necessary adjunct to the use of ground 
wires. This, of course, is according to 
theory, but enough data were not available 
on the lines in question to draw this con- 
clusion from the record. The purpose of 
the ground wire, of course, is to intercept 
the stroke which otherwise might terminate 
on the line conductor, and the value of the 
low ground resistance limits the voltage 
across the insulator string. This pre- 
assumes that adequate shielding of the con- 
ductors is obtained by a suitable location of 
the ground wires. As the insulation on 
lines of this voltage class is high, only the 
higher strokes have to be considered. 

His comments on the number of yearly 
outages per line as a figure to emphasize 
rather than the outages per hundred miles 
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of line per year call for some comment. 
First, the intent of the analysis of the paper 
was to show the structural and insulation 
features which seem to make the line more 
highly lightning resistant. Whether or not 
one or ten outages can be tolerated on a line 
will depend on the importance of the line in 
the company plan of service continuity. 
If a load or load center is supplied by 
parallel or loop lines, the number of outages 
per year may not be of much concern if 
service is maintained over the remaining 
good line; in fact, double circuit transmis- 
sion lines have been shown to have value in 
lessening the total number of lightning out- 
ages as compared with a single circuit line. 
Again, if the load can be held by high speed 
reclosing circuit breakers, the numerical 
outage record is not particularly important 
to service. In brief, the choice of method 
of reducing lightning outages, or eliminating 
them if possible, is one of application de- 
pending on service requirements. The 
choice of method of protection is one of 
economics and results required. 

We are glad that Mr. Oldacre has brought 
to our attention that the line 11 is a single 
circuit and not two circuit. The confusion 
in reporting this line was due to the fact that 
some towers were indicated as two-circuit 
towers, but it seems from a reanalysis of the 
data that only one 220-kv circuit was strung 
on such towers. 

It seems to be a fair conclusion to draw 
from the records that, where special pains 
have been taken to make a line highly 
lightning resistant by adequate conductor 
spacing, shielding, ground wire location, and 
low tower footing resistance, a highly re- 
sistant line is possible. 

Mr. Oldacre has brought up the point of 
the over-all outage performance of lines, in- 
cluding not only those due to lightning but 
also those resulting from other causes such 
as sleet, galloping conductors, contaminated 
insulators, and failure of equipment. A 
study such as he has proposed on high volt- 
age lines indeed would be interesting, and it 
is hoped it can be undertaken. The figure 
of some 60 per cent of outages caused by 
lightning on the English 132-kv grid may 
not be far out of line with records of some of 
our systems in this country. One 132-kv 
system, which has been analyzed over a 
4-year period, showed 64.1 per cent of the 
outages caused by lightning, 22 per cent 
caused by station troubles, and 3.5 per cent 
caused by trouble on other circuits or foreign 
systems. This accounts for nearly 90 per 
cent of the outages. If this trend is fol- 
lowed by other systems, it leaves about 10 
per cent resulting from miscellaneous causes 
such as sleet, wind, mechanical failure, kites 
and birds, and unknown causes. 

Mr. Peterson’s comments on the Boulder 
line are particularly significant in showing 
that, where great care and consideration 
have been given to designing the line to be 
highly lightning resistant, many lightning 
strokes can hit the line without causing 
flashover. The nine years’ record presented 
shows an average of 156 strokes per year to 
the line with only two of sufficient magni- 
tude to cause line flashover. 

Mr. Floyd’s comments on line 23 stating 
that approximately half the outages oc- 
curred on about 18 per cent of the line 
clearly indicate that the type of construc- 
tion with the elevated ground wires has dis- 
tinct advantages over the older design. The 
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importance, therefore, of analyzing the line 
by sections is undoubtedly that it is more 
accurate in evaluating the different factors 
which contribute to improving the outage 
record. 

Mr. Ekvall’s citation of the various steps 
taken to reduce tower footing resistances on 
his system are further confirmation of the 
present day conception that low tower foot- 
ing resistances are essential in reducing 
lightning outages. It is interesting to note 
that the reduced resistance obtained by 
wire connections from 125 to 167 feet long, 
to other grounds, have resulted in lower re- 
sistances which are quite effective. The old 
idea that low ground resistances no matter 
how obtained were effective in reducing 
lightning outages is now not accepted 
generally. For example, if a tower footing 
resistance can be reduced from 100 ohms to 
10 ohms by installation of a wire some thou- 
sand feet long to a low resistance point, it 
cannot be expected that such a method of 
reducing the resistance will be as effective 
as providing a 10-ohm ground immediately 
adjacent to a tower. 

Again, Mr. Ekvall’s conclusion that im- 
provement of grounds at about 15 per cent 
of the towers on the Conowingo line has 
produced satisfactory operating perform- 
ance indicates, as mentioned by Mr. Floyd, 
that careful analysis of individual sections 
of line undoubtedly can produce the desired 
reduction in lightning outages by applying 
remedial measures to only those parts of the 
line which appear to be most susceptible to 
lightning. 

Mr. Davison has pointed out that grading 
or arcing rings were omitted from his system 
some years ago apparently for mechanical 
reasons. The arcing device did apparently 
serve a most useful purpose in the early days 
of slow relaying of line faults where concen- 
trated power might exist over an insulated 
string for a sufficiently long time to cause 
extensive damage. With the speeding up 
of relay systems and the shorter clearing 
times of fault currents by high speed circuit 
breakers, the need for these arcing devices 
has decreased very greatly, if indeed it has 
not disappeared. 


Formulas for the Inductance 
of Coaxial Busses 
Comprised of Square 
Tubular Conductors 


Discussion and authors’ closure of paper 46-37 
by Henry Peter Messingzr and Thomas James 
Higgins, presented at the AIEE winter con- 
vention, New York, N. Y., January 21-25, 
1946, and published in AIEE TRANSAC- 
TIONS, 1946, June section, pages 328-36. 


L. P. Lanigan (Chase Brass and Copper 
Company, Waterbury, Conn.): After mak- 
ing a careful study of this paper, we believe 
that it presents data which have been needed 
forsome time. Quite frequently in the past, 
our company has received inquiries from 
customers regarding low inductance busses 
which are to operate at the present conven- 
tional frequencies. Since there is necessity 
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to operate at much higher frequencies in the 
future for certain purposes, we feel that the 
demand for such types of busses will be 
much greater, and the coaxial square tubular 
busses will prove very satisfactory for many 
of these installations. The fact that there 
is arelatively small number of coaxial busses 
at present is probably caused by, in part, the 
lack of readily available data such as that 
supplied in this paper. 

Although the general formula will be very 
important for certain uses, the approxima- 
tion to this formula, in conjunction with 
Figure 5 which was plotted from values 
derived from the latter, undoubtedly will 
prove to be especially valuable in commer- 
cial work where there is a limited amount 
of time which can be devoted to any one 
problem. The degree of accuracy, which is 
attained by resorting to Figure 5, should be 
sufficient for most of the commercial prob- 
lems encountered in everyday practice. 

The advantages of coaxial square tubular 
busses are many, asenumerated in thispaper. 
Low inductance with the resulting decrease 
in voltage drop and the reduced skin and 
proximity effects are some of these advan- 
tages. Oneofthe outstanding pointsin favor 
of square tubular busses is the high mechani- 
cal strength in all directions, but when such 
conductors are arranged coaxially, even 
much greater strength is added so as to 
eliminate the necessity, in many cases, of 
bracing to withstand short-circuit forces. 
The supporting structures, therefore, can 
be made smaller and lighter. Less space is 
required for the coaxial busses, which very 
often is a very important consideration in 
designs where there is a limited amount of 
space available. 

In conclusion, we believe that this paper 
presents data which will assist considerably 
in the design of many bus installations in 
the future. 


Henry Peter Messinger and Thomas James 
Higgins: The authors agree with Lanigan 
that values of inductance sufficiently accu- 
rate for most industrial work can be ob- 
tained from the curves of Figure 5. For 
actual use, however, the designer should 
follow the suggestion made under “‘Approxi- 
mation to the General Formula,’’ namely, to 
plot the curves (or parts of the curves) on a 
larger scale than that of Figure 5. The co- 
ordinates listed in Table I afford a more 
accurate plotting than the shorter list given 
in Appendix IV. For plotting, 7 must be 
converted to decimal values. 
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A New Line of High- 
Voltage Outdoor Tank- 
Type Oil Circuit Breakers 


Discussion and authors’ closure of paper 46-20 
by W. F. Skeats and E. B. Rietz, presented at 
the AIEE winter convention, New York, 
N. Y., January 21-25, 1946, and published 
in AIEE TRANSACTIONS, 1946, April 
section, pages 224-31. 


M. H. Hobbs (Westinghouse Electric Cor- 
poration, East Pittsburgh, Pa.): About two 
years ago, a new line of high voltage oil 
circuit breakers was introduced! with greatly 
reduced size and oil volume, and a standard 
interrupting time of five instead of eight 
cycles. At that time some comments were 
made regarding possible lowered factors of 
safety as to dielectric strength and inter- 
rupting ability. It is gratifying to have 
others, such as the authors of this paper, 
confirm the practicability of such a reduc- 
tion in over-all dimensions, even for inter- 
rupting ratings as high as 3,500,000 kva. 

One of the most important parts of a high 
voltage breaker is the bushing. As stated 
in the paper, the sealed oil-filled bushing has 
gained wide acceptance, and the use by the 
authors of conducting layers in a paper- 
wound core for limiting the voltage gradient 
and providing a potential tap further con- 
firms the well-established capacitor prin- 
ciple for high voltage bushing design. 

I believe we must take issue with the 
authors’ proposal to standardize at this time 
on only one breaker design and one rating 
for each voltage at 115, 188, 161, and 230 
ky. This setup, of course, appears attrac- 
tive from our point of view as manufac- 
turers, but it should be examined carefully 
as to sound economics and be certain that 
undue hardship is not imposed upon the 
operating systems which require only the 
lower rated breakers. The new American 
standards for power circuit breakers re- 
cently were published. Table 3 as indicated 
in a recent review of these standards? has 
been simplified and, except for the two top 
voltage classes, still retains several ratings 
for all voltages. These ratings were con- 
sidered essential by the committee, based 
upon actual purchases of the lower rated 
steps. 

If the maximum rupturing capacity in 
the high voltage class of circuit breakers 
were limited to 2,500,000 kva, and this rat- 
ing could be obtained in the smallest tank 
diameter and lightest feasible construction 
suitable for the voltage class, perhaps a 
single rating at each voltage would be satis- 
factory. However, with 3,500,000-kva rat- 
ings already standardized and 5,000,000-kva 
under serious consideration, it would appear 
reasonable to keep at least two or three dif- 
ferent interrupting ratings at the same 
voltage. Gas generation, particularly at the 
higher currents, tends toreduce momentarily 
the effective clearances between live parts 
in the breaker. Although the sustained 
pressures accompanying high power inter- 
ruptions undoubtedly are reduced greatly in 
modern breakers as compared to those of 15 
or 20 years ago, nevertheless, the momen- 
tary shock pressures, particularly when us- 
ing multibreak arrangements operated at 
very high speed, may be even more severe 
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than in slower breakers having fewer inter- 
rupting elements. For these reasons, dif- 
ferences in tank diameter and wall thick- 
ness, as well as other structural details, still 
may be justified economically to correspond 
with a range of interrupting capacity re- 
quirements and different speeds of opening. 

It is evident that the demand for 3-cycle 
interrupting time on several transmission 
systems has encouraged the use of multi- 
break contact structures, and the authors 
are to be commended on the relatively 
simple assembly which they have achieved. 
Nevertheless, it may be difficult to maintain 
the position that it is not possible to provide 
an even simpler and lower cost construction 
with fewer contact breaks where high speed 
and high interrupting capacity are not re- 
quired. Our studies show that 5-cycle 
breakers are appreciably lower in cost than 
3-cycle designs. 

The authors have not indicated the time 
required to interrupt the residual resistor 
current of some 50 amperes, but it does not 
seem likely that the circuit could be cleared 
completely until perhaps 5 or 6 cycles after 
energizing the trip coil. How may this be 
reconciled with a 3-cycle interrupting time 
rating? 

As a contribution to the discussion of 
heavy short-circuit duty on high voltage 
breakers, it may be of interest to mention 
a series of tests at Grand Coulee Dam re- 
cently completed. A 230-kv 3-cycle oil cir- 
cuit breaker containing multiflow grids, 
with a rupturing capacity of 3,500,000 kva, 
was subjected to several 3-phase short cir- 
cuits up to the full rating. In addition, a 
number of single-phase faults all were inter- 
rupted successfully, reaching a maximum 
current equivalent to a 3-phase short cir- 
cuit of 4,300,000 kva at rated voltage. 
This is believed to be the highest power field 
test so far made, and gives increased con- 
fidence in the practicability of extending 
breaker ratings to 5,000,000 kva and even 
higher. 
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E. W. Whitmer (American Gas and Electric 
Service Corporation, New York, N. Y.): 
In describing the completely sealed line of 
breaker bushings, the authors certainly are 
to be congratulated in the emphasis they 
have placed on mechanical details. Surely, 
the past operating troubles with bushings 
have been largely mechanical in nature. 
The mechanical troubles, however, fre- 
quently lead to electrical weakness. In the 
new bushings it is hoped that any mechani- 
cal troubles have been eliminated so far as 
is possible in an assembly of porcelain and 
metal parts which are joined together by 
means of gaskets. It seems reasonable to 
expect, however, that in service a few bush- 
ings might develop slow leaks. We have 
found that some older sealed bushings oper- 
ate with internal pressures which are con- 
siderably below atmospheric. This factor, 
presumably, is caused by the gas in the ex- 
pansion space being absorbed by oil or solid 
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materials inside the bushings, thus causing 
the internal pressure to approach the vapor 
pressure of the oil. With an internal 
pressure below atmospheric pressure, any 
leak that might develop would draw in air, 
water, or whatever happened to be located 
at the outside of the opening. I would like 
to ask the authors if any means has been 
considered for maintaining in service a posi- 
tive internal pressure in the sealed bushings, 
so that any leaks that might develop would 
be outward rather than inward, thus de- 
creasing the possibility of anything being 
drawn into a bushing that would weaken the 
insulation. 

It is gratifying to note that the matter of 
interchangeability has been considered. 
The new bushings can be used to replace 
existing old ones. Presumably, however, 
there would be some difficulty in replacing 
a new bushing in a new breaker with one 
of the old style bushings on account of 
difference in length of the bottom end. 
Complete interchangeability, therefore, has 
not been obtained between the new and old 
breaker bushings. If this interchangeability 
had been achieved, it would have been an 
advantage from the operating standpoint 
so far as the stocking of spare replacement 
bushings is concerned. 


Philip Sporn (American Gas and Electric 
Service Corporation, New York, N. Y.): 
Notwithstanding the rather spectacular per- 
formance of the air blast breaker which we 
tested up to 3,500,000 kva at the Philo 
plant of the Ohio Power Company in 1944, 
and later described,! the quiet and consistent 
performance of the conventional tank-type 
oil circuit breaker, tested at the same time 
and under the same conditions, was a con- 
vincing demonstration that the oil circuit 
breaker is far from being on its way out. 
The 60-inch diameter tank for the 138-kv 
3,500,000-kva breaker tested then was a long 
step in size reduction from the limit of 
1,500,000 kva obtainable in this size only a 
few years ago. It is especially gratifying, 
therefore, to see that the 60-inch tank, 
only comparatively recently used for ratings 
up to 2,500,000 kva, now has given way toa 
54-inch tank, and that the rating again has 
been increased, this time to 3,500,000 kva. 
In carrying out the developments which 
have made this result possible, the authors 
and their associates, in my opinion, have 
performed an outstanding job and are to be 
commended highly. As pointed out in 
Table III of the authors’ paper, the change 
in tank size from 60 inches to 54 inches for 
the 138-kv breaker, a reduction of approxi- 
mately 20 per cent, also results in about the 
same percentage reduction in both the over- 
all weight of the breaker and the quantity of 
oilrequired. This step, and possibly further 
reductions yet to be brought about, indicate 
a trend which should augur well for keeping 
high voltage switchgear costs under control. 
The authors’ 
breaker rating for high voltage breakers of 
115 kv and above is, I believe, a reiteration 
of a similar suggestion made approximately 
a year ago in discussing papers presented 
by Byrd and Rietz? and Hill and Leeds? 
dealing with the development and _ test- 
ing of high-capacity high-speed breakers 
in this voltage range. The further ex- 
tension of the trend toward concentrating 
higher interrupting capacity in a smaller 
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space, as exemplified by the authors’ pres- 
entation, would seem to lend considerable 
plausibility and logic to this proposal. As 
St. Clair points out in discussing this paper, 
the requirement of minimum dimensions for 
adequate clearances at these voltages would 
seem to preclude the possibility of any 
appreciable saving in material in attempting 
to build a lower interrupting capacity 
breaker. In other words, having abandoned 
the old criteria for capacity, such as the 72- 
inch tank for 2,500,000 kva and the 60-inch 
tank for 1,500,000 kva, both in the 138-kv 
class, we definitely have lost practically all 
of the actual difference in weights and ma- 
terials required on which to base the dif- 
ferent interrupting ratings and correspond- 
ing prices. Thesimplification in the schedule 
of standard ratings resulting from these in- 
escapable facts also should work toward an 
over-all reduction in circuit breaker costs. 

Referring again to the papers on high 
voltage circuit breakers presented last 
year,!»*»3 I also should like to re-emphasize 
the matter of the still officially listed, but 
utterly outmoded, derating factors applied 
to these high voltage breakers when used 
for high speed reclosing or other repetitive 
duty cycles. The developments and tests 
described in these papers showed unmis- 
takably the feasibility of eliminating these 
derating factors, and the present develop- 
ments described by the authors in this paper 
certainly add further corroboration to the 
same conclusion. Is not now the time, there- 
fore, to bring our practice in line with the 
engineering facts in the case? 
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H. P. St. Clair (American Gas and Electric 
Service Corporation, New York, N. Y.): 
The authors have made the interesting 
suggestion that only one breaker rating be 
included in the standards for each voltage 
at 115 kv and above, since there is little 
that can be changed in the present design 
to reduce interrupting capacity and cost 
and still meet the same performance stand- 
ards at reduced capacity. With dimensions 
already down to what would seem to be a 
minimum required for clearances, I am in- 
clined to agree with the authors’ suggestion. 
A number of users, as those of the system 
with which I am associated, have been on a 
single rating basis for some little time, 
following the policy of buying only the 
largest breakers at these higher voltages and 
taking care of outlying stations by trans- 
ferring lower rated breakers from heavier 
. stations, where the newer breakers then will 
be installed. 

It will be argued, of course, that smaller 
systems have no need for such a high inter- 
rupting capacity and, therefore, would be 
penalized. The only answer seems to be the 
realistic fact pointed out by the authors 
that, for their own design at least, there 
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is not any way to cut down the interrupting 
capacity and save any money. It would 
seem logical to expect that in the long run, 
the industry would gain by such a simpli- 
fication and that even the smaller systems 
would not be penalized appreciably, par- 
ticularly since in an era of continued growth 
which we all look forward to the smaller 
systems are likely to become larger ones. 


These new developments also suggest a 
further simplification in the matter of rat- 
ings, and that is the clear-cut elimination of 
derating factors for high speed reclosure on 
these high voltage breakers. In the light of 
accumulated results of field tests, I have 
felt for some time that these derating factors 
were unnecessary and, as a matter of fact 
have paid little attention to them in apply- 
ing breakers. This, of course, is a matter 
for consideration of the Association of Edi- 
son Illuminating Companies—Edison Electric 
Institute—National Electrical Manufacturers 
Association triple joint committee on 
circuit breakers, and it is understood that it 
is on the agenda for the next meeting. This 
suggestion, therefore, constitutes another 
plea for a realistic and clear-cut approach 
to this question. 


W.F. Skeats and E. B. Rietz: In suggesting 
the use of only one rating per voltage class, 
the authors considered the points raised 
by Hobbs but found little to justify the 
continuance of the present multiplicity of 
ratings. While it is quite true for instance, 
as Hobbs suggests, that there are momen- 
tary pressure impulses in the lower part of 
the tank, conservative design requires that 
the tank thickness be great enough to 
withstand the pressure that would result 
from ignition of the gases in the air space, 
and this pressure is not exceeded appreci- 
ably by the momentary impulses associated 
with interruption. Also, while it might be 
possible to make some saving in the manu- 
facture of individual breakers by the use of 
inferior interrupting parts for 5-cycle ap- 
plication, it is felt that the use of the fast 
interrupters is well justified by their short 
arcing time and the consequent reduction in 
oil carbonization and contact detericration. 
As St. Clair points out, the simplification of 
the rating structure that will result from 
this step may be expected in the long run to 
benefit both large and small systems. 


It is felt that the flow of resister current 
for one or two cycles beyond the 3-cycle 
interrupting time will not be of any impor- 
tance from the standpoint of damage at the 
point of fault, since the magnitude of this 
current is substantially less than even the 
normal load current of the breaker. From 
the standpoint of system stability, it is 
generally an advantage since it reduces the 
tendency of the generators to accelerate and 
pull out of synchronism with the load. 


In reply to Whitmer’s question, the bush- 
ings are filled with nitrogen at a pressure 
sufficient to insure that the pressure will 
remain above atmosphere at all anticipated 
temperatures. 


The question of interchangeability has 
been discussed with a number of users and 
the general consensus has been that the 
requirements in this respect are met sub- 
stantially if the new bushing can be used in 
oldbreakers. Thissituation is very fortunate 
as it permits the breaker designer to take 
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advantage of bushing 
building a better breaker. 

Sporn and St. Clair have raised the ques- 
tion of derating factors. These factors now 
are under review in the appropriate industry 
committees. 


improvements in 


Field Tests of Interrupting 
Capacity of 138-Kv 
Oil Circuit Breakers 


Discussion and authors’ closure of paper 46-19 
by W. B. Buchanan and G. D. Floyd, pre- 
sented at the AIEE winter convention, New 
York, N. Y., January 21-25, 1946, and pub- 
lished in AIEE TRANSACTIONS, 1946, 
April section, pages 199-204. 


A. W. Hill (Westinghouse Electric Corpo- 
ration, East Pittsburgh, Pa.): While a high 
power laboratory is indispensable for the 
development of large oil circuit breakers, 
the verification of interrupting capacity 
afforded by field tests such as these is of 
great value both to the designer and the 
user. Since most laboratories have only 
limited short-circuit capacity at 25-cycle 
frequency, it is particularly gratifying to 
have tests on a 115-kv 25-cycle system up 
to 2,500,000 kva, the maximum power 
ever interrupted on staged tests at this volt- 
age and frequency. 

The excellent performance of both the 
magnetic type BH and the multiflow type 
MF De-ion grid contacts confirm the ap- 
plicability of these interrupters to the single 
tank type of oil circuit breaker. 

Short-circuit tests on a high voltage power 
system are always of value in verifying 
circuit breaker rupturing capacity and pro- 
viding a comparison with high power labo- 
ratory performance. The tests described 
by Buchanan and Floyd are of particular 
interest because of the 25-cycle system 
frequency. Circuit breaker rating stand- 
ards recognize differences in the continuous 
current capacity as a function of frequency, 
but there has been no suggestion that the 
interrupting capacity may not be the same 
at all frequencies: 

An a-c high voltage circuit breaker ex- 
tinguishes an arc by waiting for a current 
zero and then deionizing the arc space so as 
to prevent reignition. After reaching the 
critical contact separation, the waiting time 
to the next current zero will average longer 
at the lower frequencies. The increased 
arcing time, of course, will be most signifi- 
cant in high speed circuit breakers, which 
tend to interrupt at the first or second cur- 
rent zero. Additional effects of frequency 
on the arc energy and oil pressure have been 
noted, which vary considerably according 
to the type of arc extinguishing structure 
used. 

High power laboratory tests had indicated 
an interrupting capacity of 1,500,000 kva 
for the magnetic type BH De-ion grid in- 
terrupters at 25-cycle frequency, although 
at 60 cycles an interrupting capacity of 
2,500,000 kva has been demonstrated. The 
tests described in this paper give a satis- 
factory confirmation of the 25-cycle rating 
of 1,500,000 kva at 115 kv. 
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The phenomenon of pressure waves in an 
oil circuit breaker tank, persisting for some 
time after arc extinction, was studied in 
some detail a number of years ago. The 
sequence of events appears to be as follows: 

During the arcing period, rapid gas gen- 
eration builds up an initial pressure peak. 
Horizontal forces on the tank walls are 
fairly well balanced. The vertical accelera- 
tion imparted to a considerable mass of oil 
above the arcing contact absorbs the up- 
ward force, leaving, however, an unbalanced 
blow on the floor of the tank. The tank 
supports and foundation deflect downward, 
and then the entire breaker structure tends 
to rebound upward, this being the familiar 
breaker jump. As soon as the arc is ex- 
tinguished, the gas bubble is cooled rapidly. 
Also, the inertia of the rising oil mass ex- 
pands the gas further. The pressure 
falls sharply and may even reach a partial 
vacuum. Compression of air above the 
oil, plus friction, is sufficient to stop and 
reverse the motion of the moving oil. Re- 
compression of the gas bubble produces a 
second pressure peak, and subsequent os- 
cillations of the oil may result in several 
additional pressure impulses of progressively 
reduced amplitude. 

The breaker used in these tests offers an 


interesting example of one form of con-, 


struction in which De-ion grids may be 
used. The single tank idea evidently has 
considerable local appeal, although where 
phase spacing must be varied to meet the 
requirements of many different station lay- 
outs, the single tank design does not have 
the flexibility required for general applica- 
tion. The same good performance has been 
secured in three separate tanks of the type 
GM breaker, with equivalent cost and 
weight of oil and steel, and described here 
in January 1945. There is a further ad- 
vantage to the design using separate tanks, 
in that it is a relatively simple matter to 
secure single pole operation, which has come 
into prominence during recent years. 
Some users prefer the added factor of safety 
of phase isolation. 

As Chubbuck pointed out, speed of clos- 
ing and opening has been secured through 
a combination of motor operation and clutch 
drive, and the performance shows that 
this combination is quite reliable. Where 
large control batteries are not desired, the 
pneumatic mechanism offers considerable 
advantage in that its closing current is as 
little as one per cent of the equivalent motor 
or solenoid. Our experience in the United 
States with all three (solenoid, motor, and 
pneumatic) has shown a marked trend to- 
ward the pneumatic as the most favored 
type. 

A feeling of confidence must have been 
brought to the minds of both the user and 
the designer by the series of field tests de- 
scribed by Buchanan and Floyd, and they 
are to be congratulated for successfully 
carrying out their program at a time when 
war-time loads were straining both equip- 
ment and personnel. 


L. B. Chubbuck (Canadian Westinghouse 
Company, Hamilton, Ontario, Canada): As 
stated by the authors, the breakers used in 
these tests were Canadian Westinghouse, 
with all three poles in one tank. This 138- 
kv size has been in operation for about five 
years. Lower voltage outdoor sizes, down 
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to 15 kv, have been in operation up to ap- 
proximately 15 years, and with over 700 in 
service there has been no case of voltage 
breakdown because of their compact con- 
struction. As compared with three tank 
breakers—the tank, tank lever, pullrod— 
conduit and waterproofing features are 
simpler, and only one tank is involved in 
maintenance. Less oil is required than for 
three tank breakers. 

With the De-ion grids used, there is little 
tendency for the arc to strike across phases, 
but to ensure against this a concentric 
micarta tube barrier is mounted around 
each grid. 

All three pole breakers are tested, shipped 
complete, and erected as one unit. One 
man inside the 138-kv breaker, and pro- 
tected from the weather, can adjust con- 
tacts without signaling from tank to 
tank. 

A compact motor operating mechanism 
is used for these breakers. This mechanism 
has ample power and speed for 5-cycle 
breaker operation and 20-cycle reclosure. 


W. B. Buchanan and G. D. Floyd: The 
comments by Hill on the action of pressure 
waves are interesting. Presumably, such 
phenomena become more apparent with 
high speed interruption of current. The 
tests reported seem to indicate more than 
one series of waves present (Figure 6). 
This condition may have been caused by 
the presence of three phases in one tank, or 
to the impact of a direct wave followed by 
that of a reflected component from the 
bottom of the tank. The data obtained 
are interesting but very limited. 

The need for a lower limit of capacity on 
a 25-cycle rating may still be debatable, 
but, lacking any more definite information, 
it seems prudent to be conservative. The 
tests were made on a 3-phase nongrounded 
short circuit directly on the load side of the 
switch. This condition allows the neutral 
to shift, and two phases of the breaker in 
series to complete the final interruption of 
the short circuit. An irregularity in the 
line-to-ground voltage is shown in Figures 
4 and 5. It is conceivable that a single- 
phase short circuit to ground might have im- 
posed a more severe duty on one phase. 
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Discussion and author's closure of paper 46-22 
by A. P. Strom, presented at the AIEE winter 
convention, New York, N. Y., January 21-25, 
1946, and published in AIEE TRANS- 
ACTIONS, 1946, March section, pages 113- 
18. 


W. R. Brownlee (Commonwealth and 
Southern Corporation, Jackson, Mich.): 
The author presents interesting laboratory 
data which are valuable in isolating various 
phases of the problems of arc resistance. 
The two practical uses for this information 
mentioned by the author are the calculation 
of short-circuit current reduction and the 
influence on the phase angles of directional 
relays. A more important and more serious 
influence of arc resistance is its effect on 
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distance relays. The arc resistance may be 
small compared to the total system imped- 
ance, but large compared with the imped- 
ance of the line being protected. 

Theresults of the tests are rather startling, 
both with regard to the relatively low volt- 
ages per foot obtained and to the apparent 
independence of this voltage on the magni- 
tude of the current. Possibly further con- 
sideration of the two to one variation en- 
countered, even under carefully controlled 
conditions, may provide an explanation. 

One criterion of arc resistance, as experi- 
enced in practical systems, is the impedance 
allowed for it in published transmission line 
relaying applications. One example is found 
in the description of the Kansas-Nebraska 
interconnection relaying! (Figure 12), where 
the arc resistance is indicated as 125 ohms 
(phase to neutral). With short-circuit cur- 
rents estimated from the system charac- 
teristics, this value corresponds to about 960 
volts per foot of arc for a 60-foot arc. On 
top of this, an allowance has been made of 
some 16 per cent of the total impedance (line 
and arc) in determining the setting for the 
instantaneous element. In the Fort Peck- 
Rainbow transmission line application? 
(Figure 12) the allowance made for the un- 
stretched arc resistance is 40 ohms (phase to 
neutral). This amount corresponds to some 
900 volts per foot of arc, on top of which an 
over-all relay margin of 16 to 20 per cent has 
been allowed. In the New England Power 
Company tests,’ arc voltage rose to 63 kv in 
one second, which corresponds to a 60 foot 
are at over 1,000 volts per foot, or if it is 
assumed that the arc resistance was 400 volts 
per foot, then the arc length must have been 
some 160 feet. 

The above allowances for are resistance 
are compromises in protection between safe 
coverage of faults and the necessity of pre- 
venting incorrect relay operations during 
system swings. In my personal experience, 
dozens of arcing tests have been performed 
on 115-kv and 161-kv systems, with arcs’ 
varying from 10 feet to 50 feet in length. 
Oscillographic measurements showed values 
from 1,300 volts per foot at 100 amperes to 
500 volts per foot at 500 amperes, the values 
of ohms per foot being inversely proportional 
to the 1.4 power of the current. Even the 
Canadian tests? showed a variation of arc 
resistance between 200 amperes and 500 
amperes corresponding inversely to the 1.4 
power of the current. In searching for pos- 
sible explanations of these discrepancies, 
the author’s statement dealing with slight 
variations in the are path may be significant. 
That is, arcs on transmission lines are ex- 
posed practically always to both magnetic 
and wind effects to provide these slight 
variations in the path, even before the arcs 
have time to stretch appreciably. The no- 
load voltage used for the test is not given, 
but mention is made of as much as 6,900 
volts. Perhapsmaterial differences are intro- 
duced when the no-load voltage is some 138 
ky. 
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J. D. Cobine (General Electric Company, 
Schenectady, N. Y.): A few years ago, a 
search of literature for long arcs revealed 
only the work of Grotrian of 30 years ago.} 
It was surprising that no information was 
published on the long heavy current arcs 
that so often appear, though unwanted, in 
practice. Grotrian’s arcs were of the order 
of 50 centimeters (1.64 feet) long and burned 
in a tube with a spiral flow of gas to stabilize 
them. The currents were under three am- 
peres, direct current. For these very special 
conditions and copper electrodes in air, he 
found 


35.5 
€a =oo+(128+%°?)n 


where 


@qg=arce drop in volts 
7=current in amperes 
x =length in centimeters 


For the currents used in the present paper, 
the second term in parentheses can be neg- 
lected. Converting the gradient constant 
(12.8) to inch units gives 32.5 volts per inch. 
This value is in surprisingly good agreement, 
considering the extreme range of currents 
involved, with the present value of 34 volts 
perinch. The constant electrode drop found 
by Strom (35 volts) seems a better value for 
general use than the 60 volts of Grotrian. 

Three of the volt-ampere characteristic 
curves show an interesting reverse loop 
with a fairly rapid rise in voltage at nearly 
constant current. How prevalent was this 
effect? Is this caused by a rapid increase in 
length synchronized with the peak current, 
that is, initial dissymmetry accelerated by 
magnetic forces? Is there any evidence of 
the length of time the vapor of the fuse wire 
remains in the column? The presence of 
metallic vapor would cause some departure 
of the column gradient from that for air 
alone. 

Figure 1 of the paper shows a slow but 
definite increase of arc gradient with in- 
creasing current, whereas theory? calls for a 
slow decrease. This increase is probably 
caused by the indefinite size of column, 
possibly parallel paths, shown in Figure 11, 
which result in greater ion losses than for 
the idealized case. 
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I. B. Johnson (General Electric Company, 
Schenectady, N. Y.): From studies of static 
arcs, stich as those made by W. B. Notting- 
ham and C. G. Suits, it is known that the 
voltage gradients in the arc column are a 
function of the gas in which the arc is 
burning, of the electrode materials, and of 
the kind of metal vapor contained in the arc, 
ifany. Thus, for example, if Nottingham’s 
equation for arcs in air (arc length greater 
than 15 millimeters), e (total voltage drop) = 
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A+BI+C+Dl1/1™ is applied to an are in 
which the anode material is copper, the 
voltage gradient for arcs 48 inches long and 
for arc currents of 100 and 10,000 amperes 
are 49 and 43 volts per inch respectively. 
If the anode electrode is lead, the gradients 
are 32.4 and 22 volts per inch for arc currents 
100 and 10,000 amperes respectively. Simi- 
larly, for zinc the results are 24.5 and 16.5 
volts per inch. It is an interesting coinci- 
dence to note that these results for copper 
and lead are within the range of gradients 
as measured by Strom for the long dynamic 
are. Calculations for ares 12 inches long 
give gradients approximately the same as 
those for arcs 48 inches long, the greatest 
difference occurring for the 10,000-ampere 
are with zinc electrodes, the gradient being 
15 volts per inch as compared to 16.5 volts 
per inch for the 48-inch arc. 

In the experimental work of Doctor Suits 
on static ares, arc gradient measurements 
for metallic electrodes in air for 10-ampere 
arcs show the following: 


Volts Per Inch 
Copper (oxidized surface) 2. $5 ......0)0 004 10.5 
Copper (lathe turned surface)........... 28 
Coppets (polished) pirates. ciara cevareieter eet 51 
ead aucmiucda motor ances ereiare raie.e ec aievetreenar ie 23 
Zinc weaker PE holes ole ar cIeeEr Toles re teataets 35 
yR Gii Sst Wee Gacy cy. oer cyereiseete aa Gheveusiey none 48.5 
Silver Tkc, cncaieeue Mbaceiesumusreiouniedkeiscele 46 


These values should be less at higher cur- 
rents. Spectroscopic studies indicate that 
arcs between electrodes of copper (polished), 
tungsten, and silver are essentially metal 
vaporfree arcs, while the others contained 
metal vapor characteristic of the electrode 
material. The effect of metal vapor is to 
lower the gradient appreciably. In Doctor 
Suit’s study, precaution was taken to hold 
the are stationary. 

The mechanism of the arc is considered to 
be one of thermal ionization, the thermal 
and electrical properties being related by 
Saha’s equation 


1 oe ell, +1.5 1 T+15.38 
og N = Tr e@ -O 10810 ; 
where 


nm =electron density 

T =temperature 

N=molecular density 

V, =ionization potential of the arc gases 


The quantity n?/N can be related to the are 


current density J and the arc voltage gra- 
dient E by (n?/N)a(I/E)*. Thus, if there 
is random motion of the arc and consequent 
random cooling, the effects on T and E, it 
would seem, should be likewise. If the arc is 
a metal vaporfree arc, then no changes in V, 
will result in no changes of E. However, if 
the are is a metal vapor one of a nonhomo- 
geneous sort or if in the random motion the 
arc changes from a metal vapor to a metal 
vaporfree arc, random changes in the arc 
gradient could be expected. For gases such 
as Ne: and Op, the ionization potentials are 
about 15.8 and 12.5, respectively, while for 
metals the ionization potential runs as low as 
5 volts. 

From the foregoing, then, the questions 
that arise are the following: 


‘1. Is the long dynamic arc studied in this paper 
essentially a metal vapor or a metal vaporfree arc? 


2. If it is a metal vapor arc, what metals deter- 
mine its characteristics? 


3. Of what metal or metals was the initiating fuse 
wire made, to what extent did it effect the results 
obtained, and would different kinds of fuse wires 
produce different voltage gradients? 


4. In long 60-cycle arcs, will different electrode 
materials produce wide differences in voltage gradi- 
ents? 


5. Is along 60-cycle arc initiated by a high voltage 
impulse, a metal vapor, or a metal vaporfree arc? 


J. H. Hagenguth(General Electric Company, 
Pittsfield, Mass.): The paper is very inter- 
esting in that it confirms measurements by 
other investigators of the voltage drop in 
arcs in air. There are a few questions which 
arise, however, particularly with regard to 
Table II. This table shows the percentage 
of the first current peak of the arc to the 
current peak for a solid short circuit, which, 
for the lower circuit voltages, is usually less 
than the solid short-circuit current. The 
conclusion, then, is drawn that the current- 
limiting action of arcs on short-circuit cur- 
rents depends on the relative value of the 
total arc voltage to the circuit voltage. 
This condition, undoubtedly, is true, part- 
icularly where the arc voltage becomes a large 
percentage of the circuit voltage. However, 
the limitation of the circuit current must 
have other causes besides the one men- 
tioned. For instance, in the 2,300-volt cir- 
cuit for a nominal short circuit of 16,600 
amperes, the first half cycle arc current is 
between 12 and 50 per cent of the no arc 
current from Table II. It seems doubtful 
that this wide variation is caused by arc 
resistance alone, because from Table I it is 


Table |. Instantaneous Resistance of Arc Path 
0.0161 1,100 
R= 
Ir 
Ri Ri Circuit 
Test, Calculated, I, Average, Gap Length, Volts, 
Test Ohms Ohms Amperes Inches Rms 
AM Coeenpetneee ie POR Pie ctohascterers ena NEN Se aR RERAN, sth Orono. 13 rd Skee eit cae AS ate hkzerslets © 5,750 
Boe eas Bae Ane. Peete ai aete Eee ee ee 120 ie tee Pen eh BS Grate shies 2,300 
CM i Rite Gi Olpeetrraccrs eloncrenc.eke (ALON: Chere Rene. 5 DDD) Braet Sad ae AS wo & StSielte Jugeraha te 2,300 
1B) Shi tod oon,c ot Sao MaRS CINGD ONDA mise cia cis wena AGO areas skeet ASY Sic stecsnecieterers 2,300 
IEE Dio Ero-cachorb ac ORA OB Serirtensts mitcee 0.45 Sy DOU ek: erepe hese t Poe e ers neha Cec 2,300 
Ibe eho nore AA Al cyan tr ah.c Potts vale 6 0.156 KO! OOOlieeARemaescs 8 AS oe ais sckolnee 2,300 
Vg tras stan isesteranena’ OROSS eciteste- eee OE OGS: gees, « ecu emoter meee 2 OOO SEs ya. e 4 stata eee 2,300 
TEES OI OLE OR OS OMe petit eens OHO 22 ea. cn cn srcuenee 7 GOO a scteterel ocuarshal Prete a Cad 1,150 
A ns vate ede epee ROS Senet teen Tansee, 0.029 LSI66G6tele se et onte | La NO esi Ca AL 2,300 
BENE le iin cicer ats ole nei OOS Tistascttarar he svete: 0.073 SIBIAG Maed sear ceseenerehs I Diactal a alder erat one 6,900 
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found that the arc voltage varies only be- 
tween 30 and 40, with one case at 43 volts 
per inch. 

I wonder whether one reason for this 
variation is that the arc was struck at dif- 
ferent points of the voltage wave. The 
oscillograms of Figure 7A seem to indicate 
a phase difference compared to those of 
Figure 8A. A further contributory factor 
may be the vaporization of the wire. Tests 
vaporizing thin wires with high current im- 
pulses! have shown that the resistance of the 
wire, because of its temperature, becomes so 
great that in the critical stage the spark 
cannot be maintained and the current goes 
to zero, although the spark voltage would be 
sufficient to maintain the spark proper. 
Perhaps some such phenomenon may have 
been involved in the tests described. 

It would be useful in connection with the 
mathematical solution given in the paper to 
know the impedances involved in the power 
supply, including generator, transformer, 
and reactors. 

Considering the narrow range of are drops 
measured, it may be worth-while to specu- 
late on an equation for the instantaneous arc 
resistance at peak current. J. W. Flowers? 
has found that the current density in a spark 
discharge approaches a constant value of 
about 1,100 amperes per square centimeter. 
These measurements were made under con- 
ditions such that metal vapor from the elec- 
trodes did not contribute materially to the 
conduction. If we assume such a value to 
hold for power arcs in air (values ranging 
between 400 to 3,000 amperes per square 
centimeter are mentioned by L. B. Loeb’), 
then we can write the equation for the in- 
stantaneous resistance R; of the are at cur- 
rent peak: 


1,100 
R;=0.0116 X1X 


x 


where 


/=length of the arc in centimeters 
7, =current crest through the arc in amperes 


The factor 0.0116 represents the resistivity 
of the arc in ohms per cube centimeter, as- 
suming an arc voltage of 30 volts per inch. 
Using this equation for calculating the arc 
resistance and comparing these values with 
the experimental resistances, good agree- 
ment is obtained for the 48-inch arc, as 
shown in Table I of this discussion. 

For the shorter gap lengths, the calculated 
values are lower than the experimental 
values. The latter are based on averaging 
usually three fairly consistent half cycle 
peak values of current and arc drop. 

The better check for the longest gap may 
indicate that the electrode vapors do not 
contribute greatly to the conduction in the 
gap, but have some effect for the shorter gap 
lengths. 
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A. P. Strom: The author wishes to thank the 
discussers of this paper for calling attention 
to various problems in connection with long 
ares in air, as well as for raising a number of 
significant questions in regard to this work. 
Not all of these questions can be answered 
specifically with the information now avail- 
able, and this suggests that additional stud- 
ies can be made profitably to gain a more 
complete understanding of these phenomena. 
The work presented in this paper was com- 
piled with the preliminary study of the 
characteristics of high current 60-cycle arcs 
in mind, such as are found in power systems, 
and does not pretend to be a complete theo- 
retical study of the physics of such arcs. 
Precautions were taken, nevertheless, to 
keep the conditions as nearly as possible to 
those of typical power ares burning in air. 

In regard to the conclusion made in the 
paper that current limiting action of arcs 
depends on the relative value of arc volts to 
circuit voltage, Hagenguth comments that 
this action does not appear to hold for the 
first half cycle of arcing. 

The are voltage does act to reduce the 
current even in the first half cycle, but if 
transient conditions exist, they also affect 
the current. In making these tests, a syn- 
chronous trip was used, so that the current 
started very nearly at the point of maximum 
circuit voltage. Introducing the arc into the 
circuit shifts the current more nearly into 
phase with the circuit voltage, and, there- 
fore, tends to reduce the time duration and 
magnitude of the first half cycle of arc cur- 
rent. 

There is also the transient effect resulting 
from striking the arc with a small fuse wire. 
The current rises rapidly before the wire 
fuses, so that at fusing the current density is 
higher than in the normal arc, giving an in- 
stantaneously high arc voltage. While this 
high voltage disappears quickly so that at 
the peak current a practically normal arc 
voltage exists, it may reduce appreciably 
the first half cycle of arc current. This 
effect varies with the size of fuse wire and 
appears to be the main cause of the variation 
in the first half cycle of current on the 
16,600 ampere tests of Table IT. 

The fuse wires used to initiate these arcs 
(tests L to Q inclusive) were respectively: 


L—two strands of 9-mil diameter copper wire. 
M—one 40-mil diameter copper wire. 


N—one 45-mil nichrome wire. 
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. O—one 40-mil copper wire notcied at 2- or 3- 
inch intervals to about one-half normal section. 


5. P—three lengths of 40-mil copper wire alter- 
nately in series with four lengths of 2-strand 9-mil 
copper wire. 


6. Q—three strands of 9-mil copper wire. 


Power was supplied to these tests from 
the lines of the Duquesne Light Company 
paralleled with the Westinghouse power 
plant at Trafford. The approximate imped- 
ance of the circuit may be calculated from 
the no are short-circuit tests of Table II. 

The equation developed by Hagenguth 
for the resistance of an arc, R;=0.0116 XtX 
1,100/J, is correct (except that 0.0116 should 
be 0.01075) for the assumptions made, 
namely, 30 volts per inch gradient and 1,100 
amperes per square centimeter current den- 
sity. However, it should be pointed out 
that having assumed a potential gradient it 
is superfluous also to assume a current den- 
sity. The resistance, regardless of current 
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density, is potential gradient times arc 
length, divided by the current. 

Rewriting this equation, including the 
derivation of the first term 


30° 7 1,100 
R= -—— )xIx7— 
2.54 1,100 I 


Hence it is clear that the current densities 
cancel out so that 


30X1 380XL 
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where L is inches. The calculated values in 
the table, therefore, should differ from the 
observed values only as the assumed gradi- 
ents differ from the observed gradients. 

Johnson’s calculations of are gradients 
from Nottingham’s equations are of interest, 
since it appears that the right order of mag- 
nitude of arc gradients for high current a-c 
arcs can be obtained by extrapolation of 
these data for low current d-c arcs to many 
hundreds of times the current at which the 
equations were derived. In general, how- 
ever, little confidence could be placed in 
such extrapolations without experimental 
verification, and that, of course, is one of the 
main reasons for the present study. 

As Johnson points out, studies have shown 
that gradients of short arcs are affected 
materially by metal vapors from the elec-~ 
trodes. . While there are, undoubtedly, 
some metal vapors from the electrodes even 
in longer arcs, it is believed that the arcs 
used were of sufficient length so that this 
effect was relatively unimportant. Even in 
those tests where the arc length was re-~ 
duced to 12 inches, no decrease in are 
gradient was observed over that for the 48~ 
inch long arcs, as would be expected if the 
metal vapors play an important part. 
Further evidence is found in the are data 
from field tests where the arcs were as long as 
17 feet, and where it appears very unlikely 
that any appreciable metal vapor could be 
present. These tests give gradients that 
agree well with those of this paper. Some 
of these tests will be discussed in a later 
paragraph. 

The fuses used in these tests were for the 
most part fine copper wires. For the smaller 
currents, a 3-mil diameter wire was used. 
For larger currents, one to three strands of 
9-mil copper wire were used generally. In 
the series of tests, ZL to Q inclusive, fuse 
wires of various sizes and metals were used 
as discussed in a previous paragraph. It 
was found that the fuse wire could be in- 
creased in area by from 7 to 20 times, or 
changed from copper to nichrome with no 
appreciable change in gradient. 

Assuming the Saha equation for thermalt 
ionization to hold, it would be possible to, 
calculate the gradients in arcs, provided the 
arc diameters and current distribution in the 
arc, as well as effective ionizing potentials, 
arc temperatures, and electron mobilities, 
were known accurately. For the current. 
ranges covered by these tests, these con- 


_ stants are not sufficiently well known to, 


give any confidence in results obtained from 
such calculations, but perhaps with more. 
accurate determinations of constants such 
methods might become useful. 

Doctor Cobine inquires about the rather- 
strange phenomenon of reverse loops showm 
in three volt-ampere characteristic curves. 
The occurrence appears to be random. 


AIEE TRANSACTIONS 


The phenomenon might be explained by 
turbulence caused by magnetic disturbances 
of the arc, which would increase with the 
current and have a time lag so that maxi- 
mum turbulence occurs slightly after the 
peak current. 

Brownlee presents in his discussion some 
interesting data on arc impedances as ap- 
plied to relay systems. That estimates of 
arc resistance in relay applications should be 
considerably higher than the figures given 
in this paper seems reasonable, since allow- 
ance must be made for some arc elongation, 
wind effects, and factors of safety. Obvi- 
ously, the tables in this paper give only the 
minimum arc gradients to be expected in 
still air, and suitable allowances must be 
made where conditions are present tending 
to increase the arc voltage. 

However, the statement is difficult to 
understand that the arc voltages actually 
measured or computed at the 100- to 200- 
ampere range on field tests is almost invari- 
ably two to three times as high as given in 
the tables of this paper. Could these results 
have been caused by inclusion of impedance 
elements other than that of the arc itself, or 
special conditions such as tests on low cur- 
rent capacitive circuits? On reviewing the 
field tests found in the literature, and com- 
paring the results with the present data, 
fairly good agreement is found even at the 
100- to 200-ampere range. For example, 
Figure 5 in a previously published paper,! 
shows a summary of the results of field tests 
by a number of experimenters, all of which 
agree in order of magnitude with the data 
of this paper. At 140 rms amperes, the 
data for the first cycle of arcing in the Cana- 
dian tests* show arc gradients of 275 to 410 
rms volts per foot or 390 to 580 peak volts 
per foot, whereas the average found in our 
tests was 375 volts per foot. 

A report? by the Joint Subcommittee on 
Development and Research of the Edison 
Electric Institute and Bell Telephone Sys- 
tem gives additional results from transmis- 
sion line field studies. 

Appendix II of this report, ‘““Experi- 
mental Studies of Power Arc Character- 
istics—Croton Dam Tests,’”’ presents data 
that also agree reasonably well with the re- 
sults of this paper. While rather large 
random variations occur in the data re- 
corded, the average gradient is about 300 
volts per foot, and no gradient is in excess of 
580 peak volts per foot in the seven tests at 
currents in excess of 50 amperes. Two tests 
on low current capacitive circuits do show 
peak gradients of 900, 1,000, and 1,750 volts 
perfoot, but this is to be expected because of 
the characteristic nonsinusoidal current in 
such circuits with high initial peaks in the 
are voltage. 

A typical oscillogram for a current in the 
100- to 400-ampere range is shown in Figure 
34 of the report. Measurements from this 
oscillogram show arc gradients at peak cur- 
rent of 350, 360, 315, and 330 volts per foot, 
corresponding to currents of respectively 
340, 350, 160, and 120 peak amperes. These 
results do not appear to indicate a variation 
of arc gradient corresponding inversely to 
the 1.4 power of the current. The arc lengths 
varied from about 8 to 17 feet, indicating 
that the gradient practically is independent 
of the arc length or voltage on the system. 
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A-C Arc in an Air Blast 


Discussion and author's closure of paper 46-21 
by T. E. Browne, Jr., presented at the AIEE 
winter convention, New York, N. Y., January 
21-25, 1946, and published in AIEE 
TRANSACTIONS, 1946, March section, 
pages 169-76. 


B. P. Baker (Westinghouse Electric Cor- 
poration, East Pittsburgh, Pa.): The de- 
ficiency of technical literature on a-c arc 
extinction, the lack of total agreement be- 
tween theories explaining arc extinction 
phenomena, and the diversity in design of 
are extinguishing devices clearly indicate 
the need for more fundamental information 
such as that which Doctor Browne has pre- 
sented. His excellent work deserves our 
commendation. 

Doctor Browne’s findings regarding the 
processes of are extinction resulting from 
turbulent diffusion, cooling, and the sub- 
sequent instability of the arc, and the effect 
of the circuit on this instability seem to 
provide an adequate explanation of high 
power arc extinction. However, the range 
of his data is limited somewhat in current, 
voltage, and air pressure, and, therefore 
extrapolation to high kilovolt-ampere arc 
extinction must be made with caution. 

There are considerable data at high cur- 
rent and voltage to indicate that the rate 
of restoration of dielectric strength in the 
arc gap near the apparent current zero 
and the circuit characteristics are inter- 
dependent and affect each other tremen- 
dously as the point of maximum instability 
in the arcisreached. This interdependence 
seems to be more marked at the higher 
values of current. Fortunately, the fastest 
circuits generally are encountered at low 
voltages (generator voltages) and at high 
currents. Under these conditions the con- 
cept of are extinction resulting from an 
increase in arc resistance as a function of 
time seems more pertinent than the notion 
of dielectric growth accompanied by neg- 
ligible conductivity. 

Tests made on high power commercial 
circuit breakers have shown that the arc 
space at the time of current zero for a 
100,000-ampere arc may have an effective 
resistance of about 100 ohms. This re- 
sistance will exert a large influence on the 
transient recovery voltage of fast circuits. 
To meet the requirements of instability 
the circuit breaker must be able to increase 
the effective resistance of the arc space 
during this period, and thereby complete 
the interruption. Failure to do so results 
in reignition. Since this balance may be so 
critical, extrapolation from low powers to 
high, or reliance on any kind of test other 
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than one in which full current and full 
voltage under normal transient recovery 
conditions are obtained, may prove unwise. 

Figure 5 shows, as pointed out by Doctor 
Browne, that the growth of dielectric 
strength following the apparent current 
zero is divided into three stages: A slow 
initial growth, in some cases involving many 
microseconds, a region of rapid recovery, 
and a high dielectric plateau obtained some 
time after apparent current zero. Test 
results as presented before the Institute,!\? 
show circuit breaker performance in which 
the circuit characteristics were such that 
high voltages were applied within 2 or 3 
microseconds after current zero. This is 
well within the region of the pause described 
in Doctor Browne’s paper. 

Typical tests from these data indicate 
that the cross-blast or splitter type of inter- 
rupter operated satisfactorily at 150 pounds 
per square inch, 13,200 volts, 8,000 amperes 
on a circuit where the transient recovery 
rate was 13,600 volts per microsecond. 
Also, at 53,000 amperes, 11,000 volts the 
circuit transient recovery rate was 7,100 
volts per microsecond, in which case 15,000 
volts was reached in 2 microseconds. At 
125 pounds per square inch, 13,200 volts 
105,000 amperes also was interrupted 
satisfactorily on a 2,080-volt-per-micro- 
second circuit. The circuit transient in 
all three of these tests, if uninfluenced by 
the arc conductivity, would produce high 
voltage peaks well within the times corre- 
sponding to the dielectric pause shown in 
Figure 5. Even after damping the low- 
energy high-frequency oscillations, the re- 
stored voltage reached as high as 10,000 
volts in 2 microseconds on the 53,000- 
ampere test, which indicates that interrupt- 
ing phenomena at high currents and pres- 
sures differ materially from that shown in 
Figure 5. 

Again I wish to congratulate Doctor 
Browne on his excellent paper and assure 
him of our interest in the continuation of 
this work into the range of higher currents, 
pressures, and voltages. 
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J. W. Beatty (nonmember; General Electric 
Company, Philadelphia, Pa.): The data 
presented in this paper are of great interest 
to those concerned with the manufacture 
and use of circuit breakers, and the author 
is to be commended on the use of a small 
model for the close study of the important 
time following current zero. As Doctor 
Browne no doubt knows, however, the model 
chosen for investigation is not an ideal type 
interrupter, and as such, the erratic results 
obtained must not be construed as repre- 
senting the performance of a _ properly 
designed air blast interrupter. The author 
has plotted his reignition voltages versus 
time for various tank air pressures and cur- 
rents and, in addition, has added a line 
which is said to be the rate of rise obtained 
by the displacement theory of interruption. 
In this way, the author evidently is at- 
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tempting to determine the validity of this 
theory. However, if one examines the ar- 
rangement drawing of the apparatus, it 
will be seen that no provision has been 
made for removing the hot gases and metal 
vapor which surely must surround the up- 
stream electrode. The result is shown by 
the sketches of Figure 1. The only way for 
this dielectric-damaging material to be 
dispersed is through local cooling and being 
swept downstream into the interrupter. 
Thus, the displacement theory, which pre- 
supposes the insertion of clean dielectric 
at the velocity given by the design and 
operating conditions, is defeated by the very 
design of this unit. Therefore, it would be 
optimistic indeed to expect a verification of 
the displacement theory with the model 
used by the author. With this in mind, 
the writer has plotted the accompanying 
curves which compare the actual perform- 
ance of the interrupter model, at 50 amperes, 
with the displacement theory recovery rate. 
The latter curve was constructed, in all 
cases, by: 


1. Assuming that the are is broken initially at 
the point of greatest constriction, and that subse- 
quently the ionized gases attached to the down- 
stream electrode are swept out in this direction with 
the prevailing air velocity. 


2. Determining the prevailing pressure and 
velocity at the orifice given by adiabatic expansion 
from room temperature and the specified supply 


pressure. 


ee ARC PROPER 


METAL VAPOR AND 
HOT GASES 


Figure 1. Schematic flow and arcing of 
Westinghouse test interrupter 


A—Before interruption 
a—Estimated location of initial break in arc 
B—A\fter interruption 
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3. Obtaining the breakdown strength of air 
between sharp electrodes for the orifice air density 
and for various gap lengths. 


4. Determining the elapsed time, from the 
velocity, for obtaining 9 given separation of ionized 
materials and hence for obtaining a given dielectric 
strength. 


The results of this procedure are agreeably 
surprising, especially in view of the sim- 
plicity of the theory. The curves given by 
theory are very close to the best test results 
obtained. The worst divergence, that at 
40 pounds per square inch, shown by 
Figure 2, arises in part from oversimpli- 
fication in the computation of the pressure— 
velocity relations under conditions of sonic 
flow. Had the resulting standing pressure 
waves been taken into account, the dis- 
placement theory curve would have been 
lowered. 

Doctor Browne notes that the “‘plateau’”’ 
region of dielectric recovery is particularly 
hard to explain on the basis of the displace- 
ment theory. However, one can point out 
that by the time the ionization attached to 
the downstream electrode has been swept 
out completely, only the bare electrodes are 
left, and hence a constant electrode separa- 
tion exists. Unfortunately, a complication 
sets in because we still have ionized particles 
and metal vapors in the immediate vicinity 
of the upstream contact where they swirl 
and eddy at the will of the prevailing air 
stream. These particles gradually are 
swept downstream between the separated 
contacts, thus producing continuing erratic 
reignition voltages. That this contamina- 
tion should be more pronounced the higher 
the current is to be expected, since the 
metal vapor and ionization adjoining the 
electrodes are increased proportionally. 
These results are shown by the final curves 
of the paper. 

In conclusion, it appears unfortunate 
that the promising test model which was 
provided with means for scavenging the re- 
gion adjacent the upstream contact was not 
tested thoroughly. Such a design would 
have been dictated on the basis of the dis- 
placement theory, and the tests would give 
very valuable design data. 


T. E. Browne, Jr.: Mr. Baker’s remarks 
help to fill in an admitted gap between this 
laboratory work and the field application 
of air-blast circuit breakers and so are 
appreciated. He did well to emphasize 
the difference between the air pressure, 
voltage, and current ranges covered by 
these tests and those at which high-power 
compressed-air circuit breakers generally 
operate. Some evidence was obtained dur- 
ing the tests that the course of the dielectric 
recovery at considerably higher air pres- 
sures, even at the lower currents, may be 
rather different from that observed at 40 
pounds per square inch and below. The 
tabulated values of ‘“‘initial time delay” 
do seem to suggest that this pause should 
persist at higher air pressures if the arc 
current magnitude is also correspondingly 
higher, but it is not certain how far this 
extrapolation can be carried. One reason 
for uncertainty is the breakdown of the 
concept of are dielectric strength at high 
arc currents. In the work described in 
the paper, the concept of a “‘race’’ between 
circuit recovery voltage and recovery of 
dielectric strength by the are space was 
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KV TO CAUSE REIGNITION 


TIME -MICROSECONDS 


Figure 2. Reignition strength of Westing- 
house test interrupter at 50 amperes 


---- Envelope of test results 
— Displacement theory 


held to deliberately for the sake of sim- 
plicity. However, this is an idealization 
which, as intimated by Mr. Baker, becomes 
increasingly inadequate as arc currents are 
increased and arc “resistances” corre- 
spondingly diminish. At the highest cur- 
rents, it is undoubtedly true that the are 
can be described more realistically as an 
electrothermal mechanism of rapidly fluc- 
tuating conductivity possessing an inherent 
hysteresis which may or may not permit it 
to pass through a current reversal without 
losing its stability. Unfortunately, this is 
a far more complex concept to work with 
than that of dielectric recovery, but prog- 
ress is being made with it. An immediate 
objective of the work in our laboratory is 
to obtain experimental data on the re- 
ignition or extinction of high-current arcs 
in an air blast from this latter point of view. 

Mr. Beatty in an interesting contributed 
discussion has attempted to support the 
displacement theory of dielectric recovery 
in the light of the data presented in the 
paper, following closely the concepts of 
Prince, Henley, and Rankin (reference 2 
of the paper). As stated in the paper 
these and other results at first glance do 
seem to offer partial support for the dis- 
placement theory, and the author has 
himself made serious attempts to explore 
the extent of such support. The difficulty 
always arises, however, that a careful 
analysis of the displacement concept de- 
stroys the illusion of beautiful simplicity 
characterizing the original theory. This 
is illustrated unusually well by Mr. Beatty’s 
sketch of the test interrupter after inter- 
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ruption. For instance, on what basis can 
a designer distinguish between the “‘arc 
proper” and the “metal vapor and hot 
gases” in order to establish such boundaries 
as those sketched and so estimate a rate of 
relative displacement between such bound- 
aries? Mayr! has attempted such a dis- 
tinction on the basis of an arbitrary tem- 
perature level during cooling, but this part 
of his picture does not bear any direct 
relation to a calculable physical displace- 
ment. With regard to the breakdown 
strength to be assumed for the dielectric 
medium, Mr. Beatty’s “metal vapor and 
hot gases’’ of the sketch seems a rather far 
cry from the “‘clean dielectric’? which, as 
he says, the displacement theory pre- 
supposes. Also, one still must agree with 
Doctor Suits when he says: ““Many ques- 
tions may be raised concerning the physics 
of the breakdown between ‘ionized stumps’ 
described .. . as part of the displacement 
process.’’? Such objections to the dis- 
placement theory have been pointed out 
repeatedly in discussions before the In- 
stitute by Doctor Slepian, who has shown 
further (reference 4 of the paper) that 
fluid flow alone cannot cut or displace the 
hot gaseous arc residue, even though metal 
vapor may be excluded from it by a suitable 
double flow arrangement. 

Hence, in view of this general vagueness 
and of the uncertainties in the appropriate 
values for a displacement calculation of 
dielectric recovery, it does not seem par- 
ticularly surprising that curves such as 
those plotted by Mr. Beatty can be made 
to fit observed data; but such a fit hardly 
justifies the implied claim that the per- 
formance of any flow-type interrupter can 
be predicted accurately in such a manner. 
If further illustration of the difficulties is 
needed, one need only compare the dielectric 
recovery plots of the paper for currents 
much larger than 50 amperes with Mr. 
Beatty’s curves. Unfortunately, the re- 
sults show that much more work will be 
necessary before the theoretical picture of 
the recovery of dielectric strength by the 
arc space in a gas blast can be considered 
to be complete or even entirely clear. 
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Metal-Clad Unit-Type 
Switchgear for 33-Kv Service 


Discussion of paper 46-43 by C. H. Kreger, 
presented at the AIEE winter convention, 
New York, N. Y., January 21-25, 1946, and 
published in AIEE TRANSACTIONS, 1946, 


June section, pages 360-8. 


M. H. Hobbs (Westinghouse Electric Cor- 
poration, East Pittsburgh, Pa.): The paper 
presents a very complete report on the ex- 
perience of Kreger’s company with outdoor 
oil-filled metal-clad switchgear for 33-kv 
service, starting with the first installation in 
1928, and comprises an excellent record for 
the future reference of the industry. 
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It is particularly valuable because it 
covers not only several installations, but 
because it includes the product of three 
different manufacturers. Kreger has been 
quite frank in pointing out shortcomings as 
well as advantages of the design. 

The service experience generally has been 
shown to be satisfactory, and particular 
stress is placed upon the permanence of the 
insulation and the fact that the equipment 
can be installed in industrial and railroad 
yard districts, where smoke and dirt would 
make the maintenance on open-type sub- 
stations almost prohibitive or impossible. 

The cost comparison, including both 
equipment and installation, shows a figure 
approximately 30 per cent higher than the 
open frame type, but this increase is justi- 
fied on several counts. It is questionable 
whether the prices at which the equipment 
was sold were adequate for the type of con- 
struction, and this will require further study 
and development by the manufacturers. 
Oiltight construction requires very close 
machine work, as well as tightness of the 
metal itself, all of which is more expensive 
than unfilled structures. 

Another point in question is the use of re- 
movable- or disconnecting-type breakers in 
structures of this class. We agree with the 
author that this feature appears to be un- 
necessary. Disconnecting switches appear 
preferable and more economical since the 
precision construction required for inter- 
changeable removable-type breakers thus is 
eliminated. 

One of the most important points is the 
use of oil for filling the bus and connection 
enclosing structure. Operators in the United 
States have been reluctant to accept oil or 
even compound filling, and even in England 
there now appears a tendency to eliminate 
it, where it has been the invariable rule in 
the past. In the United States, on two 
different systems, oil filling was used on the 
first installation in each case, and unfilled 
equipment on later gear. These were indoor 
installations, one for 26.4 kv and the other 
for 25 kv, both with 80-kv 60-cycle test in- 
sulation. 

Some consideration is being given to in- 
door metal enclosed, but unfilled, switchgear 
with compressed air breakers, and equip- 
ment of this type for 33-kv service actually 
has been built. We would appreciate the 
author’s opinion of this type of construction 
as compared to the oil-filled outdoor. 

It is interesting to note that on the Joliet 
and Bellwood installations described, as 
well as on a similar installation at State Line 
in the same district, the first applications 
were made on a large scale of the solder seal 
process of attaching metal to porcelain. In 
spite of the severe temperature conditions, 
the service was excellent and the basis for 
the present solder seal designs of weather 
casings for condenser bushings on high volt- 
age breakers and transformers, which have 
proved so successful. 

Kreger and his associates are to be com- 
mended not only for the excellent report and 
service record submitted, but for their pio- 
neering work in the metal-clad switchgear 
field. 


B. R. Nevins (Philadelphia Electric Com- 
pany, Philadelphia, Pa.) : The application of 
metal-clad switchgear to high voltage out- 
door use is a greater departure from the 
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conventional outdoor construction than is 
the case with indoor metal-clad gear. It is 
interesting, therefore, to have presented the 
experiences of the Public Service Company 
of Northern Illinois resulting from several 
years of pioneering in the use of 33-kv out- 
door metal-clad switchgear. 

While it is significant that this company 
after a fair trial of seven major installations, 
all of which have been in service 13 years or 
more, is enthusiastic about 33-kv metal-clad 
gear to the point of advocating more general 
adoption, the writer cannot agree fully with 
the author that some of the arguments in 
favor of this type of equipment are sub- 
stantiated by his paper. 

The safety of the metal-clad equipment is 
undoubtedly of a very high order, and this 
is an important point in its favor, however, 
with proper safeguards and interlocking, 
the open-type construction can be made 
quite safe. The high reliability and low 
cost maintenance claims do not seem to 
have been borne out by experience. The two 
bus faults reported seem to indicate no 
greater reliability than with open-type con- 
struction. The semiannual maintenance 
required by the shell bushings would appear 
to offset the possibility of longer periods for 
the rest of the equipment. Maintenance of 
circuit breakers does not appear to be as 
simple as with open-type construction. 

In making this criticism, the writer real- 
izes that the switchgears in question are 
among the first of their type to be built, 
and little or no opportunity has been af- 
forded the manufacturers to build improved 
designs since their installation. However, 
there is no definite evidence presented to 
prove that the difficulties encountered would 
be overcome easily on future installations. 

Should future development of this type 
of equipment be undertaken it is the writer’s 
opinion that serious consideration should be 
given to the elimination of oil. The hazards 
of oil fires and explosions seem to more than 
offset the hazards caused by exposure in- 
herent in open-type construction. The de- 
velopment of a breaker connection which 
would eliminate the shell bushing difficulties 
would be very desirable. A dry-type bus, 
while open to the objection of requiring more 
space, might improve the shell bushing diffi- 
culty. 

The writer does not condemn the prin- 
ciple of the outdoor high voltage metal-clad 
switchgear, but rather feels that the ad- 
vantages realized are not sufficient to justify 
its development economically. The cost 
always would be high since the field of ap- 
plication is much smaller than is the case 
with the lower voltage equipments, and the 
advantages of repetitive manufacture would 
not be realized to as great an extent. 


H. V. Nye (Allis-Chalmers Manufacturing 
Company, Milwaukee, Wis.): To dne like 
myself, who was connected intimately 
with the design. of some of the oil- 
filled vertical lift outdoor switchgear de- 
scribed in this paper, it is highly gratifying 
to find that the service record of this equip- 
ment has borne out so well the expectations 
on which these designs were predicated. 
Perhaps only those who were involved appre- 
ciated to what extent both the customer and 
manufacturer were pioneering in building 
such large outdoor switching units, metal- 
enclosed and oil-filled. The fact that all of 
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this equipment, from three different manu- 
facturers, has given satisfactory service over 
a period of from 13 to 16 years seems to me 
to justify confidence in the new designs of 
switchgear apparatus which are being 
brought forth today, and back of which we 
do not have many years of operating experi- 
ence. 

I believe Mr. Kreger has done a service to 
the industry in presenting such a careful and 
impartial record of his experience with these 
installations. Such presentations of operat- 
ing experience are the basis upon which real 
progress must be founded. 

In regard to the future of outdoor metal- 
clad switchgear, it seems to me that it de- 
pends to a large extent on the value operat- 
ing companies place on the advantages of 
this type of switchgear, and which are stated 
so ably in the paper itself. Without ques- 
tion, changes in the design can be made 
which will somewhat cheapen the manufac- 
ture, but it is doubtful if outdoor metal- 
clad switchgear in voltages of 33 kv and over 
can be produced economically unless there 
is general acceptance of the desirability of 
going to this construction. 

I feel that we, the manufacturers, must 
rely on the operating companies for guidance 
as to the type of construction which most 
adequately meets their needs. Then, as 
manufacturers, it will be our duty to meet 
their requirements. 


H. W. Haberl (Quebec Hydro-Electric Com- 
mission, Montreal, Canada): The author 
indicates that metal-clad switchgear for 33- 
kv service is reliable, durable, and safe. 
It is my opinion that his statement is correct 
in all respects; however, in the matter of 
an operating company using metal-clad 
switchgear to supply a large number of cus- 
tomers should a defect arise (and the author 
mentions some difficulties with certain bush- 
ings), the outage might be long and the 
customers certainly would complain. I 
agree with the author in that such an in- 
stallation of metal-clad switching is a rea- 
sonably safe device from a safety standard. 
Also, this equipment should be used in 
customers’ locations where an outage would 
result in not more than one customer shut- 
down, but constructing major substations in 
such a manner would involve long shutdown 
for repairs to numerous customers. 

The author mentions the elimination of 
smoke hazards adjacent to railroad sidings 
and cites aninstallation. I would prefer to 
see the more conventional type of switch- 
gear housed in a reasonably cheap cover and 
using air-blast circuit breakers in lieu of oil 
equipment. In this way the danger from 
fire hazards would be eliminated entirely, 
the cover over the equipment would elimi- 
nate weathering, and the ease of immediate 
repair is available in the open-type of switch- 
gear. I will admit that safety to personnel 
in the open-type of switchgear is more 
hazardous than with the metal-clad; how- 
ever, most operating companies personnel 
are thoroughly conversant with all electrical 
hazards, and the danger to the personnel 
is probably greater while walking on city 
streets than from working in substations. 
Again, I endorse Kreger’s metal-clad switch- 
ing for customers’ installations where the 
personnel is not as conversant with the 
electrical hazards, and a shutdown for re- 
pairs affects only one customer. 
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Size Reduction and Rating 
Extension of Magnetic Air 
Circuit Breakers up to 


500,000 Kva, 15 Kv 
(46-55) 


The Development, Design, 
and Performance of Mag- 
netic-Type Power Circuit 
Breakers 


(46-49) 


Discussion and authors’ closure of paper 46-55 
by R. C. Dickinson and Russell Frink, and 
discussion of paper 46-42 by L. J. Linde 
and B. W. Wyman, presented at the AIEE 
winter convention, New York, N. Y., January 
21-25, 1946, and published in AIEE TRANS- 
ACTIONS, 1946, April and June sections, 
pages 220-3 and 386-93. 


B. W. Wyman (General Electric Company 
Philadelphia, Pa.): The problems encoun- 
tered by Dickinson and Frink in their exten- 
sion of magnetic air breakers to 15 kv are of 
particular interest to me because they so 
closely parallel my own experience several 
years ago in extending the Magne-blast 
breaker to 15 kv.! 

It was pointed out that higher voltage 
interrupting performance could be attained 
by increasing the total length of the arc. 
Apparently Dickinson and Frink have 
reached the same conclusion, as they now 
state that they have offset the ends of the 
tapered slots in alternate ceramic plates of 
their arc chute, which will force the are into 
a zig-zag serpentine path as it travels into 
the slots, the same as is formed by the inter- 
leaving fins of the Mange-blast breaker. 

The are chute which they describe then 
properly can be called an interleaving slot 
type of chute compared to the interleaving 
fin type of chute in the Magne-biast breaker. 
In comparing the performance of the inter- 
leaving slot type of chute with the inter- 
leaving fin type of chute, there is one out- 
standing difference. In the interleaving slot 
chute described by Dickinson and Frink, 
the arc interleaves and increases in length as 
the slots interleave, but the arc is halted 
abruptly when it hits the ends of the slots. 
It then must stand still while waiting for 
the current to pass through zero, which will 
result in excessive plate temperatures and 
melting at the ends of the slot. Interrup- 
tion then must be accomplished at the ends 
of these extremely hot slots. It, therefore, 
is not surprising to find that it has been 
necessary to install special magnetic field 
structures to interrupt high currents under 
such adverse conditions. 

However, in the interleaving fin type of 
arc chute used on the Magne-blast breaker, 
no such slot end is present. The arc is free 
to continue at its initial high speed ever 
deeper and deeper into the interleaving fins. 
It, therefore, arrives at current zero still 
traveling at the same high speed on fresh 
cool fin surfaces, which easily cool the hot 
are gases faster than recovery voltage can be 
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established. Besides effecting much easier 
interruption, this type of chute provides 
the additional benefit of moving the are so 
fast at all times that no local excessive chute 
temperatures are reached, which is advan- 
tageous when applying these breakers on 
high speed reclosing service. 

Another interesting feature in their 
breaker is the auxiliary low voltage inter- 
rupter required in each arc chute to aid arc 
transfer onto the arc runner. The authors 
state that this interrupter is required be- 
cause of the high reactance of the blowout 
coil connected in series with the runner. 
It is not readily apparent why this complica- 
tion is resorted to when the arc runner may 
be shunted into the circuit by the contacts 
themselves before any arc is drawn, as is 
done in the Magne-blast breaker. 

In the photograph of the breaker shown in 
Figure 5, the contacts are equipped with 
auxiliary air pistons. In the text it is stated 
that such air pistons may be added to speed 
low current interruptions, but the breaker 
can interrupt without their help. We have 
had muchexperience with piston air boosters, 
having equipped all Magne-blast breakers 
with them. While it has been our experi- 
ence that most magnetic breakers can inter- 
rupt low currents without boosters, the arc- 
ing times on low current interruptions be- 
come very long. These long arcing times on 
normal load currents greatly increase contact 
and runner erosion so that boosters are 
much more than justified in the decreased 
maintenance of the breaker. 
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H. V. Nye (Allis-Chalmers Manufacturing 
Company, Milwaukee, Wis.): Since both of 
these papers relate to the design and per- 
formance of magnetic air circuit breakers, 
I wish to comment on the two papers 
simultaneously. 

Each of these papers presents in an inter- 
esting and able manner a neat piece of de- 
velopment and design work which has re- 
sulted in improving the performance of the 
magnetic breaker, and the authors should be 
congratulated on the way they have handled 
the subject matter of their papers. I am 
inclined to think, however, that the authors 
of each paper might be criticized for the 
emphasis they have placed on the treatment 
of one factor entering into the successful 
operation of a magnetic breaker, to the vir- 
tual neglect of other equally vital factors. 

Dickinson and Frink describe an ingen- 
ious means of using whatever blowout coil 
strength they have available to gain the 
maximum effect on the arc in the time inter- 
val during which the current is near the zero 
value, and the efficacy of doing this is quite 
apparent by the reduction in dimensions of 
their arcchute. From a consideration of the 
oscillograms given and the general design of 
the are chute, I am convinced that they also 
try to take full value of the advantages to 
be gained by attenuation of the arc, and the 
cooling effect obtained by driving it into 
intimate contact with the surfaces of the 
heat resistant ceramic barriers. I am sure 
also that the authors of both papers have 
endeavored, by proper contact and runner 
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design, to facilitate the transfer and move- 
ment of the arc, independent of the other 
features. 

The point I wish to make is that the de- 
signer who succeeds in co-ordinating all of 
these factors, in order to obtain the best 
over-all result, probably will produce the 
most efficient and economical design. That, 
T believe, is the result we are all striving for. 


R. C. Dickinson and Russell Frink: The dis- 
cussions which have been presented are 
appreciated. We thoroughly agree with Nye 
that the ideal magnetic air circuit breaker 
will be a balanced design in which all fac- 
tors are co-ordinated properly with each 
other. The small size of the arc chute in the 
15-kv magnetic deion circuit breaker gives 
clear evidence that a balanced design has 
been reached. However, in presenting the 
paper, stress was placed on the features 
which were considered novel, and features 
which have been covered in previous papers 
have been touched on only lightly. 

Some questions have been opened by 
Wyman which should be dwelt on further. 
The statement is made that there is one out- 
standing difference between the interleaving 
slot type of chute and the interleaving fin 
type. In fact there are several outstanding 
differences. By comparison, the Magne- 
blast are chute appears to be about 30 inches 
long in the direction in which the arc is ex- 
tended, while the magnetic deion arc chute 
is 19 inches long in the same direction. 
Other dimensions of the two are chutes 
seem to be about the same. A test was 
made to find the relative performance of 
fins and slots. Two are chutes were used, 
identical except that in one chute the 
slots were terminated between the magnet 
shoes in the high-field region, while in the 
other the slots were extended two inches 
above the magnets so that the plate edges 
more nearly approached fins. It was found 
that the chute with the slots terminated in 
the high-field region had approximately 60 
per cent greater interrupting ability than 
the chute in which the slots were lengthened. 
This fact indicates that the slot-type design 
has something that provides extra interrupt- 
ing capacity, which is not found in the fin- 
type. This feature is the actual driving of a 
blast of air through the arc held stationary 
at the ends of the slots. When a fin-type 
structure is used, this action is not possible 
because the arc would be carried along with 
the blast of air and emerge at the exhaust 
end of the chute. It is evident that when the 
are is thus free to move, little relative mo- 
tion between the are and the surrounding 
gas is possible, and most of the heat liber- 
ated by the arc must be absorbed by the 
chute. It is not surprising that Wyman, 
with his experience founded on such a struc- 
ture, would be concerned with undue heat- 
ing. With the magnetic deion breaker, the 
arc is subjected to a magnetically induced 
blast of cool air which carries away much of 
the heat, so that only a fraction is absorbed 
by the plate structure. Considerable dis- 
cussion could be presented on heating, but 
it should suffice to state that the magnetic 
deion breaker has ample capacity to perform 
all standard reclosing duty cycles without 
undue heating, and to interrupt its maxi- 
mum short-circuit rating repeatedly with no 
appreciable deterioration. 

We also note Wyman’s statement con- 
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cerning a special magnetic field structure. 
According to published illustrations, the 
Magne-blast circuit breaker requires six 
separate coil and magnet assemblies for the 
15-kv ratings, while the magnetic deion 
breaker performs similar duty with only one 
coil and magnet. Under the circumstances, 
it is difficult to reconcile the statement re- 
ferring to the deion field structure as special. 
In construction it is simplicity itself. 

Wyman has criticized the use of an aux- 
iliary interrupter to introduce the blowout 
coil into the circuit. This action undoubt- 
edly can be accomplished in other ways, but 
this method offers certain distinct ad- 
vantages. In the first place, the auxiliary 
interrupter tends to interrupt the transfer 
arc always at approximately the same point 
in the current wave. This factor gives defi- 
nite field timing which drives the main arc 
into the slots consistently at the same point 
in the cycle, a decided advantage in obtain- 
ing arc control. If the field were introduced 
by the contacts as in the Magne-blast 
breaker, this timing would not be present as 
time of contact parting is purely random. 
Also, when a reactance is introduced into the 
circuit between the sequential opening of two 
pairs of contacts, the arc must spend more 
time on the contacts than it would otherwise. 
By divorcing the blowout coil transfer from 
the contacts, we cut down the time of arcing 
on the contacts themselves and thus increase 
their life. At the same time, we eliminate 
the necessity of insulation between the 
secondary and arcing contacts. 

Several differences have been pointed out 
between the interleaving fin type of arc 
chute and the magnetic deion type, but the 
most outstanding difference is the fact that 
the magnetic deion type of construction has 
produced an are chute for 15-kv breakers 
sufficiently small to make possible compact 
accessible horizontal-drawout breakers, 
which are not practical with any other de- 
sign of air breaker available today. 


New Series Capacitor 
Protective Device 


Discussion of paper 46-45 by R. E. Marbury 
and J. B. Owens, presented at the AIEE 
winter convention, New York, N. Y., January 
21-25, 1946, and published in AIEE TRANS- 
ACTIONS, 1946, March section, pages 
142-6. 


A. A. Johnson (Westinghouse Electric Cor- 
poration, East Pittsburgh, Pa.): There are 
a number of series capacitors in service on 
distribution circuits scattered throughout 
the United States. Two general types of 
trouble have been associated with series 
capacitor installations: 


1. Troubles associated with the protective device 
in parallel with the series capacitor. 


2. Troubles resulting from the fact that series 
capacitors inserted into a distribution circuit may 
resonate at frequencies other than the normal sys- 
tem frequency. 


I believe that the protective device described 
will cure the difficulties associated with the 
parallel protective device, because this new 
equipment is purely mechanical in its opera- 
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tion and therefore is free from resonant or 
current surge difficulties, which may be 
associated with the series circuit consisting 
of the series capacitors and the protective 
circuit. 

The difficulties encountered with series 
capacitors, which are a part of a transmission 
or distribution circuit, usually are associ- 
ated with circuit resonance at frequencies 
which are less than the normal system fre- 
quency. There are several conditions under 
which resonance may occur, but the most 
likely situation to develop is series excita- 
tion of an induction motor when the motor 
is started. When this happens, the motor 
fails to come up to normal operating speed, 
and in effect the rotor of the motor acts as a 
generator of a frequency at which the 
source circuit is resonant when looking into 
the circuit from the rotor. The rotor locks 
in at a speed substantially corresponding to 
this subsynchronous frequency and will not 
pull out as long as the circuit remains fixed.! 

Series capacitors are ideal for improving 
the voltage levels on circuits supplying lag- 
ging power factor loads. In effect, they 
shorten the circuit by cancelling out induc- 
tive reactance. Because of possible circuit 
resonant difficulties, however, indiscrimi- 
nate application of series capacitors, with- 
out due consideration of the type of load to 
be supplied, definitely should be discouraged 
regardless of how satisfactory the parallel 
protective device may be. It is believed 
that there are a number of places where 
series capacitors can be applied safely, but 
that advance consideration of the applica- 
tion may dictate special equipment be pro- 
vided to make the series capacitors perform 
in a satisfactory manner. 
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Investigation of Arc Starting 
Characteristics of D-C 
Welders With Reference 


to Electrode Freezing 


Discussion and author's closure of paper 46-12 
by Joseph M. Tyrner, presented at the AIEE 
winter convention, New York, N. ¥., January 
21-25, 1946, and published in AIEE TRANS- 
ACTIONS, 1946, March section, pages 
97-9. 


G. H. Fett (University of Illinois, Urbana, 
Ill.): This paper gives an objective test of a 
quality of a welder which has been hereto- 
fore chiefly a matter of opinion. To make 
the paper of greater value, some additional 
information should be supplied. 

First, what was the force on the electrode 
when contact was made, and when the con- 
tact was broken? How does this compare 
with the average force applied by several 
different welders in different circumstances? 
How does the magnitude of the applied 
force affect the freezing current? 

Second, the author states that the current 
setting of the generator theoretically should 
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not affect the freezing time. From experi- 
ence with the welding generator set at higher 
currents than the 70 amperes mentioned, the 
likelihood of electrode freezing at higher 
currents is considerably higher than at low 
values of current. It would seem desirable 
to have some experimental check on the ef- 
fect of greater currents. 

Third, the method of determining the 
satisfaction of an operator with a nonfreez- 
ing contact of 0.040 second as compared 
with a time of 0.070 second seems difficult. 
How was this determined? Could the opera- 
tor distinguish between these two times, 
both smaller than a tenth of a second? 


J. M. Tyrner: First, the forces when con- 
tact: was made and when the contact was 
broken were both approximately twopounds. 

It was assumed that welders keep their 
contact force low, because subconsciously 
they want to avoid freezing. However, 
welders would object if they had to tear the 
electrodes from the work by force. Slight 
changes of the applied forces do not affect 
the freezing time. 

Second, contrary to the experience of 
Professor Fett, we did not find an increased 
tendency to freeze at higher current. How- 
ever it is possible that the generator used 
by Professor Fett had very different trans- 
ient characteristics at high and low cur- 
rents. We did not run tests on very much 
higher current than 100 amperes, because 
we felt that the problem of sticking is serious 
only with comparatively low current. 

Third, the time the operator keeps elec- 
trode and work in contact is different 
every time he strikes an arc. Sometimes 
he is inadvertently slower, and the electrode 
freezes. If the generator permits a longer 
contact time, the percentage of freezings is 
considerably lower, and that is noticed by 
the operator. The operator prefers a gen- 
erator with a longer critical time, because 
he feels he does not have to be too careful. 


Design and Measurements 
of Capacitor Discharge 
Welding Transformers 


Discussion of paper 46-41 by T. W. Dietz 
and G. M. Stein, presented at the AIEE 
winter convention, New York, N. Y., January 
21-25, 1946, and published in AIEE TRANS- 
ACTIONS, 1946, March section, pages 
154-9, 


G. M. Stein (Westinghouse Electric Cor- 
poration, Sharon, Pa.): Since this paper 
was published, a new and improved ana- 
lytical design method has been developed. 

The original analysis furnishes explicit 
design formulas for the periodic discharge 
only, and expresses all values in terms of the 
time of one-half cycle. 

The new calculation extends this analysis 
into the range of the aperiodic discharge, and 
represents all design elements as functions 
of the time to the first current peak. This 
procedure simplifies the numerical calcula- 
tion, because the time to the first current 
peak is given directly as part of the re- 
quired performance of the welder. 
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The new analysis is based on the funda- 
mental formulas already developed in the 
original paper, and also uses the same 
symbols. 

In addition to this, a new variable 
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and T,, given by equations 13, 19, and 26 
of the original paper. 

As a result the variable v, the time T>, 
and the design functions hk, k, and \ can be 
represented in terms of the time 7, by 
combining 
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for the aperiodic discharge and with 
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for the periodic discharge. The values 
of v, h, k, and ) are plotted in Figure 1 
as functions of (R2/L2)T for the range 
of the aperiodic and periodic discharge. 
For the periodic discharge, the function 
( R2/L2) T, is added to these curves. As can 
be seen, the periodic discharge extends be- 
tween 0<(R2/ Ls) Tm<2, while the aperiodic 
discharge covers all values of (R2/L2) Tm >2. 
The amount of (R:/L2)7T»,=2 represents 
the limit of the aperiodic discharge. 

The graph shown in Figure 1 makes the 
amounts of v, h, k, and d directly available 
for numerical calculations. These design 
functions of equations 2 to 4 therefore are 
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introduced into the expressions for u, @, 
zg, and Iz=Ioq, given in equations 10, 11, 12, 
14, 16, 17, 18, and 20 of the original paper. 

If these latter values also are combined 
with 
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as well as the oscillograms 
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for the periodic discharge in an explicit 
form to the designer; because in any actual 
design problem, the values of Ro, Le, Dea, 
and T,, are given by the size of the work 
pieces and the type of weld to be made, 
and the voltage E is known as a manu- 
facturing standard of the capacitor. Here- 
with, (R2/L:2)Tm is calculated, and the 
amounts of v, h, k, and \ are taken from 
the graph shown in Figure 1. If all these 
values are inserted into equations 6 to 8, 
the design elements C, Ni/ No, and ¢7 of 
the welder and its performance 72/Ing, e/E, 
and I2p/I2qg can be computed for the whole 
range of the periodic and aperiodic discharge. 
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Measurement and Effect of 
Contact Resistance in 


Spot Welding 


Discussion and author's closure of paper 46-9 
by Robert A. Wyant, presented at the AIEE 
winter convention, New York, N. Y., January 
21-25, 1946, and published in AIEE 
TRANSACTIONS, 1946, January section, 
pages 26-34. 


C. L. Pfeiffer (Western Electric Company, 
Chicago, Ill.): Whenever anyone discusses 
the effects and methods of ascertaining the 
resistances of various sections of the weld 
zone in a spot weld, I think he is probing 
into the most difficult and most important 
problem in resistance welding. Methods 
of controlling and measuring the resistances, 
particularly the contact resistances, are 
not so much a laboratory matter as a real 
production problem. Professor Wyant’s 
paper and his list of references cover the 
important investigation made in this field, 
all of which have been quite recent. 

In connection with Figure 1, the author 
refers to sheet-to-sheet resistance, which 
“includes contact resistance plus the re- 
sistance of one sheet of material. Likewise 
the electrode-to-sheet resistance includes 
the contact resistance plus the resistance of 
one-half sheet of the material.’’ Concerning 
the dynamic measurements made with an 
oscillograph, I assume that the quantities 
measured are voltage drops across a section 
of the weld zone, and a particular voltage 
drop divided by the total current, as 
measured by the shunt in series with the 
work, gives the contact resistance at that 
instant of the weld zone in question. Is 
that correct? Furthermore, are the re- 
sistances and reactances of the connecting 
leads and joints considered as negligible, 
or is their voltage drop added to the voltage 
drop across the oscillograph measuring unit? 

In graphs of contact resistances, the 
values vary considerably during the period 
of current flow. Sometimes the contact 
resistance goes up considerably after having 
reached a fairly low point. I should like 
an expression of opinion, or even factual 
evidence as to whether this is caused by 
changes in points of contact between sheets 
or changes in current density at various 
contact points, or possibly is due to the 
lack of instantaneous follow-through on the 
part of the pressure means. 

The paragraph headed ‘‘Copper Alloys,” 
which states that “Practically nothing is 
known about contact resistance and the 
spot welding of the copper alloys,’’ should 
stimulate researches along such lines. 

I wish to congratulate the author on an 
excellent paper and particularly on his 
final three paragraphs titled ‘Research 
Problems.” 


B. L. Averbach (nonmember; Massachu- 
setts Institute of Technology, Cambridge, 
Mass.): The measurement of contact re- 
sistance has provided a tool which is simple, 
yet accurate enough to be used for the 
statistical control of the spot-welding 
process. Since the contact resistance seems 
to be an important factor in the production 
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of uniform spot welds, its measurement 
offers a method by which various surface 
preparations of the material may be 
evaluated quickly in the laboratory. In 
addition, this measurement can be taken 
right into the shop and used on a statistical 
basis to make certain that the material, 
when it reaches the welding machine, has a 
reasonably good chance of establishing a 
uniform contact resistance within a pre- 
determined range under the welding elec- 
trodes. 

By such a statistical control of the surface 
preparation the possibility of making a sub- 
standard weld is lowered, and the possi- 
bility of making a “dud” weld, barring 
machine failure, should be almost elimi- 
nated. It is interesting to see that even 
such often neglected features as rinsing and 
drying can have an important effect on 
the surface conditions, and it will be in- 
teresting to hear the results of the author’s 
investigation of this phenomenon by elec- 
tron diffraction. 

The aircraft industry has been reluctant 
to accept spot welding on primary structures 
because of inadequate data on its reliability. 
If the spot-welding industry can demon- 
strate that it has sufficient control over all 
phases of its production, so that the aircraft 
designer can depend on getting a weld each 
time of uniformly high strength, then an 
important stride will have been made in the 
application of this inherently low cost 
joining method to the important structural 
members of the air frame. 


Robert A. Wyant: Mr. Pfeiffer’s assumption 
is correct with regard to the quantities 
measured and the method of calculating 
the contact resistance. The resistance 
and reactance of the potential connections 
are accounted for in the calibration of the 
oscillograph galvanometer circuits. There 
is little factual evidence of the specific 
cause of the occasional rise in measured 
contact resistance during the formation 
of a weld. It may be due to an increase 
in body resistance of the metal, as a result 
of increasing temperature. I should like 
to refer Mr. Pfeiffer to Figures 9 and 10 
of reference 5 for better evidence of a rise 
in resistance for the above reason. The 
apparent rise in contact resistance also 
may be due to a decrease in conductivity 
of the metal at the points of contact for the 
same fundamental reason. I do not believe 
that it can be explained by a reduction in 
electrode force due to failure of the electrode 
system to follow through rapidly enough. 
Mr. Averbach was associated with me 
throughout much of the experimental work 
described in my paper, and he made many 
important contributions to the work. Mr. 
Averbach refers to contact resistance meas- 
urements as a tool to be used in the statis- 
tical control of the spot-welding process. 
I should like to point out that the surface 
condition of the metal is only one of many 
variables which have to be brought under 
reasonable control before statistical methods 
can be applied to the control of the spot- 
welding process. I should like to call 
attention to the fact that industry has made 
quite an advance with respect to this appli- 
cation of statistical methods during recent 
years. I like to look upon contact re- 
sistance measurements simply as a means 
of evaluating surface condition and con- 
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trolling surface treating processes for the 
preparation of metals prior to spot welding. 
Mr. Averbach expresses an interest in our 
application of electron diffraction methods 
to the study of the surface preparation of 
metals for spot welding. This is an in- 
teresting subject, and a summary of our 
work in this field was published in the 
“Research Supplement’ of the Welding 
Journal, February 1946. 


The Measurement of 
Large Varying Currents 


Discussion of paper 46-2 by A. C. Johnson, 
presented at the AIEE winter convention 
New York, N. Y., January 21-25, 1946, and 
published in AIEE TRANSACTIONS, 1946, 


January section, pages 8-11. 


F. B. Silsbee (National Bureau of Stand- 
ards, Washington, D. C.): This paper, when 
viewed in connection with its background, 
affords an interesting example of the way in 
which a single problem and its various 
possible solutions may arise successively and 
be solved independently in different 
branches of electrical engineering. It also 
shows how, in spite of the best efforts of the 
engineering societies to stimulate the ex- 
change of technical information, there is too 
much impedance to the flow of ideas. 

The need for noninductive shunts seems 
to have been felt first in the precise testing 
of current transformers for ratio and phase 
angle. Paterson and Rayner? as long ago as 
1909 described a noninductive shunt of 
tubular water-cooled construction similar to 
Johnson’s type B, but with a tubular po- 
tential lead to render it less sensitive to 
stray external magnetic fields. Similar de- 
velopments at the National Bureau of 
Standards?»? suggested other lead arrange- 
ments. For instance, the shunt shown at d 
in Figure 9,? is the same as Johnson’s type C, 
and hence equation 45 is identical with 
equation 6 of the subject paper. 

The next need for noninductive shunts 
arose in the measurement of surge currents 
in testing lightning arresters, and papers 
have been contributed on that subject.4* 
At the National Bureau of Standards, we 
have found type C shunts satisfactory in the 
measurement of surge currents up to rates of 
change of 5 times 10!° amperes per second. 

With the welding art comes still another 
application for the noninductive shunt, and 
the present clever contribution of the type D 
shunt with its potential leads embedded in 
slots in a thick-walled tube. 

I feel that the term ‘‘somewhat labori- 
ous,’’ by which the author describes the 
task of correcting for the effects of a non- 
symmetrical return circuit, is a bit euphemis- 
tic. In all but very simple cases, such com- 
putations are exceedingly laborious, and in 
many cases impossible because the distri- 
bution of current is not known definitely. 
It seems preferable to use shunts provided 
with a number of pairs of potential leads 
symmetrically spaced around the shunt and 
connected in parallel. The use of only two 
or four such pairs of leads makes the shunt 
almost perfectly astatic. The limit of this 
process is obtained, of course, in using a 
tubular potential lead.! 
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In the case of thin-walled tubes when the 
compensation arrangement of type D is not 
feasible, other compensating tricks ?)* are 
applicable. 
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An Automatic Oscillograph 
With a Memory 


Discussion and author’s closure of paper 46-67 
by A. M. Zarem, presented at the AIEE 
winter convention, New York, N. Y., January 
21-25, 1946, and published in AIEE 
TRANSACTIONS, 1946, March section, 
pages 150-4. 


C. M. Foust (General Electric Company, 
Schenectady, N. Y.): The author has 
adopted what seems to be the best of several 
methods of recording wave shapes of random 
surges, particularly those of very short 
time duration. In general three methods 
have been used for this work: the time 
delay cable, the moving magnetic tape or 
links, and the after glow or memory of the 
fluorescent screen of a cathode-ray oscillo- 
graph. Invariably the conditions under 
which the recordings have to be made will 
determine which of these methods is most 
appropriate. 

The first cathode-ray memory oscillo- 
graph was developed by A. W. Hull of the 
General Electric research laboratory, and 
reported to the National Academy of 
Sciences at its autumn meeting on No- 
vember 18, 1935.} 

Prior to this, early in 1935, Doctor Hull 
initiated the building of a 3-tube os- 
cillograph, which was designed and con- 
structed in the general engineering labora- 
tory of the General Electric Company 
under the writer’s supervision. This in- 
strument was completed in 1936, and ap- 
plied successfully.? 

Possibly the most important difference 
between this oscillograph and the one de- 
scribed by Mr. Zarem is in the beam 
accelerating voltage. The 1936 instrument 
utilized a beam voltage of 15 kv, achieving 
therefrom an oscillograph writing speed 
substantially in excess of that obtainable 
with the author’s 4,500-volt beam. Writ- 
ing speeds in excess of one meter per micro- 
second are realized readily at 15 kv on 
single-sweep basis. 

The successful use of this type oscillo- 
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graph resulted in a second instrument being 
built along the same lines, so that six cir- 
cuits could be studied simultaneously. 
This second memory oscillograph was com- 
pleted in 1943. 


C. C. Herskind (General Electric Company, 
Schenectady, N. Y.): The memory oscillo- 
graph is a very useful and valuable tool 
for the development and testing of mercury 
arc rectifiers. It has been used for a num- 
ber of years for this purpose. 

We have had two memory oscillographs 
in use for a number of years in connection 
with work on large mercury arc rectifiers. 
Each of these instruments has three cathode- 
ray tubes. By operating the instruments 
together it is possible to obtain records on 
all six anodes of a rectifier at one time. 

The type of information which the 
memory oscillograph provides is illustrated 
by the following experience. During the 
years 1942-43 some of the ignitron rectifiers 
on the large electrochemical installations 
were operating with too high frequency 
of arcback. Extensive factory and field 
tests to determine the cause of these arc- 
backs were made without success. Finally 
a memory oscillograph was installed on 
one of the faulty units. It was connected 
to record the anode-to-cathode voltage. 
Records showed that the arcbacks were 
occurring throughout the inverse cycle with 
almost a uniform distribution. Of par- 
ticular interest were records of arcback 
occurring so late in the inverse cycle that 
no circuit breakers tripped or interruptions 
occurred, and arcback would not have been 
suspected without the memory oscillograph 
record. The uniform pattern of arcback 
occurrence greatly reduced the probable 
causes of arcback. ; 

The cause of arcback was found to be the 
flow of mercury from the exhaust pipe 
line into the rectifier striking the anode. 
The time of arcback from such a cause 
would be expected to be uniform in dis- 
tribution throughout the cycle and, there- 
fore, in agreement with the data obtained 
by the memory oscillograph. Once the 
cause was known, the fault was readily 
corrected. 


The foregoing example illustrates an 


important application of the memory 
oscillograph. It undoubtedly will prove 
valuable in other fields where random 


phenomena are experienced and continuous 
records would be impractical. 


Avy MarZareminuGe Mes oust sands Cac: 
Herskind separately point out the previous 
use of oscillographs of the memory type 
in the study of the operation of mercury 
arc converters. Both+men kindly have 
offered specific examples of the utility of 
such an instrument as a research tool. I 
should like, however, to summarize here 
the essential differences between the ordi- 
nary memory oscillograph and the auto- 
matic memory oscillograph. This matter 
is touched upon briefly in the first and last 
paragraphs of the paper under discussion. 

The automatic camera and the electronic 
control unit form the heart of the auto- 
matic memory oscillograph. The combi- 
nation of these two components with a 
beam blanking device and a cathode-ray 
oscillograph puts the resulting instrument 


Discussions 


in aclass of itsown. In addition to obtain- 
ing memory time, continuous monitoring 
of electric systems then becomes possible. 

The advantages of automatic operation 
are tremendous when electrical conditions 
preceding randomly occurring transients 
are to be investigated. As the time of 
occurrence of these transients is unknown, 
the use of an operator to change films after 
a record has been obtained is not very 
practical. Under many conditions of opera- 
tion, the recording equipment may not 
be at ground potential, making frequent 
film changing activity hazardous. In addi- 
tion, since there is no assurance that a 
sporadic transient of a given type will occur 
twice, there are even instances where vital 
information may be lost during the time 
delay between changing of films. 

Several other features serve to enhance 
the utility of the automatic memory 
oscillograph. Perhaps the most important 
of these is the inclusion of means for exer- 
cising accurate control in presetting the 
memory time desired. Other essential 
additions are the control cf the instant of 
beam blanking, means for adjusting the 
camera exposure time, and the inclusion 
of a clock mechanism for identifying each 
transient with its time of occurrence. 

The use of additional cathode-ray tubes 
for studying multiple phenomena is obvious. 
In this connection mention should be made 
of the new multiple beam cathode-ray 
tubes now commercially available. These 
tubes employ two sets of insulated accelerat- 
ing guns and deflection plates, allowing the 
simultaneous appearance on one cathode- 
ray screen of two wave forms from sources 
at different potentials. Two very slow 
transients also can be studied with one 
cathode-ray tube by means of electronic 
switching. 

It is believed that the automatic memory 
oscillograph is a definite advance in the 
development of a suitable device for re- 
cording electrical conditions preceding, 
during, or after the occurrence of an electric 
transient. It already has proved its value 
both as a laboratory tool and as a practical 
instrument for monitoring electric systems. 


Thermal-Demand-Meter 
Testing Techniques 


Discussion of paper 46-69 by E. E. Lynch 
and M. E. Douglass, presented at the AIEE 
winter convention, New York, N. Y., January 
21-25, 1946, and published in AIEE TRANS- 
ACTIONS, 1946, March section, pages 
124-8. 


Perry A. Borden (The Bristol Company, 
Waterbury, Conn.): Without the late Doc- 
tor Paul Martyn Lincoln—father of the 
thermal watt demand meter—discussion of 
a paper dealing with that instrument seems 
almost a sacrilege. If he were here at the 
present time, or if he is permitted to be with 
us in spirit, we can appreciate his satisfaction 
in knowing that after 30 years of an up-hill 
fight the thermal meter has come into its 
own as a means for establishing the demand 
of an electric power load. Upon first read- 
ing the paper by Lynch and Douglass, I 
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was disposed to be critical of their policy 
in not making reference to the classic writ- 
ings of Doctor Lincoln when he introduced 
the thermal watt demand meter, and as he 
carried it to higher stages of refinement; 
but, as I find the bibliography of Lynch’s 
1942 paper, to which he makes reference, 
places honor where honor is due, the omis- 
sion may be excused. However, to those 
interested in demand determination and 
rate-making, but who belong to a younger 
generation that does not know Lincoln, I 
would recommend his writings and the dis- 
cussions they engendered as an inspiring 
background against which the more modern 
work of the present writers may be pro- 
jected brilliantly. 


Electrical Analogy 
Methods Applied to 


Servomechanism Problems 


Discussion and author's closure of paper 46-17 
by G. D. McCann, S. W. Herwald, and H. S. 
Kirschbaum, presented at the AIEE winter 
convention, New York, N. Y., January 21-25, 
1946, and published in AIEE TRANSAC- 
TIONS, 1946, February section, pages 91-6. 


G. H. Fett (University of Illinois, Urbana, 
Ill.): In this paper the authors have de- 
veloped the equivalent circuit of the motor 
from the mechanical viewpoint. That is, 
the authors have examined the motor at the 
mechanical terminals, the shaft, and ex- 
pressed the result in terms of an electric 
circuit. 

It is fruitful to examine the motor at the 
electric terminals, and express the result 
in terms of an electric circuit. 

Consider a separately excited constant 
field motor with an armature resistance Rg, 
an armature inductance L,, and a load on the 
shaft with a moment of inertia J and vis- 
cous friction coefficient F. Furthermore, 
assume that the armature current J, will 
vary sinusoidally at an angular frequency w. 
Then Jg, as well as the torque developed by 
the motor, and the load resisting torque all 
may be expressed properly in complex nota- 
tion. 

The voltage drop across the armature 
then is written as 


V=I,(Ratjola) +Vz (1) 
where 
V, =speed voltage of the armature 

The speed voltage may be written as 
V, =K¢j6y ; (2) 
where 


¢=constant field flux 

04 =maximum angular oscillation of the 
armature 

K =a constant depending upon the number 
of poles, conductors, and armature 
paths 


The motor torque 7y will vary sinusoi- 
dally and may be written as 


Tu =kdly (3) 
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where k is another machine constant. 
Furthermore, the motor torque is given by 
the resisting load torque 


Ty =(—w?S+jwF)0y4 (4) 
The combination of these four expres- 

sions gives for the voltage equation 

Kk¢? 


V=I jo kg +jo— 
[Betis eal e 


since 

Ou =kolg/(—w?J +jwF) (6) 
and 

Vy =joKko'lg/(—w*J +jwF) (7) 


The quantity in brackets in equation 5 is 
seen to represent a series impedance, and the 
last term is evidently the effect of the load 
on the shaft upon the electric circuit. The 
last term may be simplified by dividing 
through by jw, and, considering that it 
represents an impedance which has an ad- 
mittance, 


Y=(F+jwJ)/Kk¢? (8) 


This admittance represents a parallel elec- 
tric circuit with a conductance g= F/Kk@¢?, 
and a capacitive susceptance b=wJ/Kk¢?. 

The statement then may be made that the 
effect of the load is to insert an impedance 
in series with the armature resistance and 
inductance, this impedance to consist of a 
resistance R,=Kk¢?/F and a capacitance 
CL=J/Kk@? in parallel. 

If the friction is negligibly small, F is 
zero and the shunting resistance R; becomes 
infinite or of no effect. Then the equivalent 
circuit has only the armature resistance, 
inductance, and the capacitance Cy, in series. 

The capacitance Cz is seen to vary directly 
with the moment of inertia and inversely as 
the flux squared. These relations have been 
checked numerically. 

In place of a parallel circuit to represent 
the effect of the load, a series circuit, of 
course, may be substituted. If the friction 
term F is much smaller than wJ, which 
could occur at high frequencies or large 
moment of inertia, then the equivalent 
series circuit may be shown to consist of a 
resistance 


R,=Kk¢? F/w?J 
and a capacitance 
C;=J/Kk¢? 


These relations are similar to those express- 
ing a condenser with power loss in terms of a 
series circuit. The evident disadvantage is 
that the resistance depends upon the fre- 
quency used. 
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1. N®BGATIVE RESISTANCE AS A MACHINE PARAM- 
ETER, G. H. Fett. Journal of Applied Physics, 
velume 14, 1943, page 674. 


G. D. McCann: Fett has presented another 
analogy for representing the differential 
equations of amotor. This is one of several 
other suitable analogies which could be used 
if desired. He has shown how to represent 
additional mechanical quantities, all of 
which can be represented readily in any of 
the possible analogies, including the one 
used by the authors. 
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Motor-Driven Exciters 
for Turbine Alternators 
(46-77) 


Application and Performance 
of Electronic Exciters for 
Large A-C Generators 

(46-74) 


Discussion and authors’ closures of paper 
46-717 by R. B. Bodine, S. B. Crary, and 
A. W. Rankin and paper 46-74 by H. A. P. 
Langstaff, H. R. Vaughan and R. F. Lawrence, 
presented at the AIEE winter convention, 
New York, N. Y., January 21-25, 1946, and 
published in AIEE TRANSACTIONS, 1946, 
May section, pages 290-7 and 246-53. 


F. W. Gay (Public Service Electric and Gas 
Company, Newark, N. J.): This paper 
proves to the satisfaction of most engineers 
that motor-driven exciters will perform satis- 
factorily when driven from their generator 
terminals provided system protection de- 
vices function as hoped for. The safety 
factor inherent in this method of excitation 
is admitted to be very slim by even its pro- 
motors. The writer suggests that all engi- 
neers and managers of large utility systems 
not dependent to a very great extent on re- 
mote hydroelectric plants, analyze those 
system troubles which may be charged to 
generation, high voltage transmission, and 
subvoltage transmission. If such faults are 
indexed on the basis of minutes lost per 
customer chargeable to the various system 
faults, I venture to say that conditions will 
be found to be about as follows: 

All minor troubles added together will 
cause total outages not greatly exceeding 20 
per cent of the total. On the order of 80 per 
cent of the total will be chargeable to calami- 
ties. A careful study will probably show 
that of those 80 per cent of the total outages, 
little or no help would have been obtained 
by faster relaying or faster circuit breaker 
operation. The major trouble probably will 
be found owing to personnel failures and to 
a lesser extent due to equipment failures. 

It would be my estimate that about 90 
per cent of the literature both in the Insti- 
tute and other publications is devoted to 
preventing faults in the class that will be 
found to cover the 20 per cent of the total 
minutes out per customer chargeable to 
minor faults and not more than 10 per cent 
will be devoted to faults that will be found 
to cover the 80 per cent of the outages 
(which may be listed as calamities). I ven- 
ture to say that because of this overemphasis 
on the larger number of minor troubles, it 
will be found that the large utility companies 
spend 90 per cent of their money to prevent 
20 per cent of the outage time and only 10 
per cent of their money to avoid the 80 per 
cent outage time. 

One characteristic is common to all elec- 
tric utility calamities. That characteristic 
is that the voltage drops instantaneously to 
a very low value in the vicinity of the 
trouble and rises rapidly to a high value at 
locations remote from the fault. However, 
if a major fault is not removed within a half- 
second in almost any system, that system is 
on the brink of disaster. The voltage dis- 
tribution at the end of one-half second (in 
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the system I am now discussing) still will be 
such that the faulty section will have the 
lowest voltage and can still be removed 
selectively. However, within a period of 
two seconds, the remote generator will have 
its voltage pulled down to such an extent 
that the location of the fault will be difficult 
or impossible to locate by voltage conditions. 

It is my opinion that the most important 
subject to be discussed at these meetings 
and to be guarded against by the large 
metropolitan utility companies is a suitable 
backup method of removing from the system 
all those parts which have suffered sustained 
low voltage for about one-half second. 

Let us study the excitation system pro- 
posed by the authors. We find that it ap- 
pears to be perfect if the system operation is 
perfect, but a more or less complete collapse 
is imminent if low voltage persists for one- 
half second. I do not believe that many 
utility companies will install a system that 
will not allow the exciter to recover if low 
voltage persists for one-half second. This, 
in my opinion, is one of the most vital condi- 
tions that should be discussed in the use of 
this type of excitation. It has been com- 
pletely ignored. 

Where there are a number of such units in 
a station, it is entirely feasible to supply 
both excitation and auxiliary power normally 
from each unit, but in case of sustained low 
system voltage, all the auxiliary power can 
be thrown over to one of the plant units, 
and this unit can be disconnected from the 
system so as to provide auxiliary power pro- 
tection in case of a major disaster. 

It is important to note that in the large 
metropolitan utility system any major 
disaster which will drag down the voltage 
to 60 per cent of normal for one-half second 
or longer will result in throwing off a large 
amount of load (dumped load will return 
only gradually and the load will not build up 
to its normal value in much less than 15 
minutes). Therefore the temporary loss of 
one-third of the capacity in any location 
following a prolonged system fault in that 
location should not be serious. 

It is my opinion that a very much safer 
method of handling auxiliary power, includ- 
ing motor generator exciters, is to use a 
shaft-driven auxiliary power generator and 
obtain a sourcé of power for the motor- 
driven exciter as well as for all other auxil- 
iaries which is substantially independent of 
system faults. 


J. F. Miller (General Electric Company, 
Schenectady, N. Y.): A great majority of 
the current orders for turbine generators 
specify shaft-driven exciters, and this would 
indicate that at the present time the indus- 
try prefers this type of exciter. Therefore, 
in this discussion I should like to point out 
that, while the motor-driven exciter system 
was being developed, considerable progress 
was made by the General Electric Company 
in the design of highly reliable shaft-driven 
exciters. Two types are now offered to the 
industry: gear-driven exciters in ratings 
from 125 kw to 250 kw or higher as required, 
and direct-driven exciters in ratings to and 
including 250 kw. The following discussion 
applies equally well to both types. 

The problems affecting performance and 
reliability of shaft-driven exciters are varied 
but interrelated. 

A high-speed commutating machine does 
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Figure 1 


not perform properly under conditions of 
undue vibration. In fact, vibration of a 
magnitude less than that considered ac- 
ceptable on.the main generator or turbine 
shaft, may prove detrimental to commutator 
and brush performance. Vibration may 
cause uneven wear of a commutator, making 
it out of round. Excessive wear of station- 
ary parts also may be caused by vibration. 
The most direct sources of vibration are 


1. Unbalance of the exciter and main generator 
shafts. 


2. Stimuli transmitted through the foundation to 
the exciter. 


Vibration of the new exciter is reduced to 
a minimum by mounting the rotor on bear- 
ings of its own and separating it from the 
generator by a flexible coupling of special 
design. Flexible mounting of the main 
generator stator cores has eliminated double 
frequency vibration from being carried to 
the exciter through the foundation. 

The exciter stationary parts and the ex- 
citer rotor are designed in such fashion that 
no resonance occurs near 60 or 120 cycles, 
so that stimuli of these common frequencies 
transmitted to the exciter through the 
foundation will not be amplified. These 
features have been proved by vibration tests 
in the factory. 

It is well known that oil or oil vapor is 
detrimental to commutator and brush per- 
formance. In the presence of oil, most com- 
mutators will build up a thick film which 
may flake off in spots and start threading of 
the commutator. Dry carbon dust on the 
exciter parts does not affect insulation re- 
sistance greatly, but carbon dust in a film 
of oil may cause leakage paths of low resist- 
ance and result in low megger readings and 
a dangerous condition under which to oper- 
ate. The exciter bearings and reduction 
gear are sources of oil vapor, and special 
measures have been taken in bearing design 
and ventilation circuit arrangement to elimi- 
nate oil vapor from these sources. 

The ventilation circuit of the exciter is 
related to both the oil vapor and carbon dust 
problems, but it also brings in a factor of its 
own, that of humidity of the ventilating air 
and its effects on commutator film and 
brush performance. As a result of our ex- 
perience, we have standardized on the room 
ventilated system. 

A commutator which may become loose 
always presents a hazard to exciter perform- 
ance. A few high bars may cause severe 
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sparking and even broken brushes. Dimen- 
sional changes of copper and insulation with 
changes in temperature are responsible for 
loose commutators. A special commutator 
construction has been devised which keeps 
it tight throughout the load cycle, and a 
remarkably stable commutator has resulted 
from this procedure. 

The problem of brush types and applica- 
tion is broad and somewhat controversial, 
and it will be sufficient here to say that the 
new brush and brush holder which have been 
developed result in longer brush life and 
longer commutator life with less mainte- 
nance. 

This exciter is tested and shipped as a 
complete unit. All that is necessary is to 
line it up and connect it to the main unit, 
and it is ready to deliver kilowatts. 

Figure 1 shows one of the new 125-kw 
3,600-rpm direct-driven exciters. This unit 
excites a 37,500-kva 3,600-rpm hydrogen- 
cooled turbine generator in the Bainbridge 
station of the New York State Electric and 
Gas Corporation. 

The afore-mentioned problems all have 
been solved in the new General Electric 
standard shaft-driven exciters, and accessi- 
bility and ease of inspection and mainte- 
nance have been keynotes in the design of the 
housing and exciter parts. 

Thus, to those who will continue to pur- 
chase shaft-driven exciters we can offer 
equipment which, by virtue of these im- 
proved features, will have adequate per- 
formance and excellent reliability and avail- 
ability. 


S. B. Crary (General Electric Company, 
Schenectady, N. Y.): This paper gives a 
good account of the performance character- 
istics of an electronic excitation system. 
Concise information is presented in a sum- 
mary of test results given in Figure 6. 

The present interest in excitation systems 
may be attributed primarily to the more 
completely interconnected power systems of 
improved reliability and the continued trend 
to larger generating elements at 3,600 rpm. 
The over-all system economy can now be 
improved to an important extent by con- 
tinuous operation of the more efficient and 
larger generating units. This has focused a 
degree of critical attention on the shaft- 
driven rotating exciter for those units which 
are required to operate with high avail- 
ability. The required reliability has been, as 
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indicated by cases of operating experience, 
beyond that which was obtained from some 
shaft-driven exciters. Recently, substantial 
improvements have been made in the design 
of higher-speed exciters, and further im- 
provements may be expected. Even with 
greatly improved shaft-driven exciters, there 
is reason to believe that a source of excita- 
tion which can be maintained independent of 
the operation of the main unit will represent 
a worthwhile improvement for some of the 
larger units even if realized by additional 
complication in the excitation system itself. 

The desirability of using a self-excited 
system of excitation (excitation energy ob- 
tained from the main a-c generator) has 
greatly increased with the decided trend to 
the unit type of station with each generator 
connected through its own transformer to 
the high voltage transmission system and 
with the auxiliary power obtained from the 
main a-c generator terminals. Fortunately, 
this unit type of station has two features 
which make a practical self-excited excita- 
tion system more easily realizable. These 
are 


1. The high voltage faults are promptly cleared by 
quick-acting relays and switches for stability rea- 
sons. 


2. The stepup transformer impedance and the low 
generator transient reactance inherent with turbine 
generators tend to sustain the terminal voltage for 
high voltage transmission system faults. 


It seems reasonable that this type of unit 
station and system arrangement should be 
used as a basis for the development and de- 
sign of competing types of self-excited ex- 
citation systems. This has been borne out 
by the emphasis placed on this type of sys- 
tem by two of the papers presented at this 
session. For this type of system the follow- 
ing conclusions seem justified: 


1. Either the motor-driven or the electronic excita- 
tion system allows for omission of the shaft-driven 
exciter. 


2. Hither type can be designed to give a high stand- 
ard of performance with the unit type of station 
design. 


8. Present costs tend to favor the co-ordinated 
motor-driven exciter for comparable performance 
levels for the large generators. 


From Figure 6 it would appear that for a 
3-phase high voltage fault of 15-cycle dura- 
tion without a compensator, the actual per 
unit response would be quite low, possibly 
negative, that is, the integrated exciter volt- 
seconds above the initial exciter voltage for 
the first half-second following a 15-cycle 3- 
phase system fault would be negative. In 
order to obtain an actual per unit response 
during the first half-second following such a 
system fault comparable to that obtainable 
with a standard shaft-driven exciter, we 
would estimate that the ceiling voltage of the 
electronic exciter would have to be of the 
order of 600 to 700 volts with normal alter- 
nating voltage applied or that the voltage 
regulation of the excitation system when 
carrying high induced field currents would 
have to be reduced. 


M. M. Morack (General Electric Company, 
Schenectady, N. Y.): The authors are to be 
complimented on their fine paper covering 
the design, development, and application of 
an electronic exciter for large a-c generators. 
The requirements for the exciter and the 
equipment design are closely akin to those of 
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electronic exciters for large synchronous 
condensers. Since several of these units 
have been in service a number of years, a 
brief history of their performance will serve 
to further the conclusion that the electronic 
exciter is a reliable and efficient source of 
excitation for large a-c generators. 

An early installation of an electronic 
exciter! for a synchronous condenser was 
made in the United States in 1934 on a 
15,000-kva unit located ina generating plant. 
The unit utilized six 75-ampere hot cathode 
thyratrons for the rectifying elements. 
These were replaced by sealed ignitrons in 
1939 because of hot cathode tube life limita- 
tions. 

A commercial installation of sealed igni- 
trons was made in November 1936 in an 
electronic exciter for a 30,000-kva synchro- 
nous condenser. This large a-c machine is 
part of the American Gas and Electric Com- 
pany system and it is located at Fostoria, 
Ohio, at the junction of a number of trans- 
mission lines. This sealed ignitron exciter is 
rated 435 volts and is designed to deliver a 
variable d-c output, with a continuous rat- 
ing of 777 amperes, and with a short time 
rating of 1,050 amperes for 10 minutes and 
1,550 amperes for one minute. It will de- 
liver 777 amperes direct current to the field 
when the a-c supply voltage has fallen to 50 
per cent of normal. The equipment in- 
cludes six FG-238B sealed main power ig- 
nitrons, six FG-172 thyratron igniter firing 
tubes, six single pole anode air circuit break- 
ers, an electronic voltage regulator, a water- 
to-water heat exchanger, auxiliary control, 
and a main transformer bank fed from an 
11,500-volt 60-cycle system. 

The main losses of the rectifier are re- 
moved by means of a water-to-water heat 
exchanger designed in two parallel sections 
with valves, whereby either section can be 
closed off for the purpose of cleaning without 
necessitating a shutdown of the exciter. 

Each of the sealed ignitrons is mounted in 
a completely metal-enclosed compartment. 
The doors of these compartments are so 
interlocked with their single pole anode 
circuit breakers and the rest of the appara- 
tus, that any of the tubes may be replaced 
safely without requiring shutdown of the 
synchronous condenser. With these me- 
chanical features, there has been no problem 
in keeping the equipment in operation for 
extended times. 

The main problem of maintenance has 
been one of tube replacement. In the years 
1936-1939 the average tube mortality was 
about 10 per unit per year, which is not too 
surprising as that was the period in which 
the sealed ignitron tubes were being im- 
proved and perfected. The initial silicon- 
carbide igniter points were satisfactory for 
welding service but gave short life in recti- 
fier service. It was necessary to change the 
igniter material to boron-carbide, which so 
increased the life span that igniter point life 
has ceased to be a problem. 

There have been approximately ten years 
of tube experience with sealed ignitrons in 
this group of electronic exciters. It is to be 
appreciated that the tube duty is more severe 
than that encountered in industrial serv- 
ice, in that the rectifying elements must 
operate at large angles of phase retard. In 
addition they must operate for short times 
in the inverting quadrant. Tubes which 
have been in operation for many thousand 
hours under this severe duty sometimes show 
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increased arc-back frequency, resulting in 
anode circuit breaker operations. Examina- 
tion of a tube removed because of unaccept- 
able arc-back frequency, after approxi- 
mately four years of service, indicated that 
the vacuum was still good, igniter points 
were in good condition but showed particles 
of loose graphite floating in the mercury pool. 
The method of series compensation out- 
lined by the authors should tend to increase 
tube life further, because compounding re- 
duces the phase control duty. 
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C. E. Valentine (Westinghouse Electric 
Corporation, East Pittsburgh, Pa.): The 
use of the electronic type exciter aroused 
interest in the means used to control the 
exciter. With regard to the automatic 
means, that is, the alternating voltage regu- 
lator, there are several factors which require 
consideration. Among these are simplicity, 
reliability, maintenance, and repair or re- 
placement costs. 

Any one of several types of voltage regula- 
tors may be employed. It should be noted 
that the use of an electronic exciter does not 
necessarily require the use of an electronic 
type voltage regulator. Asa matter of fact, 
the regulator should be chosen on the basis 
of the type best suited to the application. 
This choice well may take into account avail- 
ability, performance record, and experience 
with the types under consideration. 

A direct acting rheostatic regulator was 
applied to the West Penn Power Company’s 
electronic exciter as being the available regu- 
lator best suited for the job. Its sensitivity 
of plus or minus one half of one per cent was 
considered adequate. Simplicity, reliability, 
freedom from maintenance, and long life 
has been demonstrated on numerous appli- 
cations over a period of several years. 

The length of service that a voltage regu- 
lator will give without maintenance or re- 
placement costs is an important considera- 
tion. For turbogenerators in central station 
service, it is desirable to have the regula- 
tor in service at all times, although manual 
control can be used temporarily if necessary. 

The electronic type regulator has inher- 
ently the characteristic of little or no iner- 
tia, as regards the response of its tube com- 
ponents. In its circuits, considered as a 
whole, however, there may be small time 
delays, or other small errors, which render it 
something less than a perfectly accurate and 
instantaneously responding device. These 
same remarks apply to various types of 
static networks, involving resistors, reac- 
tors, capacitors, and rectifiers. These con- 
siderations lead to the conclusion that an 
electromechanical type regulator, such as 
the direct acting rheostatic type possesses 
some advantages and no great disadvantage 
for applications where good regulator per- 
formance is required, and where the utmost 
in speed of response or the utmost in sensiti- 
vity is not needed. 

In the electronic type regulator, its in- 
herent lack of inertia, and speed of building 
up or building down the voltage of the ex- 
citer it controls are valuable assets, but at 
present its tubes have a limited life, and tube 
maintenance is an item which should re- 
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ceive due consideration. The maintenance 
of an electronic regulator involves checking 
of the tubes at regular intervals. By means 
of such periodic tests, any change in tube 
characteristics that might indicate deterio- 
ration or failure will be noted in advance. 
Tube replacement then may be made as re- 
quired to keep the regulator performance 
and reliability at a maximum. 

In a conventional excitation system, when 
a change in excitation takes place, the 
greatest time delay usually is found in the 
field of the a-c generator. Next to this in 
magnitude is the exciter field delay. The 
voltage regulator element or circuit delay is 
only a small part of the machine field delays. 
In combining the use of the direct acting 
type regulator and the electronic exciter, 
the time delay of the conventional exciter 
field is eliminated, and, at the same time, 
generator field forcing of a high order of 
magnitude is achieved. 


F. M. Porter and J. H. Kinghorn (Amer- 
ican Gas and Electric Service Corpora- 
tion, New York, N. Y.): Paper 46-74 
on electronic exciters mentions that recti- 
fier applications for excitation of rotat- 
ing machines have been tried only to a 
limited extent and primarily on synchronous 
machines other than generator.s These 
applications are.mostly on the systems of the 
American Gas and Electric company where 
there are installed 9 electronic exciters and 
14 electronic regulators which have been in 
service varying lengths of time and all of 
which in general have given satisfactory 
performance since they were placed in opera- 
tion. The great amount of operating experi- 
ence obtained with these applications con- 
vinces us that the excitation of alternators 
and synchronous condensers by means of 
rectifying equipment no longer is to be con- 
sidered as being in the experimental stage, 
and therefore no serious difficulties should 
be encountered with the operation of this 
type of equipment. 

In 1930, a small electronic exciter was 
installed at Shelby, Ohio, for supplying 
current to the field of a motor-driven exciter 
of a large synchronous condenser. In 1931, 
two similar exciters were installed at Glen 
Lyn, Va., for supplying current to the fields 
of the direct-connected exciters of two large 
turbine-driven generators at that plant. 
The same type of arrangement also was in- 
stalled for a synchronous condenser exciter 
in 1936, and a similar installation was placed 
in service about six years ago for a hydro- 
electric generator. 

In 1933, we placed in operation at Scran- 
ton, Pa., a 78-kw six tube electronic exciter 
for the 15,000-kva synchronous condenser 
at that location. Since then three additional 
exciters with capacities from 125 to 175 kw 
were placed in service. These were used for 
excitation of three synchronous condensers, 
ranging in capacity from 30,000 to 36,000 
kya. The combined operating time for these 
four exciters amounts to approximately 30 
years. Totaling the operating time for all 
the electronic exciters just mentioned, we 
have had approximately 77 years’ perform- 
ance, which for the most part has been very 
satisfactory. 

As to regulators, all of the foregoing 
applications are taken care of electronically, 
either by a bridge type or voltage standard 
type of circuit. In addition, we have six 
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amplidyne controlled excitation installations 
on condensers and generators, all of which 
are equipped with tube-type regulators, so 
that these regulators together with those on 
the afore-mentioned electronic exciters have 
given us combined service experience of over 
88 years with this type of voltage control 
for large rotating machines. 

Referring specifically to paper 46-74, we 
note the requirements stated for obtaining 
satisfactory performance for an electronic ex- 
citer. We believe our experience with three 
exciters of approximately the same size as 
the one discussed in the paper indicates that 
tube-type applications will take care of most 
and probably all of the items mentioned 
satisfactorily. However, this new installa- 
tion at the Springdale station will provide a 
splendid opportunity for obtaining perform- 
ance for exciting directly a large turbo- 
generator. Incidentally, if it is not already 
planned, we suggest that an electronic regu- 
lator might well be tried, along with this 
new exciter, since the reliability and desir- 
ability of such control have been demon- 
strated amply. 

With reference to paper 46-77 on motor- 
driven exciters for turbine alternators the 
suggested specially designed motor genera- 
tor set undoubtedly has merit, but we 
wonder how the complete installation will 
compare in initial and maintenance costs to 
a direct-driven exciter arrangement, a 
standard type motor-generator set and an 
electronic exciter. If the direct-connected 
exciter is not to be used, it may be prefer- 
able, if economics permit, to eliminate en- 
tirely a rotating-type exciter so long as 
satisfactory and excellent performance can 
be obtained from a tube-type arrangement, 
As already mentioned, we have six applica- 
tions using amplidyne generators in series 
with fields of self-excited exciters, and these 
arrangements with electronic regulators also 
have given excellent results. This arrange- 
ment is being tried on several turbogenera- 
tors and may prove to be the preferred 
scheme for generator excitation when all 
factors are considered. 

The foregoing gives only a brief outline of 
results obtained with electronic exciters and 
regulators and other excitation arrangements 
on the systems of the American Gas and 
Electric company. We hope to be able to 
present before the Institute in the near fu- 
ture descriptions of the exciter installations 
mentioned, as well as our detailed experi- 
ences with this equipment from both an 
operating and maintenance standpoint. 


J. B. McClure (General Electric Company. 
Schenectady, N. Y.): The authors of papers 
46-74 and 46-77 are to be complimented on 
their thorough analysis of the requirements 
of a properly co-ordinated motor-driven ex- 
citer set and on their report of tests on an 
electronic exciter for a large turbine-genera- 
tor. These papers are particularly timely 
and should encourage a wider acceptance of 
other than shaft-driven exciters. 
Motor-driven exciters, of course, are not 
new. Inthe past many have been standard 
motor-generator sets; some have had over- 
size motors and some have had huge fly- 
wheels on independent bearings but it is 
certainly safe to state that their design did 
not follow any definite pattern. Now, im- 
proved system performance makes it pos- 
sible, as has been pointed out, to design a 
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simple, practical, compact set which will 
adequately meet the requirements. 

Many users have inquired recently about 
motor-driven exciters, and several have de- 
cided on them for their new turbine-genera- 
tors now on order. These special motor- 
driven exciter sets will be 1,200 rpm. The 
motors will be of the standard dripproof 
construction, and of such rating as to have 
liberal torque ability to carry through sus- 
tained periods of low voltage at the motor. 
The exciters will be of the enclosed room- 
ventilated type and will incorporate all the 
improved features of the shaft-driven excit- 
ers which contribute to long life, low main- 
tenance, and high availability. These fea- 
tures have been noted by J. F. Miller in his 
discussion. In applications where the auxil- 
iary power is supplied by a house generator 
or shaft generator, the exciter sets are being 
supplied without flywheels, but for all other 
applications flywheels have been included. 

At this time, therefore, it appears that a 
prospective purchaser of a turbine-generator 
set has his choice of a special motor-driven 
exciter set, a gear-driven exciter, or a high- 
speed shaft-driven exciter for essentially the 
same price. 

Electronic exciters for large synchronous 
machines are not new. The company with 
which the writer is associated built three 
electronic exciters which have been in opera- 
tion with synchronous condensers for a com- 
bined period of 27 years. 

Based on this experience, electronic excit- 
ers can be expected to give good performance 
and have high availability, but at the 
present time their initial cost and mainte- 
nance are considerably higher than that of 
the rotating exciters. 


R. B. Bodine, S. B. Crary, and A. W. Rankin: 
The discussers all have made valuable con- 
tributions to the general subject of excita- 
tion systems. 

Mr. Gay has called attention to the reason 
he considers it inadvisable to obtain the ex- 
citation energy directly from the main a-c 
system. It may be well to re-emphasize, in 
view of Mr. Gay’s remarks, that the motor- 
driven exciter normally would be driven 
from the same electric supply as the other 
auxiliaries of the main unit. Mr. Gay is, 
therefore, in effect making a plea for the con- 
tinuance of the use of house generators as a 
means of avoiding serious system troubles, 
rather than comparing the performance of 
the motor-driven exciter set with the other 
types. An independent supply for the auxil- 
iaries of the station well may be justified 
for some systems, particularly if the circuit 
protective equipment cannot be relied on to 
clear severe faults promptly, and if the sys- 
tem must be designed to extricate itself 
from severe disturbances by pulling itself 
back into synchronism. Such a philosophy 
for some types of closely coupled metro- 
politan systems may require the continued 
use of house generators. 

However, as is well known, there is a con- 
tinuing trend to obtain the energy for the 
auxiliaries from the main system. Entirely 
satisfactory performance has been obtained 
from a wide variety of installations, as has 
been indicated further by the other discus- 
sers. Mr. Kinghorn and Mr. Porter report 
the satisfactory experience of several years 
of operation with electronic excitation 
sources which derive their energy directly 
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from the main system. Mr. McClure re- 
ports on the continued interest and use of 
motor-driven exciters which will derive 
their energy from the main a-c supply. 

Many operators feel that they can capi- 
talize on the greatly improved performance 
and reliability of their main system by de- 
riving all of the auxiliary supply, including 
the excitation, from the main a-c system. 
It is important to note further that the 
motor-driven exciter, when connected to the 
main a-c system, can be designed for even 
more extreme system conditions than those 
used as criteria for the design of the exciter- 
set reported in our paper. However, in our 
opinion, more severe criteria generally will 
not be justified. The point we have tried to 
make is that such a set can be designed to 
meet a wide range of system requirements. 

Mr. McClure points out that the manufac- 
turers can supply several types of reliable 
excitation systems. These can be selected 
to meet the system requirements and the 
basic system design philosophy. 

Mr. Miller has reviewed briefly the im- 
provements which have been made in one 
manufacturer’s shaft-driven exciters. These 
important changes and refinements in design 
further make the choice of an excitation 
supply more a matter of satisfying the par- 
ticular system requirements, and should en- 
courage a more careful analysis of system 
operation during normal and emergency 
conditions. 

We are looking forward with interest to 
Mr. Kinghorn’s and Mr. Porter’s more com- 
plete account of their experience with differ- 
ent types of excitation systems and also 
hope that other engineers will be encouraged 
to describe their experiences at this time, 
when it is desirable to correlate apparatus 
improvements with system operating ex- 
perience. 


H. A. P. Langstaff, H. R. Vaughan, and R. F. 
Lawrence: The experiences of the American 
Gas and Electric company systems with the 
use of electronic exciters is certainly a valu- 
able testimony to the ability of this type of 
equipment to operate successfully over a 
period of years. This, backed up by the 
operating records of thousands of kilowatts 
of power rectifiers installed in industrial 
plants, proves quite conclusively that power 
rectifiers can be depended on for reliable 
service. While the experience gained with 
the five small electronic rectifiers and the 
four electronic main exciters used on syn- 
chronous condensers is indicative of the type 
of performance to expect, there was still 
considerable uncertainty as to how an elec- 
tronic exciter would perform under abnormal 
conditions when used on a large generator. 
The requirements are somewhat different, 
and any faltering in the excitation system 
may prove extremely serious. It was be- 
lieved that the only way to establish just 
how the electronic exciter would function 
under all types of faults and load change 
conditions was to stage tests where the con- 
ditions would be definitely known and all 
pertinent data could be recorded. 
Regarding the use of an electronic regula- 
tor—extensive tests were made with such a 
device. Since there was no material gain in 
performance in using the electronic type, it 
was believed that there was some advantage 
in using a simple mechanical type regulator 
which has practically no moving parts and 
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which has proved itself in many applications. 


The proposed presentation before the In- 
stitute of the different types of exciters in- 
stalled on the American Gas and Electric 
systems should be a welcome contribution to 
the industry. At the presentation of this 
paper it was hoped that some actual operat- 
ing experience on the Springdale exciter 
could be given. This was not possible, 
since the installation of the exciter was in- 
complete. However, it is hoped that at some 
future meeting a report of this nature can be 
presented. 

Mr. Morack’s description and history of 
two electronic exciters for synchronous con- 
densers are of interest, because they give 
factual information on two actual installa- 
tions. Of particular interest is the high 
short time overload ratings which are in- 
herent in this type of equipment and of great 
advantage in any excitation system. It 
would be interesting to know whether or not 
operating experience has justified six anode 
circuit breakers, that is one single pole cir- 
cuit breaker per anode. The tests on the 
Springdale exciter indicated that three 2- 
pole circuit breakers are entirely adequate, 
particularly when provided with automatic 
reclosing. The fewer number of circuit 
breakers, of course, simplifies the construc- 
tion and control. 

The manufacturer of the Springdale ex- 
citer earlier built an electronic exciter for a 
25,000-kva condenser on the American Gas 
and Electric company system at New Car- 
lisle, Ind. This exciter is equipped with one 
anode circuit breaker per ignitron tube and 
has an electronic regulator. In nearly four 
years of continuous service it has not caused 
a shutdown. 

Mr. Crary has presented an excellent sum- 
mary of the application requirements and 
present thinking in regard to excitation sys- 
tems. Weare happy that his opinions agree 
with those expressed in the paper. 

In comparing the motor-driven or elec- 
tronic exciter with the shaft-driven type 
there are several fundamental characteris- 
tics that should be considered. There are 
two reasons why some operators might pre- 
fer to dispense with a shaft-driven exciter. 
One of these is to do away with a rotating 
type machine. The other is to make it pos- 
sible to maintain completely the exciter 
without interfering with the operation of the 
main generating unit. The electronic exciter 
is the only one that satisfies both of these 
requirements. Either the electronic type or 
the motor-generator set type of exciter has 
the inherent disadvantage that its perform- 
ance is affected by the alternating voltage 
supply. This is of particular importance 
where unit type of operation is required. 
In either case it is necessary to compensate 
for this disadvantage by special design 
characteristics which include flywheel ef- 
fect and high pull-out torque with the motor- 
generator set, and high ceiling voltage or 
series compensation with the electronic type. 
In order to take the motor-driven exciter 
out of operation for maintenance without 
interfering with the operation of the main 


unit, it is necessary to have a spare exciter. © 


The parts of the electronic exciter that may 
need periodic maintenance can be taken out 
of service individually without taking the 
exciter out of service. These fundamental 
requirements should be given consideration 
in comparing the over-all advantages of the 
different types of exciter system. 
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It is true that the excitation output of the 
electronic exciter is low during a 3-phase 
fault. If deemed necessary, this condition 
can be corrected by using an exciter with a 
high ceiling voltage or with a series compen- 
sator. It will be noted that the excitation 
output is high for other types of faults, in- 
cluding a double line to ground fault. Since 
this latter type of fault usually is considered 
the practical limit as a criterion for stability, 
it is questionable whether extra complica- 
tions and cost can be justified to obtain high 
excitation output during a 3-phase fault. 

Referring to the curves of Figure 6 of the 
paper which show test results for the ap- 
plication of load and faults for four different 
conditions, the actual per unit response can 
be negative, as for example in Figure 6a. 
The exciter was designed for a maximum 
voltage drop at the generator terminals of 25 
per cent. Under this condition, with the 
supply to the rectifier taken from the genera- 
tor terminals and with the rectifier trans- 
former connected to give the higher d-c 
ceiling voltage, a no-load d-c ceiling voltage 
of 300 volts would be obtained. This gives 
a rate of response of approximately 2.2. 
The conditions for which the tests were run 
were purposely pessimistic with respect to 
the maximum voltage drop and the duration 
of the fault in order to obtain performance 
data under the most adverse conditions. 
These conditions are unlikely to be matched 
in actual service. 

In AIEE paper 46-77 curves were plotted 
which show that the system is stable using 
either a co-ordinated design motor-driven 
exciter or a direct-connected exciter. Using 
a self-excited electronic exciter having a 
4.95 per unit ceiling excitation (one per unit 
equals field voltage required to give normal 
rated voltage on the air gap line), the sys- 
tem would be stable for a 3-phase 15-cycle 
fault on the high voltage terminals of the 
transformer connected to the main generator. 
The per unit ceiling excitation of 4.95 is the 
same as that of the exciter for the West 
Penn Power Company with the rectifier 
transformer connected to give the higher d-c 
output voltage. 

Mr. McClure’s discussion leads one to be- 
lieve that a wider acceptance of other than 
shaft-driven exciters should be encouraged. 
That was not the purpose of the paper on 
the electronic exciter. It is believed that the 
extensive background of operating experi- 
ences with shaft-driven exciters has proved 
conclusively that they are good in perform- 
ance and have a high availability factor. 
More recent improvements in the design 
make for ease of maintenance and elimina- 
tion of minor troubles that have been ex- 
perienced, so that future operating records 
should be even better than those in the past. 
It is believed that either electronic exciters 
or motor-driven exciters should be con- 
sidered as alternate means of excitation 
which might suit certain applications or in- 
dustrial preferences better. 

It is agreed that electronic exciters for 
synchronous machines are not new, although 
they are still used to a very limited extent. 
The number of electronic exciter installa- 
tions expressed as a per cent of the total 
number of excitation systems in operation is 
practically a negligible figure. Previous 
applications were on condensers and genera- 
tors of relatively small capacity, the maxi- 
mtmm condenser rating being 36,000 kva and 
the maximum generator rating being 15,000 
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kva. The Springdale exciter is of major im- 
portance in that the generator for which it 
was designed is more than five times the 
capacity of any existing generator having an 
electronic exciter. It is believed that the 
experiences gained with synchronous con- 
densers were only indicative of the perform- 
ance to be expected with large generators and 
were not final proof that the electronic exciter 
system would perform adequately under 
all types of abnormal operating conditions. 
In evaluating the over-all cost and main- 
tenance of exciters, one should consider the 
entire exciter system including control, regu- 


lation, and necessary spare equipment. 
When all of these are considered, particularly 
if there is only one generating unit in the 
station, it is believed that the electronic 
exciter will not be too far out of line from the 
standpoint of either maintenance or initial 
cost. The higher initial cost of the electronic 
type may be justified by preventing expen- 
sive shutdowns which might result from 
some other type of excitation system not 
having as high an availability. 

Mr. Valentine has given a concise com- 
parison of the electromechanical and elec- 
tronic types of regulators for electronic ex- 
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citers. As pointed out previously the elec- 
tronic regulator proved to have no material 
advantage over the electromechanical type 
in the extensive tests that were made. One 
of the outstanding advantages of the elec- 
tronic type exciter is the inherent ease with 
which its direct voltage output can be regu- 
lated. It is believed that this inherent ad- 
vantage should be retained, if at all possible, 
by using the simplest voltage regulator avail- 
able, if this can be done without sacrificing 
over-all performance. The simple electro- 
mechanical type of regulator seemed to be 
the best solution. 
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Parallel Circuits in Servomechanisms 


H. TYLER MARCY 
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N excellent way to describe a servo- 

mechanism is to picture it as a de- 
vice which acts with power on the differ- 
ence, or error, between a desired quantity 
and an actual quantity. It actsin sucha 
way as, 


1. To make the error approximate zero in 
the steady state. 


2. To limit peak errors and the error-time 
integral when the output quantity is follow- 
ing a typical random input quantity. 


3. To recover from sudden disturbances 
with adequate speed of response and degree 
of stability. 


A block diagram of a group of compo- 
aents is illustrated in Figure 1 in which the 
foregoing interpretation is very powerful. 
Much has been written on the analysis 
and synthesis of such systems. Several 
recently published or released works have 
described powerful analytical tools used 
in the design of linear servomechanisms of 
this: type.*7 4/7°° 

This paper deals in particular with a 
class of servomechanisms which has not 
received adequate treatment thus far. 
Many servomechanisms, as in Figure 2, 
can be described accurately only when a 
component is included in the feed-back 
path. At times this is desired, and com- 
pensating devices are used to aid the per- 
formance of the servomechanism. At 
other times, undesirable characteristics of 
the measuring instruments introduce de- 
lay in the transmission of signals back toa 
point where they are to be compared with 
the desired quantity. The signals then 
used to excite the control amplifier are no 
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longer the error between desired and ac- 
tual quantities. 

In cases where there is a modification 
of the controlled quantity previous to 
comparison with the desired quantity, no 
place exists in the circuit where the actual 
error can be measured. This is most 
likely to be true when the servomecha- 
nism is not in steady-state operation. The 
ratio of output to error as a function of 
frequency when the input is varying 
sinusoidally is, in these cases, not a simple 
function of any one of the components or 
any of the components in cascade. This 
will be developed mathematically as a 
part of the linear treatment of servo- 
mechanisms of the type represented in 
Figure 2. 


General Analytical Techniques 


A mathematical treatment of a dynamic 
system as complicated as a servomecha- 
nism is difficult on the basis of classical 
mathematics. The differential operator 
p is used here to represent an operator 
which will be replaced by jw when the 
steady-state sinusoidal characteristics of 
the system are to be considered, or by 
d/dt when the differential equations are to 
be considered. 

The general analytical techniques de- 
scribed here are, basically, simple exten- 
sions of previous work.!:? In electric 
network theory, the consideration of all 
circuits on the basis of impedance charac- 
teristics to the exclusion of admittance 
characteristics would be foolish. Simi- 
larly in a study of servomechanisms it is 
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Figure 2. Block diagram of a servomechanism 

where the components in the direct circuit are 

paralleled by components in a feed-back 
circuit 
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often desirable to work with component 
or system functions which are ratios of in- 
put to output instead of their reciprocals. 

Components of servomechanisms (such 
as amplifiers, thermocouples, tachometers, 
and motors) can be considered as analo- 
gous to a four terminal network whose in- 
put and output are related by a differ- 
ential equation describing its behavior. 
In this paper a system function will be 
defined as a nondimensional ratio of out- 
put to input. A component will have a 
system function, and a combination of 
components will have a system function. 
It is, therefore, necessary to describe 
carefully what a given system function 
includes. It is also necessary to describe 
the operator used in expressing the system 
function. If the operator is a pure 
imaginary frequency, then a ratio of 6, to 
@; will be written 


9 
0, jw) 


The more general operator p is implied by 
the simple expression 0,/6,, instead of: 
always writing 0,(p)/0,;(p). Similarly 6; 
(pb) — 4,(p) will be written 6; — @,. 

A reciprocal system function will be a 


Figure 1. Block dia- 
gram of a servomecha- 
nism where the com- 
ponents may be con- 85 
sidered as elements in 

a cascade circuit 
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nondimensional ratio of input to output. 
A component will have a reciprocal sys- 
tem function, and a combination of com- 
ponents will have a reciprocal system 
function. 

The use of reciprocal system functions 
allows a separation of the component 
characteristics not otherwise realizable, 
which leads to greater simplicity of 
analytical treatment. With reference to 
Figure 1 


ee (jw) = K4Ga(jo) = KG, (jw) K2G2(jw) x 
© K3G3(jw) KsGu( Jw) (1) 


and 

99 ,. KaGa( jo) 

ae aa 2 
0 “T+ KeGal jo) a 
Inversion of equation 1 leads to 

€ 1 

25) 3 
06" KaGaGe) 2 
and inversion of equation 2 leads to 

Orn 1 

ef =1+—_—_ 4 
aa) ae KGaGjo (4) 


and demonstrates that the system may be 
studied by a treatment of the function 
KaGa(jw), or by a treatment of the 
reciprocal function 


1 
KaGa(jo) 


It does not matter which technique is 
used, because the effect of any one com- 
ponent, for instance KiGi(jw), may be 
studied by a vector product manipulation 
on a polar plot. 

In one important way, however, the use 
of reciprocal system functions simplifies 
the problem of synthesis of simple cas- 
caded systems. In a complex plane, in 
which the vector from the origin at w = 
0) is 
a 
KaGa (jor) 


loci for 
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= constant 


4 ,. 
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are circles, concentric about the —1 + 70 
point with a radius equal to the magni- 
tude. Loci of constant angle between in- 
put and output are straight lines which” 
pass through the —1 + j0 point and a 
point on the imaginary axis equal to the 
tangent of the angle. These loci are 
shown in Figure 3, where they may be 
contrasted with similar loci as they appear 
on a plane where the vector from the 
origin at w = w, is KgGg(jo). 

A simple demonstration of the nature of 
the loci of constant 


rr 
;: =) 
is to set the radius vector 


if 
aa RX 
KaGa (ju) 4 


and find the analytical geometric equation 
for constant 


a. 

| 07” 
Substituting in equation 4 

a. ‘ 

9, i) =1+R4jX (5) 
0 


from which 


= YR IAT 6) 


where the constant M has been defined so 
as to be consistent with Hall.!:? Equa- 
tion 6 represents a circle whose center is 
at —1 + jO and whose radius is 1/M. 
The manner in which loci of constant 
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and loci of constant angle between 0; and 
6, appear on the complex plane of 
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Figure 3. Loci of constant magnitude of the 
ratio of the output quantity to the input quan- 
tity of a servomechanism and loci of constant 
phase angle between the output quantity and 
the input quantity of a servomechanism as they 
appear on two complex planes 


A. Plane of 1/KG(jw). A complex plane 

where the radius vector is the complex ratio 

of the error of the servomechanism to the output 
quantity 


B. Plane of KG(Gw). A complex plane 

where the radius vector is the complex ratio 

of the output quantity to the error of the 
servomechanism 


is important only when these loci are used 
as design criteria for the servomechanism. 
In design work the degree of resonance 
often is limited by specifying a maximum 
allowable value of M. In terms of the 
degree of stability of servomechanism 
transient response this is a rough ap- 
proximation at best. This is unfortunate 
because specifications for the speed of 
response and degree of stability of servo- 
mechanisms usually are given in terms of 
their transient response. 

The transient response is related 
mathematically to the frequency response 
by the Fourier integral.° A perhaps 
oversimplified interpretation of this rela- 
tionship is used in specifications of servo- 
mechanisms. Such specifications limit 
the amplification, by resonance effects, of 
the input and demand a sizable output 
magnitude at high frequencies. For 
complicated systems, however, this gives 
the designer something tangible toward 
which to work, as well as a good approxi- 
mate prediction. 

The use of the complex plane of 


1 
KaGa (jw) 


permits a quick determination of reso- 
nance by noting the proximity of the 
locus to the —1 + j0 point. r 
vantage is, of course, notfundamental. It 
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This ad- 


is apparent in the solution of numerical 
problems. 

To return to the more complicated sys- 
tem represented in Figure 2: the ratio of 
output to input is 


9 < 
9, He) a KaGa(jw) 


— 7 
1+ KgGq (jw) KyG(jo) 7) 


and the ratio of output to error (defined as 
6; — 6,) is 
KaGa(jw) 
1+ KqGq (jw) KyGy(jw) — KaGa (jw) 
(8) 


Oe. 
(jw) = 
€ 


This is a hopeless tangle to unscramble 
when an alteration in either KyG4(jw) or 
KyGy(qw) is needed. However the inver- 
sion of equation 7 leads to 


1 
SS See ; 
9 he) = ee ay t Kiri (9) 


and the inversion of equation 8 leads to 


+KyGy(jw) —1 (10) 


€ (jase 1 
0.7" KaGa(ja) 
Both equation 9 and equation 10 make 
possible a separation of the frequency 
characteristics of the two essential com- 
ponents in the system. Equation 9 and 
equation 10 indicate a vector addition of 
the characteristics of the components. 
The result is obtained with comparative 
ease and leads quickly to a qualitative 
idea of the effect of a change in one or the 
other of the two parallel components. 

It would seem from examination of 
equation 9 and equation 10 that the ratio 


Ose 

i (jw) 

might be plotted instead of 

ee. 

ai”) 

since the criteria of resonance concerns 
Cre. 

ds (jw) 


directly. If this is done then loci of con- 


stant 


~* (ju) 
che 
are obviously circles about the origin. 

When problems are actually being 


solved, it often will be convenient to plot 
on the same sheet of paper a locus of 


and a locus of 


O:,. 
a (jw) 
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With reference to equation 9, 


1 
KaGa (je) 


may be plotted as the radius vector, and 
the resonance of the system may be 
studied by considering the locus to be 


(hee 
a) 


where K,G;(jw) is always unity. For this 
purpose circles may be constructed about 
the —1+ 0 point. Then, on the same 
sheet of paper a locus of K,G;(jw) may be 
added vectorially to the locus of 


1 
KaGq (jw) 


The resulting locus has a radius vector 
which is 


4. 

2 (jw) 

and the resonance of the final system may 
be studied by constructing circles of radius 
9; 


a (jw) 


about the origin. 


Time Delays in Measuring Output 


In order to control a process with a 
servomechanism, it is necessary to meas- 
ure the output quantity. The accuracy 
with which the measurement is made, 
both statically and dynamically, is in 
large part indicative of the success of the 
controller. Unfortunately many meas- 
urements are made, for one reason or 
another, with equipment that responds to 
a sudden input with a time delay. The 
response delay may be either a character- 
istic of the measuring instrument or a 
characteristic of some smoothing circuit 
that is used. 

As an illustrative problem, to show how 
the effects of a time delay in error meas- 
urement may be treated, a system will be 
discussed where the direct circuit, includ- 
ing control amplifier and process, is char- 
acterized by the system function 


Ka 
b(Tap+1) 


Equation 11 is representative of a cas- 
caded control amplifier sensitive only to 
the input to it (and not to the derivatives 
or integrals of that input) and a process 
characterized by a characteristic time, Ty. 
Such a system is described in Figure 7 
where 


Ka =KecKeo/f and Ty =J/f 


KgGal(p) = (11) 


This much of the system is equivalent to 
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the type I controller of reference 1 in 
which the ratio of the static stiffness K to 
the output damping, f, is Kz, or the 
velocity-error constant, and the ratio of 
the output inertia, J, to output damping, 
if, ised a} 

The output measuring device of the 
illustrative problem will be assumed to 
have a response indicated by the transfer 
function, 


KyGyz(p) = (12) 


il 
Typ+1 
If the measuring device is considered by 
itself and is subjected to a sudden input, 
X,, then equation 12 indicates that the 
output, X,, will have the form 


—t 
czy, 
iy rated ) 


Before equation 11 and equation 12 are 
inserted in equation 9 and equation 10 
to study the characteristics of the servo- 
mechanism, it is desirable to make one 
change of variable. If Tzp is replaced by 
\; the ratio T;/T, defined as A; and the 
product Kg7T, defined as B, then the 
problem can be generalized, so that the 
solution will apply to any numerical 
value of Tg. Equation 11 then may be 
rewritten as 


(13) 


KyGg) =——— 14 
aGa(r) x41 (14) 

and equation 12 may be rewritten as 

KG (\) = : (15) 
cas ey Si ‘ 


The servomechanism characteristics then 
are determined by a substitution in equa- 
tion 9 and equation 10. A nondimen- 
sional frequency variable is introduced 
when the operator A is replaced by ju 


OP oe ju(ju+l1) 1 
is a 16 
8 (ju) B jAut+l ve) 
GG G@ari) 1 
a (ju) = eT 1 (17) 


The effect of change of gain factor B for 
a given ratio A is illustrated in Figure 4 
by a graphical construction of the prob- 
lem, based on the frequency loci. As 
illustrated, the functions 


1 
KaGa(Gu) 


and K,Gy(ju) are plotted separately and 
combined by vector addition. The de- 
gree of resonance for a particular adjust- 
ment is noted by observing the proximity 
of the proper locus of 
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1 _ Guti)Gu) ~ 
KdGa(ju) B 
(DRAWN FOR B=!) 

U=1.0 


Cie 
LOCI OF 5~ (ju) oF SERVO, A=1, B= 
i= . | 5 
—(ju)= ———_—- 
5 U !) Kacaduy * SP SEY) 


-1+j0e 


to the origin. A whole range of system 
constants may be studied if a number of 
curves are drawn similar to Figure 4 for 
different values of A. From each of these 
plots a secondary group of curves may be 
made relating the resonant frequency and 
degree of resonance 


to the parameter being varied. Finally 
the data may be translated to the form 
shown in Figure 5, where lines of constant 


0 
(minima value of 7 (de) 
0 


4. 
ag” minimum 

and lines of constant resonant frequency 
are plotted as functions of A and B. * 

The process of examining the effect of 
change of a system parameter over a 
range is a laborious process. This is true 
to different degrees depending on the 
analytical technique used. Most often 
the analysis would not be carried so far 
as the one illustrated. Generally, the 
nature of the particular problem fixes a 
number of the parameters, and the prob- 
lem is reduced in complexity. Quite 
often, too, the apparatus being considered 
is at hand for experimental study, and the 
analysis is used simply as an aid in visual- 
izing the trend that should be observed 
following a change in the system. 

For the problem being discussed it is 
practical to make a study of the transient 
response of the system, as well as a study 
of the frequency response. If the general 
operator ) is used instead of ju and equa- 
tion 16 is combined and inverted, then 


Q(X) B(AN +1) 
6(X) MA+1)(AX+1) +B 
it 
B(.++) 
= (18) 


A-+1 1 B 
ING 2 — i — 
_ A a A yi 


The denominator of the right hand side of 
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{ 
KeGe~ 14 jAU 
WHERE (A=!) 
5=uU 


proportional §servo- 


Figure 4. Loci for a 
mechanism with a time delay in the feed-back 
circuit to show the effect of change in direct 
circuit gain for the case Of equal characteristic 
times in direct and feed-back circuits 


equation 18 is the characteristic equation 
of the system when set equal to zero. 
The roots of the characteristic equation 
are indicative of the transient response, 
as has been discussed often in articles of 
servomechanisms.? 

The characteristic equation for the 
problem being discussed is 


MENSIONALIZEO RE 


—_—_ 


which may be factored into the form 


(A+) (A2 + 25nd +Hn”) =0 (20) 
for particular values of A and B, Theun- 
damped natural frequency, Mn; and the 
exponential decay constant, a, have been 
nondimensionalized by the use of the 
operator \ instead of the operator Pp. For 
a particular value of Ta the exponential 
characteristic time is Ty/a seconds and 
the undamped natural frequency of the 
quadratic root, ,, 1S M,/Tq radians per 
second. The damping ratio ¢, defined as 
the ratio of actual to critical damping of 
the quadratic factor, is already a non- 
dimensional factor and does not change in 
value with the reversion of the problem to 
one of particular values for the process 
characteristic time Ty and measuring in- 
strument characteristic time Ty. 

If a number of solutions of equation 20 
are made for several values of A when B 
is constant, then for the same values of A 
when B is constant at another value, a 
series of curves may be drawn which 
represent a, ¢, and pw, as a function of A 
when B is constant. Finally the solution 
may be redrawn as shown in Figure 6 
where lines of constant a, §, and py are 
plotted as a function of A and B. This 
figure demonstrates immediately the re- 
sults that will be obtained for a particular 
adjustment of parameters. There is, 
however, an omission, in that the magni- 
tude of the two modes of recovery are not 
compared, which is not serious because it 
is necessary to admit at the outset, that, 
unless every system parameter is known 
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gree of resonance, 
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tional servomechanism ° te. 
with a time delay in AS> 


the feed-back circuit 
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OF DIRECT AND FEED-BACK CIRCUITS 
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exactly and complete solutions are made 
for each adjustment, there will have to be 
a final experimental adjustment of the 
system. The purpose of the analysis as 
used in practice is to determine the 
approximate correct adjustment of the 
system and to indicate the direction im- 
plied by a proposed change of parameter 
values. 

Because the solution to the character- 
istic equation of the illustrative problem 
can be presented fairly readily in the 
form of Figure 6, it is possible in this case 
to compare the criteria for servomecha- 
nism frequency response with criteria for 
transient response over a range of system 
adjustment by a comparison of Figures 5 
and 6. 

An empirical figure of merit for the de- 
sign of servomechanisms by use of fre- 
quency response data has been to limit 
approximately the degree of resonance so 
that 


7) 
Miax = |"(jw)} -=1.5* 
0; max 
or 
1 0; 
SS SG = 0.6712 
Max a7” min 


For a simple system such as the one just 
discussed where A =0 and a= ©, there is 
a simple relationship between the damp- 
ing ratio, ¢ and the degree of resonance, 
Mrmax. This relationship is shown graphi- 
cally in Figure 7 where a value of Mmax= 
1.5 may be seen to correspond to a damp- 
ing ratio f=0.35. For the more compli- 
cated illustrative problem the correspond- 
ence between Mmax and ¢ can be seen to 


remain very similar to that for the simpler 
system with no delay in the feed-back 
circuit. This is a peculiarity of this par- 
ticular problem and has been shown in un- 
published work of others not to be a 
general case.** For more complicated 
systems the indications are that, when the 
degree of resonance is limited, the degree 
of stability can vary over a substantial 
range. A great deal still can be done to 
clarify the relationship between criteria 
for servomechanism design. 

In concluding a discussion of the prob- 
lem used as an illustrative example, it is 
desirable to point out that the character- 
istic equation, equation 19, is the same as 
any that would result from any time delay 
in the circuit. If, for example, the trans- 
fer function of the direct circuit were of 
the form 


Cad id SO ead 
€ p(Tap+1) (Typ+1) 
where the components formerly in the 


feed-back circuit are moved to the direct 
circuit, then 


(21) 


ie = (22) 
6 p(Tab+1)(Typ+1)+Ka 

or 

85() _ B/A 

6;(d) A+ (23) 


1 
34. 2 LS 
ON Me Nt BTA 


where A, A, and B are as defined for equa- 
tion 14 and equation 15. The denomi- 
nator of equation 23 is identical to that of 
equation 18. 

The foregoing discussion leads to a 
general comment on the nature of the 


KaTq» GAIN FACTOR 


B= 


Oo 0.2 0.4 0.6 0.8 
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Figure 6. Presenta- 
tion of the salient fea- 
tures of the transient 
response of a propor- 
tional servomechanism 
with a time delay in 
the feed-back circuit 
as a function of non- 
dimensionalized sys- 
tem parameters 


characteristic 
equation 


1 
io (NS aa aS. nee) 


AuarA 
=A+a)xX 
OO? + 26und +n) 


System 
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Figure 7. Correlation of degree of resonance 
M, with the ratio of actual to critical damping, 
¢, for a proportional servomechanism 
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Peak of frequency response occurs when 


B=/1—-957 


transient response resulting from any 
sudden disturbance, no matter where in 
the closed loop of a single-loop servo- 
mechanism it is inserted; namely, that 
the system always will recover with the 
same modes of oscillation and degree of 
stability and/or with the same exponen- 
tial decay times. The predominance of 
one part of the response over another, 
however, will change, depending on where 
in the closed cycle the transient disturb- 
ance is introduced. This conclusion ap- 
plies in a limited degree when there are 
multiloop systems involved. 

In a similar way, the system response at 
the output resulting from a sinusoidal dis- 
turbance depends on where the disturb- 


*The number varies considerably depending on the 
designer and the application. 


**The manner of presentation of the roots of the 
characteristic equation as functions of system pa- 
rameters and the comparison of these with similar 
data from frequency response studies is identical to 
that used by D. F. Tuttle of Massachusetts Insti- 
tute of Technology. He compared the criteria for 
an integral control system. 
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Figure 8. Diagrammatic arrangement of com- 
ponents in a multiloop servo system 


ance is inserted. Any one system may 
have to be capable of satisfactory be- 
havior following any of several disturb- 
ances, and there may therefore be a dual 
specification. The same general tech- 
niques of analysis employed in solving the 
illustrative problem can be used to deter- 
mine response to a sinusoidal disturbance 
somewhere in the closed-cycle and hence 
be indicative of the transient response to 
a sudden disturbance at the same place. 
With reference to Figure 1, if the disturb- 
ance is 0,(p) between the preamplifier and 
the servomotor then 


0, 1 _ 

ee A KyiG, K Go 24 

0,7 KiGAP EGA) 5 (p)K2G2(p) (24) 

General Treatment of Multiloop 
Systems 


The technique described for the study 
of a servomechanism whose output quan- 
tity is not measured instantaneously is a 
powerful tool in dealing with much more 
complicated systems. It is particularly 
useful for studying systems where there 
are feed-back paths within feed-back 
paths, or in another way of speaking, 
where there are several loops. 

A block diagram is drawn as Figure 8 
to illustrate a multiloop system in general 
terms. The number of loops have been 
limited because the treatment of a larger 
number of closed loops is a logical exten- 
sion of the treatment of a limited number. 

The reasons for a large number of closed 
loops in a servomechanism system may be 
several. There ate, however, three most 
likely reasons for such complicated struc- 
tures: 


1. A servomechanism may be required to 
serve in more than one capacity wherein it 
may be used by itself or it may be used, 
after a switching operation, as a part of an 
inclusive control system. 


2. It may be possible to improve servo- 
mechanism performance by the use of com- 
pensating networks whereby additional con- 
trol signals are introduced, in addition to the 
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© Ki Gi (p) 
a 


607-8 


80/61= 


ic} 
—? KaGa (p) 


master input, which is a function of the out- 
put quantity or its derivatives or integrals. 


8. It may be necessary to measure the out- 
put quantity with a device which cannot be 
considered perfect as compared with the 
rest of the system. 


The following analytical representation of 
the system of Figure 8 is general, in that it 
does not define the purpose of the several 
components. 

(a). For the inside loop with others 
disconnected where 0, is the independent 
variable 


Din oe 1 
9% KuGul(?) 
(b). For the second loop with the out- 


side loop disconnected, where O19 is zero 
and 6, is the independent variable 


+KuuGalp) . (25) 


+KoGn | ae 
KnGn(P) 


Oi Fea 
9% i K».Gi2(p) Ky Gulp) 
(26) 


(c). For the third loop where @=0 
and 6,3 is the independent variable 


ae tee | 1 ( 1 if 
6g ~ KisGis(p) KpGu(p)\ KuGu(p) 
KaGa(p))+Kelia(®) + Rul (27) 


which process can be continued to include 
as many closed loops as there are in the 
system. The final result is indicative of 
the characteristics of the whole system. 

To consider the characteristics of the 
inside closed loop, the outside loops may 
be treated as additional feed-back paths. 
If an input 649 is considered as adding to 
the output from Ky.2Gi2(p). 

(a). For the outside loop disconnected 
and 6,. held at zero the input to the circuit 
KuGu(p) is 


6:1) + [Ki2Gie(p) K22Gr2(P) 109 — [K21Ga1(P) ]8o 
(28) 


and this is reproduced at the output as 


KuGu(£) (6:19 + Ki2Gie(P) K22Go2(p) 09 — 


KuGo(p)9o]=% (29) 
or 
Ht hee CARD) 
9, KuGu(?) ag 2 
Ky 2Gi2(p)K22Go(p) (30) 
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Figure 9. Diagrammatic arrangement of com- 
ponents for use of tachometric feedback in a 
positional servomechanism 


which is a result which can be obtained by 
the addition of a new vector locus to the 
original one, equation 25, for the inside 
loop with the others disconnected. 

(b). If the third loop as well as the 
second loop is connected and 613 held at 
zero, then the quantity 2 is the difference 
between 6;. and 642, and this is a simple 
addition to equation 30 


Orig? 8 Eyerae 
0 KuGu(p) 
[Ko3Gos(p) K1sGia(p) — K22G20(P) ] 


The foregoing process may be continued 
to include as many loops as are necessary. 
Even though the systems are very compli- 
cated, there is a reasonable way to con- 
sider the effect of change in any of the 
circuits by graphical construction of the 
loci of the reciprocal system function, 
where the operator is (jw), and by observa- 
tion of its salient characteristics. 


+ Kz Go (p) +Ki2Gi2(p) X 
(31) 


Comments on Compensating 
Networks 


The performance required of a given 
servomechanism is derived from the speci- 
fications for the operation of the whole 
control system. Such specifications are 
particular to any one application but are 
generally of two types » 


1. Those concerned with the steady state 
response to a typical input. 


2. Those concerned with the dynamic or 
transient response. 


In the first group, familiar specifications 
are concerned with: static accuracy; 
steady-state following error when the in- 
put is uniformly changing; steady-state 
sinusoidal errors when the input is moving 
sinusoidally at low frequencies; errors 
introduced by the application of load on 
the output. The second group of speci- 
fications is concerned primarily with the 
speed of response and degree of stability 
of the system, following suddenly applied 
inputs or loads. The problem for the de- 
signer of servomechanisms usually re- 
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solves itself into determining means for 
obtaining the desired steady-state re- 
sponse without harming the dynamic re- 
sponse characteristics. 

In accomplishing bis purpose in design- 
ing servomechanisms, the engineer usually 
resorts to the use of certain general tech- 
niques which are economic of equipment 
and which often make the control system 
feasible. These techniques center around 


1. The close specification of the character- 
istics of the process, so that it is more con- 
trollable. 


2. The use of special control circuits. 


One widely used technique is to make the 
control amplifier sensitive to derivatives 
and integrals of the servo error as well as 
the error itself. The controller then is 
described as one which anticipates and 
remembers. The general purpose of the 
use of derivatives of error is to improve 
the degree of stability of the system, 
thereby making possible larger sensitivity. 
The general purpose in the use of integrals 
of the error is to increase the system sensi- 
tivity statically or at low frequencies 
without materially harming the perform- 
ance of the system at frequencies where it 
is likely to oscillate. The techniques for 
the design of these compensating devices 
are not the main concern of this paper. 
They have been discussed widely (see 
reference list) and can be treated as cas- 
caded elements in the system. In Figure 
1, a change in the controller, represented 
by the operational transfer function 
K,G,(p), can be treated readily since it is 
multiplied by the transfer functions of the 
remaining cascaded elements. This has 
been indicated previously in equation 1. 

There are a number of other compen- 
sating networks which cannot be accu- 
rately described as cascade elements in 
the control system. Several examples of 
these are enumerated: 


1. Feedback around a component or group of 
components. This often is done to improve 
the dynamic response of elements or to re- 
move the dependence on open-loop instru- 
mentation in the action of an element. In- 
tegral controllers sometimes are made by the 
use of feedback. 


2. Output feedback. It is often possible to 
obtain a stabilizing device by returning sig- 
nals to the controller which are functions of 
the derivatives of the output quantity, as 
well as functions of the output quantity it- 
self. When these signals are used without 
subtracting them from similar functions of 
the input, then they are no longer cascade 
elements. 18 


3. Input feed-forward. This is a term used 
to describe systems which measure a func- 
tion of the derivatives of the input as well as 
the input itself, thus supplying the control 
system with advance knowledge of what is 
going to be required of it.8 
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4. Tuned loads. These are used to impose 
a restraint on the output member which is 
frequency sensitive. They are devices that 
limit the ability of the output member to 
oscillate at the resonant frequency of the 
system. 


All of the afore-mentioned techniques 
are fairly complicated in their application. 
It is not practicable to treat them all, and 
the opportunity to obtain general solu- 
tions is limited. They can, however, be 
studied quite satisfactorily by the use of 
appropriate system functions. The re- 
mainder of this paper will deal with an 
illustrative example wherein output feed- 
back is used to improve the performance 
of the system. 


Tachometric Feedback in Positional 
Servomechanisms 


If the speed of the output of a position 
control is measured, and a function of this 
signal is fed back degeneratively into the 
amplifier stages, where it is added to the 
positional error signal, the performance 
of the servomechanism may be improved. 
This may be visualized physically by com- 
paring this technique with that of em- 
ploying the derivative of the servo error. 
When the servo input is stationary, the 
two are identical in function if the tacho- 
metric signal is not modified by some 
additional network. It would be con- 
cluded, therefore, that tachometric feed- 
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back has a stabilizing effect, since the good 
use of error derivative techniques is well 
known.!? 

Actually the tachometer signal usually 
is modified to improve the steady-state 
error that results when the input is mov- 
ing at a constant velocity. A high-pass 
filter usually is used, so that no signal is 
sent back when the output is moving at a 
constant velocity or is following sinu- 
soidal inputs of relatively low frequencies. 
The filter, however, allows the tachom- 
eter signa! to pass freely at frequencies 
where the servomechanism is likely to 
oscillate. A simple filter is shown in a 
tachometer circuit as a part of Figure 10. 
By this technique the stabilizing effect of 
the tachometer is made available at fre- 
quencies where the servomechanism is 
likely to oscillate and does not require an 
even greater error signal to make the out- 
put move at a given speed. 

The tachometer signal need not be 
added to the control system at the same 
place where the positional error signal is 
introduced. A general arrangement of 
components is illustrated in block dia- 
gram form in Figure 9. The preamplifier 
may use an integrating circuit or some 
other compensating circuit if the specifi- 
cations for the servomechanism cannot be 
met without their use. For the first ex- 
ample to be discussed here the amplifier 
will be assumed to be proportional and 
characterized by a gain factor, K,. Also 
in the first example it will be assumed that 
the servomotor is one in which the output 
damping is negligible and that the inertia 
of the motor and output member is the 
only energy storage element on the output 
shaft Under these conditions the trans- 
fer function KnGy(p)=Km/JImp?. With- 
out the use of some sort of compensating 
device this system would be unstable. 
To stabilize the system let the tachometer 
circuit of Figure 10 be used. The ampli- 
fier K,G,(p) will be assumed to be pro- 
portional and to have no time lags. 
Equations for the system may be written 
on the basis of the foregoing simplifica- 
tions: 


.  SiRCp%* 
0, =0,—0q=K,€— Seams (32) 
Imp? 
ey 33 
eR Kare ‘33) 
from which 
LD sey RCp? 
al mb? | SiRCp (34) 
0, Kel Kou RCP +1 
and since by definition, e=0,;—6, 
i) 1 pe eSNG ps 
arto] 2 me t P (35) 
8 Kil ReK yp, ORC, +1 
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which may be written in the form 


tai | 2+ M | (36) 
00 KgRC_RCKyKmS1 A+1 

where \=RCp. If the right hand side of 
equation 35 is expressed in terms of a 
common denominator, the numerator of 
the resulting fraction is the characteristic 
equation when equated to zero. 


ImRCp?+ (Ko KmS:RC+Im) bP? + 
KiKyKmRCb+KaKoKm=0 (37) 


The characteristic equation may be 
written in terms of A instead of p 
and two nondimensional parameters de- 
fined 


Im 
pee ete ee 38 
RCKyKmS: 8) 
St 
D= 39 
K,RC Se 
Yi Grice) Waal eee (40) 
F PD Gerd 


Equation 40 is in a form where it may 
be broken down readily into a study of the 
real and quadratic factor. These factors 
could be expressed graphically as func- 
tions of F and D in a manner similar to 
Figure 6. 

An important deduction can be made 
with reference to equations 38 and 39. 
It can be seen that F and D may be con- 
trolled separately in magnitude by ad- 
justment of the time constants and com- 
ponent sensitivities in the system. This 
means that mathematically any desired 
result may be obtained for the response of 
the system. 

There are two practical limitations on 
the procedure of unlimited adjustment. 
The first, and most important, is that no 
physical system can be represented by 
such simple differential equations as a 
first order approximation when the natu- 
ral and resonant frequencies for the 
system become very high. The second 
limitation is that the specifications for the 
performance of the servomechanism do 
not, as a rule, justify the expense in 
equipment in obtaining better perform- 
ance than is required. 

By using the same substitutions given 
in equations 37, 38, and 39 the frequency 
response loci may be studied in accord- 
ance with the functional relationship 


indicated by equation 35. Setting 
A=jW 

On : (GW)? 

— (jW)=1+4+D) F Bo a 

% Wai | GW) + (41) 


Figure 11 shows an example of the con- 
struction of typical loci for one particular 
value of D and two values of F. In draw- 
ing these loci, it would have been as easy to 
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construct them by adding to the locus of 


(jW)? 
1+jW 


shown in Figure 10, the locus of FW)? 
and work with the resultant locus as a 
reciprocal system function 


Cris 

6, (GW) 

The polar expansion of this locus is con- 
trolled by the gain factor D. 

The same conclusion about the adjust- 
ment of the system may be reached from a 
study of the frequency loci as was reached 
from a study of the characteristic equa- 
tion; namely, that any response desired 
could be obtained by appropriate selec- 
tion of parameter values. 

There is, however, one important fail- 
ing of this technique in that there is no 
simple way known to the author that has 
yet been evolved to see the presence of 
predominating real roots in the transient 
response by simple examination of the 
locus. It has been suggested that the 
rate of change of phase near zero fre- 
quency might hold a clue, but this has not 
been investigated thoroughly. Evenina 
complicated system, however, it is not a 
long problem to evaluate a real root and 
its coefficient for particular values and for 
a specified disturbance. Hence, there is 
the desirability of always keeping in close 
touch with the transient specifications of a 
system when the major part of the study 
is done by frequency characteristics. 

It will be desirable to conclude this dis- 
cussion of tachometer feedback by study- 
ing the application to a system more ex- 
actly represented by higher order differ- 
ential equations than the afore-mentioned 
one. In doing this, only the frequency 
response technique will be studied, be- 
cause a study of the transient response 
becomes hopelessly complicated, except 
for final checks on the presence of unde- 
sirable real roots in the characteristic 
equation which are excited by typical in- 
puts expected in the application. 

A typical servomotor for a position con- 
troller will be an integrating device with 
an elastance storage element as well as an 
inertia storage element. The transfer 
function, K,,G,, for such a servomotor 
would be of the form 


Sm 


T&A Gy = 
mGm(?) =F Peat Ea) 


(42) 
where Km is Sin/km and is expressible as 
per unit speed output per unit input. If 
the numerator and denominator of equa- 
tion 44 are divided by km, and the open- 
loop undamped natural frequency of this 
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component be written as ®,=km/Jm, and 
the ratio of actual to critical damping of 
the open-loop characteristic be written as 


Monee 
ONT To Bes 


then equation 44 may be rewritten 


Km 
On 
KoniGal 2) <7 7s aed (43) 
1 1 2c 
on o(— +7 p41) 
On Wn On 
and transformed, when 
Layer 
A}\=— Pp into 
On 
Sm /Rm&n 
= 44 
KmGm() xO?-+2tn-+1) (44) 


The amplifier used with such a power 
motor probably has an open-loop speed of 
response of the same order of magnitude 
as the servomotor itself. If the transfer 
function of the amplifier be assumed to 
be of the form 


= (45) 
Tp+l 
where the characteristic time, T, is arbi- 
trarily set equal to 1/w,, which is com- 
mensurate with the foregoing statement 
regarding its speed of response, equa- 
tion 45 then may be rewritten in terms of 


KyGp(p) = 


K 
KyG(d) =—— 


A+1 Sa 


The cascade of the amplier and servo- 
motor then may be written as 


Ky Kn 
On 


(AFL) ?+25A+1)r 
(47) 


KmnGm (p) KyGo(b) = 


The preamplifier will be assumed to be 
characterized by a gain K, and negligible 
characteristic time. 

If the components are assembled in a 
servomechanism without tachometer feed- 
back and the gain of the system 


ELE RS 

Qn 
be adjusted to give the highest resonant 
frequency possible with a peak degree of 
resonance 
9; 
ee) 


of 0.7, then the resulting frequency locus 
will be as shown in Figure 12 where [=0.3 


and A=ju. The gain adjustment was 
such as to make 


KekyKm_ 1 
®n 7128 
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U=1.O 


U=I.3 UFL2 


Figure 11. Loci illustrating a study of the 

application of tachometer feedback to a pro- 

portional servomechanism whose output mem- 

ber is characterized by load inertia and no 
damping 


If, now, tachometer feedback is to be 
added to the system, the analytical com- 
bination of the system is indicated in 
equation 48. 


(Se sa | 1 


eK 
PeKRGORGe 


(48) 
which is derived for the system block dia- 
gram of Figure 9. 

The type of tachometer feedback used 
will be that illustrated in Figure 10, so 
that 


RC (49) 


A question immediately arises about 
the magnitude of the tachometer signal 
that can be made available, or in other 
words what is a reasonable value of K, 
with respect to the sensitivity of the 
amplifier and servomotor in cascade. If 
K, were exactly equal to 1/K,Ky then, 
in the absence of the tachometer RC net- 
work, the amplifier K, would have to sup- 
ply just twice as much signal to make the 
output run at a given speed as it would in 
the absence of the tachometer. Calcula- 
tion would show that a locus resulting 
from substitution in equation 50 would be 
altered very little by the addition of 
tachometer feedback with so low a ta- 
chometer sensitivity, unless the character- 
istic time of the RC network is made very 
large. Unfortunately, if the character- 
istic time of the RC network is made 
much larger than those in the remainder 
of the system, the speed of response of the 
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0/0 7-14 


COMPLEX PLANE 


servomechanism will be reduced by the 
introduction of a predominant exponen- 
tial decay in the transient response. 
This conclusion is largely an experience 
deduction based on heuristic reasoning 
about the flow of correcting signals 
through the circuits. However, it has 
been substantiated by actual calculation 
in a number of instances. 

In Figure 12 the original locus is shown 
modified by a tachometer feed-back cir- 
cuit with the particular adjustment 


il 
RC=— (50) 
On 
and 
St On, 
K,=—=——— _ =2. 
UORC MR Re ks : GY 


The addition of tachometer feedback al- 
lows an increase in the preamplifier gain 
of 27 per cent without increasing the de- 
gree of resonance. 

The allowable increase in gain may be 
obtained by evaluating the polar contrac- 
tion of the final locus before again becom- 
ing tangent to the 1/M=0.7 circle. 
Another technique is to find by trial and 
error a new circle, whose radius is 0.7 
times the length along the axis to the 
center, that will be tangent to the new 
locus. The amount by which the gain 
may be increased is read immediately 
from the scale on the negative real axis. 

In summary it cannot be emphasized 
too strongly that the major value of such 
analytical techniques as are described 
here is to give a quantitatively approxi- 
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=0.7 AFTER 27 PER CENT 
MIN INCREASE IN GAIN 
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Figure 12. Loci illustrating a study of the 

application of tachometer feedback to a posi- 

tional servomechanism with four energy storage 
elements 


mate idea of the correct approach to a 
problem. However, when the analysis 
includes experimental data on the per- 
formance of the major components, then 
the design of the remaining circuits can 
be done very exactly, although always 
subject to check on the applicability of 
the criteria used for design. 
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A Fractional Termination for 


Ladder Networks 


WILBUR REED LePAGE 


MEMBER AIEE 


Synopsis: When using a uniform ladder net- 
work to simulate a smooth transmission line, 
the possibility is considered of deriving a 
termination which would be intermediate 
between the usual mid-shunt and mid-series 
types and which would have advantages 
over the latter. It is found that a new 
termination is possible which gives some 
improvement throughout a limited fre- 
quency range. For the dissipationless case, 
the range corresponds to a line of less than a 
quarter wave length. The improvements 
attainable are of the order of a few per cent 
and become less significant the greater the 
number of network sections. Thus, al- 
though the formula for the new termination 
and the estimates of the results which it will 
accomplish are given for any number of 
sections, the new termination is of most 
practical value for circuits of few sections. 
In arriving at this termination, consider- 
ation is given to the variation of each of the 
elements of the pair on each end; but of 
these two, the end element is the only one 
whose variation yields an improvement. 
For the frequency range for which the 
modified circuit is an improvement, the 
distinction between the two original types 
of termination largely is lost, the modified 
midshunt and modified mid-series termina- 
tions being almost identical. Beyond this 
range there is a difference between them, 
and the corresponding original and new net- 
works are neatly equivalent. A _ possible 
application of the results is suggested in 
which the simulation of a smooth line is not 
involved. 


T is well known that by taking a suf- 
ficient number of sections, a mid-shunt 

or mid-series terminated uniform ladder 
network may be made to approximate a 
smooth line as closely as desired over a 
low-pass band of frequencies the width of 
which increases as the number of network 
sections is increased. It is also true, con- 
sidering the network in the 4-terminal 
sense, that under some conditions a mid- 
shunt termination gives the best results 
while with other terminal conditions the 
mid-series arrangement is superior. The 
question to be treated is whether an inter- 
mediate termination can be found which 
will give a uniformly good approximation 
for all conditions and, if possible, a su- 
perior performance. This is to be in- 
vestigated with the understanding that 
the network must retain its 4-terminal 
identity, which implies symmetry about 
the line indicated in Figure 1. This rules 
out known nonuniform networks that 
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offer economy of circuit elements when 
the line is to be represented in a 2- 
terminal sense only.! 


Properties of Uniform Ladder 
Networks 


It is considered that an analysis of the 
ladder network, when terminal quantities 
are involved, is most reasonably carried 
out in terms of the 4-terminal network 
parameters A, B, and C, which are de- 


fined by the equations 
Egs=AEpr+Z7Blp (1a) 
Ig= Y7CEp+Alp (1b) 


in the symmetrical case. The voltages 
and currents involved are indicated in 


ie t TR 
est ER 
be LINE OF 
| SYMMETRY 
Figure 1. Notation for a 4-terminal network 


Figure 1, and Z; and Y, are respectively 
the total series impedance and shunt 
admittance of the line. This notation is 
slightly different from the usual practice 
in that B and C are written respectively 
with the factors Zp and Y, removed. 
This change simplifies many of the sub- 
sequent equations. One may obtain the 
quantities that are necessary for express- 
ing the circuit in other forms from equa- 
tions involving A, B, and C, which may 
be found in standard texts on circuit 
analysis.” 

Expressions for A, B, and C in power 
series of the variable Z;VY7 have been 
given in a previous paper? for a uniform 
ladder network with either type of ter- 
mination. The series form is used because 
it affords simple comparisons with corre- 
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sponding formulas for a smooth line. 
These formulas are repeated here for easy 
reference, but with primes on all quanti- 
ties so that unprimed notation may be 
used for the derived circuits. For a net- 
work of M identical T sections connected 
in cascade we define 


a! we A) Z's Y'r (2) 
and have 
M 
A’'=)> a’y(a!)® (3a) 
A=0 
M 
B'=)>> b’n (a) (3b) 
A=0 
M1 
c=>5 c'y (al) (3¢) 
A=0 
in which 
A-1 
1 n? 
‘4 =— 1—— 4a 
a’y ama =) (4a) 
x1 
1 r n* 
= ee 4b 
eS aan tam) (: =) Su 
» 
1 n? 
[ocean ae ee ——— 4 
Ox= 4a) Il ( =) (4c) 


The corresponding results for M identical 
m# sections in cascade are obtained by 
interchanging B’ and C’,* and the corres- 
ponding coefficients for a smooth line are 
obtained from equations 3 and 4 by 
allowing M to become infinite. The 
parameters and coefficients for the smooth 
line subsequently will be referred to as 
ideal values and will be written with a 
bar above the appropriate symbol. 


Modified Terminations 


The simple relationship between the B 
and C parameters of the T and 7m section 
constructions maintains even when all 
network sections are not identical, so long 
as the modifications of corresponding 
elements of the two networks are related 
dually. That is, so long as a given 
change in a series element of one network 
is represented by an equivalent change in 
the corresponding shunt element of the 
other network, we need treat only one 
network. This enables us to proceed by 
analyzing only the T-section case. 

The algebra is simplified if we assume 
an ordinary mid-series terminated uni- 
form network on each end of which is 
connected a new series element. The 
new total series impedance will be 
designated by Z7, and the element added 
to each end will be of magnitude pZ>-. 
These definitions are illustrated in Figure 
2A, along with Figure 2B, which shows 
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the equivalent m-section case, the résults 
for which will be included, as explained 
above. 

For the new circuit 


a=VZr¥r (a) 
Z'p=(1-2p)Zr (5b) 
V7=YVo (Sc) 
a’ =aV 1-2 (5d) 


No adjustment is possible if the network 
has only a single section, so the number 
of sections (/) must be greater than or 
equal to 2. The formulas for A, B, and 
C, the new network parameters, are easily 
obtained by considering the network to be 
formed by the cascade connection of three 
elemental networks as indicated in Figure 
2. This connection lends itself to the use 
of matrix algebra in the following way :4 


A ive Ve p27 

es PAA -(; 1 )x 
A’ ae) 1 pZr\_ ©) 

on AZ (( 1 )- 


A’+pC'a? [2A'p+B’(1-2p)+p2C'a2|Zp 
C'Yr A’+ pCa? 


The formulas for A, B, and C may be 
picked from the matrix on the right of the 
above equation. Equations 3a-3c are 
used for A’, B’, and C’ with the observa- 
tion that the (e’)”* factors may be re- 
placed by a”(1—2)*. Also, noting 
that whenever the term a? appears in the 
final matrix of equation 6, it always car- 
ries C’ as a coefficient, and that the maxi- 
mum exponent in the series for C’ is two 
less than in the series for A’ or B’, it 
follows that the maximum exponents of « 
in the series for A, B, and C will be the 


same as in equations 3a-3c. Hence 
M 
i ye ayo?® (7a) 
A=0 
M 
B=)) bya (7b) 
A=0 
mM-1 
C=) era (7c) 
r-0 


Formulas for ay, 6x, and c, are obtained 
from the individual elements of the last 
matrix of equation 6, in conjunction with 
equations 3a-3c. The results are 


ay =a'y(1-2p)*+pc'n—1(1-2p)*! (8a) 

by = 2pa’y(1-2p)*+-b’n(1-2p)4 #3 
prc’y1(1-2p) > (8b) 

cr =c’p(1-2p)* (8c) 


In formula 8a, a negative subscript is 
understood to indicate a value of zero for 
that coefficient. At this point it is well 
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Figure 2. Single-element modification 


to make the cautionary remark that if 
these are to be interpreted for the shunt- 
terminated case, it is only the formulas 
for b) and c that should be interchanged. 
Reflection will show that b’, and c’, must 
not be interchanged if they are still given 
by equations 4a—4c. Of course, if an ex- 
change is made there also, the change 
should be made in equations 8a-8c as 
well. In other words, if 6’, and c’, are 
not interchanged, they retain their sig- 
nificance of respective coefficients of B’ 
and C’ for a uniform mid-series termi- 
nated network, while if they are inter- 
changed, their new significance relates to 
a mid-shunt terminated uniform net- 
work. 

The condition for the new termination 
has been stated as the removal of the dis- 
tinction between series and shunt element 
termination with, if possible, an improve- 
ment in the approximation for a smooth 
line. The non-equivalence of the two 
ordinary terminations arises from the 
non-equality of b’, and c’, in equations 
4a-4c. One therefore proceeds by first 
making b,=c, for as many values of A as 
possible, starting from A=0, and later 
checking whether they are less in error 
than their corresponding primed coef- 
ficients. From equations 4a—4c it is seen 
that a’, b’o, and c’y) each has its correct 


value, and from equations S8a-Sc it 
follows that 
Ao=b)=Co=1 (9) 


It also is seen from equation 8a, and the 
fact that a’;=1/2 and c’)=1, that 


a, =a';(1-29)+pc’p=1/2 (10) 


Thus, to have the first terms correct in 
the power series expansions of B and C 
and to have the first two terms correct in 
the expansion of A, it is only necessary to 
have the total series impedance and shunt 
admittance equivalent to those of the 
simulated line so a will have the correct 
value. 

Attention logically is turned next to ae, 
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bh, and q. It is shown in Appendix I 
that these are interrelated by the formula 
bht+a i 


= -—- il 
ay 5 8 (11) 


SO d2 will be automatically determined 
when 0; and ¢, are established. We shall 
proceed by putting A=1 in equations 8b, 
8c, and so on to obtain, after substituting 
values for the primed coefficients from 
equations 4a—4c, the following: 


= o(t-29)+(1-29)*(2 (14555) (12a) 


1 it 
on-2n(5)(1-5) 


Formulas 12a and 12b may be equated to 
yield a quadratic equation in p the solu- 
tion of which readily is found to be 


(12b) 


aa 1 4M?—1 
a 2N me 


(13) 


The negative sign is chosen for the radical 
from knowledge that p=0 must corre- 
spond to infinite M. Itis interesting to 
note that p is negative, implying a reduc- 
tion of the end element. This is reason- 
able because it physically means a com- 
promise between the two ordinary ter- 
minations. The substitution of this value 
of p in equation 12b gives 


By Beit 


It remains to be seen whether this value 
is less in error than b’; andc’;. It should 
be noted parenthetically that when com- 
parisons are to be made between the new 
and the old coefficients, the latter must 
represent a network having the same over~ 
all impedance and admittance as the new 
circuit. This only affects A’, B’, and C’, 
through Z’p, Y’p, and a’, and not a’), 
b’y,andc’y. It is only the interpretation 
which is affected by varying Z’7, and Y’,. 
This is equivalent to saying that the 
primes may be removed from Z’7, Y’z, 
and a’, but that they must be retained on 
the parameters and coefficients. It will 
be assumed that this is done for all the 
subsequent comparisons. 

The error of b: =a, as given by equation 
14, may be estimated by the process 


shown in Appendix II. It is found that 

1 1 il 3 
ee es te 15 
24M? 6 "6 49M? oC 


while the errors of 6’; and c’, are, from 
equations 4a—4c, 


pices 
‘6 12M? 


(16a) 
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1 aA b 
Cala 6M? (16 ) 
It thus is assured that the errors in b, and 
¢ are less than those in b’; and c’;. 
An estimate of the error in the corre- 
sponding az may be obtained from equa- 
tion 11 and inequality 15. One directly 


obtains 
eae 3 
<—-— ecco 
24M? 24? 49M? oe 


It is also important to know how it com- 
pares with its value when p=0. An 
estimate of the ratio a:/a’z can be found by 
a procedure shown in Appendix III which 
gives 


(M2 1/4) (MP—7/4) _ aa 


(M2—1)? “ae 
(M?—2/5) (M?—8/5) 
Bsr <1 (18) 


This retnains near, but less than, unity. 
The estimate is less accurate when M is 
small, so actual values of the ratio are 
tabulated in Table I along with the ratios 
of a's, de, by, bk =G, and c’; to their ideal 
values. One must observe that the error 
in a2is greater than the errorina’s. This 
follows from equation 4a, which shows 
that a’, is less than @, and from relation 
18, which shows a» to be less than a’». 
When |a| is sufficiently small, only the 
first two terms in each of the series for 
A’, B’, and C’ will be important because 
it is known that the coefficients decrease 
with increasing A. Therefore if the co- 
efficients for the new circuit, when ) is 
greater than or equal to 2, are not brought 
into prominence by the modification, the 
new circuit will have less error and will be 
more symmetrical in B and C, for this 
range of lal. Estimates of ay, by, and cy 
are therefore in order for \22. The 
methods used in obtaining these estimates 
are illustrated in Appendix III, with the 
results given in the following inequalities: 


ae: Saal 
(4 2/2) CN) ee 
M?-1 M+1/ a’ 


(aay es) 
M?-1 M?—1 


\23, MZ>3_ (19a) 
M2— A-1 = 
2/5 M=1\20n . 
M?—-1 M+1 b’» 
M?—1/4\-! 
SSS X22, M24 (19b 
(SM, B0 am 


a r es nN 
M 28) cael Ma=V/4 
M?—1 Gx Yt 
N22, M22 (19c) 
The second of these is valid only for M24 
for a reason which is pointed out with its 


derivation. The actual values of b)/b’y 
for the range not covered by relation 19b 
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have been computed and are as follows: 
with M=2 and \=2, ratio=0.7221; with 
M=3 and \=2 and 8, ratios equal 0.8505 
and 0.7965, respectively. A statement 
about the application of these estimates 
for the shunt terminated case is necessary 
to avoid confusion. In the light of the 
statement following equations 8a—8c, one 
would correctly conclude that b’, and c’y 
retain their positions, while b, and cy are 
interchanged. However, this leaves the 
ratios in unreasonable forms, so it is better 
here to interchange b’, and c’, with the 
understanding that they are given by 
formulas 4a—4c in an interchanged condi- 
tion. This is in agreement with the 
alternative proposition contained in the 
statement referredto. Relations 19a-19c 
make it clear that none of the coefficients 
is greatly changed by the modification. 

Before continuing with the investiga- 
tion, the meaning of these results will be 
discussed rather fully because they have 
a bearing on the development to follow. 
It has been pointed out that the B and C 
coefficients for the new circuit are more 
nearly equal, and are nearer the ideal 
value, only so long as le| is sufficiently 
small to make the first two terms pre- 
dominant in the series for A, B, and C. 
It would be convenient to be able to 
specify this range definitely, but it de- 
pends on the circuit termination and on 
the angle of the complex number a. 
Something can be said about the range, 
however. In the following discussion the 
range of |a| over which the new circuit is 
an improvement will be referred to as the 
useful range. From equation 11, if we 
take Ab, and Ac; as the respective errors 
of b; and ¢;, it follows that the error ( Aa2) 
in dz is 


a Abit Aq 


5 (20) 


Ade 
Considering these terms only, we see that 
when la =1 the error in A caused by Aa 
is as great as the averaged errors of B and 
C caused by Ab; and Aq. For larger |a| 
the error of A will become rapidly worse 
because a» is the coefficient of a*, while 5; 
and c¢, are coefficients of a®. Thus it 
would seem that the useful range is about 
|a|<1. However, when considering a», it 
must be remembered that its error is only 


A 


we are discussing improvements, although 
d, may cause more error in A than the 
errors of 6, and ¢; cause in B and C, the 
new circuit actually still may be better so 
long as B and C are more accurate. This 
argument is reinforced by the realization 
that in use the B and C parameters have 
multiplying factors which depend on Zr 
and Y,, and on the terminal conditions. 
Thus A, B, and C may have different 
effects on the performance and, so long as 
Band Care less in error and the error in A 
is not too much greater, the new circuit 
may be better. An exceptional case 
would be one in which the original circuit 
errors in A and B or C were mutually 
compensating. In view of these ideas, it 
would seem logical to define the useful 
range as that range for which the errors in 
B and C remain less than in the original 
circuit, with the understanding that some 
cases may arise for which the new circuit 
is not better beyond [eel =1. This still 
does not lead to a unique definition, but 
it does lead to the expectation of a range 
somewhat greater than la|<1 because D2 
and c, are each much less than a2 and do 
not need to be considered until |«| is con- 
siderably greater than unity. 

Some estimates of the useful range for 
the dissipationless case may be obtained 
from Figure 3. A’, B’, C’, A, B, and C 
are shown as functions of a= jaV LC (ZL 
and C being the respective total induct- 
ance and capacitance of the line) for three 
values of M. From these graphs a range 
of lol < 1.5 seems to be reasonable for this 
condition. This range is sensibly inde- 
pendent of M, a consequence of having 
improved only 5; and ¢ in all cases. The 
only advantage of increasing M is to make 
the errors smaller. This statement refers 
of course only to the useful range. In- 
creasing M reduces the errors of all cir- 
cuits for larger lal. 

The estimates given in relation 19 are 
applicable in judging the relative be- 
havior of the circuits beyond the useful 
range. The percentage variations of the 
coefficients of order higher than A= 1 may 
be of the same order of magnitude as the 
percentage improvements realized in }, 
and c;. However, the latter are signifi- 
cant because those coefficients are nearly 
correct, while for the former the errors 


slightly less in the original circuit. Since are so large as to make the changes of 
Table | 

M a’2/az a2/az a2/‘a2 b’1/bi bi/bt=c1/e1 e't/c1 

Ae inept eG. ©. 7500 ieee oe: @: 70R2i Aas 0.9443 1.1250 0.9288 0.750 

539050443. 9 eee (Tepes Hee Qo3s a yee .7500 

ST area Aes OFSSSSe eee 0, 8813 .%ne e000 16n eee 1 OSB rsa 0: O73 test hee een 0.8889 

AAR coe O98 7 One eee 0.9353. ONGO7Gn eee 120313 een OLOS38 eee 0.9375 


BPA CRD 5154, 8: OV9600. Soret. OR9590ns, hraveron 09990) tencerneres T0200 are rete 4 OS9900 teeters 0.9600 
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small significance. Therefore, although 
there will be differences, we should expect 
no appreciable difference between the new 
and old circuits when |a| is beyond the 
useful range. It is perhaps more correct 
to say that both circuits are equally bad 
in this extended range. 


Other Modifications 


Since the large error in a, may prevent 
the full realization of the gains made in }; 
and ¢,, one may ask whether a more useful 
circuit might not be obtained if one could 
reduce the error of a by allowing b; and 
to have errors of opposite algebraic sign. 
This question is treated in Appendix IV 
with results which are negative. It also 
is shown there that the minimum possible 
error in a, comes when the circuit is un- 
modified. 

The above statements are with respect 
to variations of only the end elements. 
The possibility of improving a, by modi- 
fying the elements second from the end is 
considered in Appendix V. No improve- 
ment is found. The minimum possible 
error in d» still maintains when there is no 
modification at all. Furthermore, if b; 
and c, are again made equal, their mini- 
mum error comes when the shunt element 
has its uniform-network value and the 
terminal elements are modified in the 
manner already described (speaking of 
the series-element terminated case). 
Corresponding conclusions, of course, 
would follow if the shunt-element termi- 
nated case were treated. No analysis was 
made to determine the effects of modify- 
ing other elements of the network. 


Conclusions 


Within the limits afforded by the con- 
sideration of the end pair of elements, it 
has been shown that the best modification 
is that of the end elements alone. The 
specification for that modification is 
given below, in terms of the parameter 


k= —2p which is introduced because p is 
negative. We have 

Z'p 1—k(M—-1) 

Baye OM T (21a) 
V'p i—k(M-1) 

—+pVYr= Y, 21b 
omit? T OM t (21b) 


for the series-element and shunt-element 
terminations, respectively. The other 
elements are chosen as if for a uniform 
network but with the series (or respec- 
tively shunt) elements each increased by 
the factor (1+). 

It has been found possible to modify the 
terminations of a uniform ladder network 
to make it electrically more symmetrical 
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in Band C (that is, the distinction between 
shunt-element and series-element termina- 
tion is reduced) and electrically more 
nearly like its corresponding circuit of dis- 
tributed characteristics, both effects being 
true only over a limited range of fre- 
quencies. Since the frequency range is 
independent of the number of sections 
and the improvements are small, the re- 
sults are probably not of great practical 
importance. However, some improve- 
ment was found of a magnitude sufficient 
to make the new termination of value in 
an experimental application in which 
only a few sections are used. With many 
sections the need for accuracy would have 
to be extreme to make the new termina- 
tions useful. 

In the discussion, emphasis has been 
placed on enhancing the similarity be- 
tween the lumped network and a smooth 
line. Zpand Y,each can have any form, 
so any type of physical line is represented. 
Many forms of Z; and Y7, however, do 
not represent a realizable line at all. In 
such cases the electrical symmetry im- 
provement, in the afore-mentioned sense, 
may be of some advantage. 

In spite of the limitations on the prac- 
tical value of the results, it is thought 
that they are worthwhile from the aca- 
demic viewpoint alone. A theoretical 
survey is given, with definite proofs, of 
what can and cannot be done by varying 
both elements on each end of a uniform 
ladder network. 


Appendix | 


It is well known that only three of the 
four parameters of a 4-terminal network are 
independent and that when the network is 
symmetrical, only two are independent. 
The relation among them is well known! be- 
ing, in our notation, 


A’—1=BCa? (22) 


This is true for any symmetrical 4-terminal 
network, so the notation is perfectly general 
within that limitation. Expressing each 
side as a series in a? and carrying out the 
indicated multiplications give 


do? — 14 2ajana?+ (ay?2+ 2Zaca2)a*+... 
=boCya?+ (byCo+Cib9) a*. BY 


Coefficients of like powers of a must be 
identical on the two sides so 


(23) 


ay?=1 (24a) 
2019 = Dolo (24b) 
Ay2+2apd2 = diCy + cC1b9 (24c) 
from which is obtained 

a=1 (25a) 
n= “ (25b) 
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These are generalizations of previous results 
making them applicable to any symmetrical 
network. It is seen that if b)=cy)=1 and 
equations 25a—25b are substituted in equa- 
tion 24c, the desired result, equation 11, 
is obtained. Equation 9 gives the neces- 
sary values for b) and ¢) for the case under 
consideration. 


Appendix Il 


From a rearrangement of equation 14, one 
may write 


1 Me 
6b; =2( 1-—— ae ea 
2M? (2M2—1)? 


il 
i. 26 
te a7 (26) 
The radical obeys the inequality 
1 M2 M4 
2(2M2—1)2 2(2M?2—1)4 
M2 M2 
<4) — <1- (27) 
(2M?—1)? 2(2M?2—1)? 


as will now be proved. The right-hand in- 
equality is evident since the upper bound 
indicated is obtained if 174/4(2M? — 1)‘ is 
added under the radical to form a perfect 
square. The writing of the proof for the 
left-hand half will be simplified if the letter 
W is used for the quantity M/(2M? — 1). 
W‘ is greater than Wand W8, because W is 
less than unity, so the following inequality 
may be formed: 


Ww? w\2 3W! Ws ws 
1-——-—— } =1-w- — 
( 2 ) aS 

3W* Wt Ws 
<1-W?— —+4+— 
Oe ae er 
=1-W? (28) 


which is equivalent to the left-hand half of 
relation 27. The combination of formulas 
26 and 27 yields a form which readily re- 
duces to 


; 1 Me 
2(2M*—1) 2(2M?—1)3 
1 
6b. (2 
; 2(2M?2—1) 29) 


This is still too complex to be useful as an 
estimate, but it may be simplified by using 
the relations 


1 1\ 7M? 
2M?—1 -2( a2) zor -1) 10 


and 


(2M?—1)3=23 we? oo ve—t : 
Pah 2 

> 234 1-1) it 
ne 8 8 


which are true when M22. Using these, 
and the relation 2M*?—1<2M*, appropri- 
ately in inequality 29 we get 
4 8M? 
14M? 98M* 


(30b) 


1 
<6); <1——— 


ere (31) 


Relation 15 follows directly from this. 
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Appendix Ill 


The results of Appendix II, the fact that 
b} =a, and the simple form for a given in 
equation 12b allow estimates of p and 1-2p 
to be obtained with ease. Without giving 
the details of the algebra, it is found that 


M?—18/49 M?—1/4 
————— <1—29<—_—_ 32a 
M?-1 * tae Can 
and 

M*—-1 M?—1 


For convenient usage in the subsequent 
work, these may be replaced by the in- 
equalities 


M?—2/5 M?—1/4 
———— <1 —29<—__—_- 33a 
M?-1 Ee oe) 
and 
3/10 3/8 
/ <—-p / (33b) 
M?-1 M?-1 
which are nearly as good. 
Now consider the formula for a,. From 


equations 4a—4c it is obvious that c’,-1= 
2da'x, which may be used to simplify the 
expression for a, to 


ay = a’y(1 — 2p)4— [1 + 2p(d — 1)] 


When \=2, this reduces to a, =a’ (1—-4p”), 
which reduces to relation 18 when bounds of 
p are taken from inequality 33b. A general 
estimate may be obtained for X23 by using 
both parts of relation 33 and whichever 
value of \ (3 or M) enhances the limit in 
question. This procedure yields inequality 
19a. 

Proceeding to the derivation of inequality 
19b, we find complication because of the 
complexity of the expression for b,. From 
equations 4a—4c, it follows that a’, =)’, xX 
(2\+1)(2M?)/(2M?+r), and c’y»-1=b’»X 
(2d) (24+1)(2M?)/(2M?+2). These, when 
substituted in equation 8b, yield 


(34) 


bn =8'N(1=26)4) (1 —2p)?+[p2(2\+1) X 


2M? ae 
2M*+x i>) 


(2) +2p(1 —2p)(2A+1)] 


An upper bound of 5) will first be found. 
The first term in the brackets is positive and 
the second is negative. This necessitates 
the use of upper bounds for all components 
of the former and lower bounds for all com- 
ponents of the latter. Since 2M?/(2M?+) 
is a factor of each, it is subject to this general 
statement in its two roles as a multiplier. 
Satisfactory upper and lower bounds for 
—p, p*, and 1—2p are given in relations 33. 
When 2/]?/(2M?+2) multiplies the first 
term, it may be replaced by 1, while in the 
other case it may be replaced by the lower 
bound M/(M+1). Also (2\+1)(2d) is 
less than (2M@-+1)(2M), and (2\+1)25 if 
\22. Omitting the details of the algebra, 
it is found that 


(M?—1/4)*"? 15 M2 
bx <b’) ——— | M4*-2 i? 
SDR (w2—1p># M Ts + 
pe oo (36 
32 16 ) 
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When M =4 the quantity represented by the 
three terms on the right of the above paren- 
thesis is less than one, so if this restriction is 
imposed on M, the entire parentheses on 
the right may be replaced by (M?—1)?, 
which conveniently cancels against part of 
the denominator, leaving 


Me—1 rA—1 
ncon(¥ 2 


M?-1 7) 


The upper bound is treated in a similar 
fashion. When 22, the quantity (2A+1) X 
(2h) may be replaced by the lower bound 20; 
in the other term (2\+1) may be replaced 
by the upper bound (2M+1); and 2M?+ 
(2M*+ ) may be replaced by the upper and 
lower bounds 1 and 1/2 in appropriate loca- 
tions. Proceeding as before, one obtains, 
after simplifications, 


i 3M? 31M? 


5 (M—2/5)*"" 

xe PDF 20% oe 
aut, 8) (38) 
8 * 400 


When M =4, the expression in the parenthe- 
ses on the right is greater than 144—2M+ 
2M—1=(M—1)?(M?—1), which if sub- 
stituted cancels partially against the de- 
nominator to yield 


5 ph ae ath vt) 
AON i M+1 


Inequalities 37 and 39 combine to give in- 
equality 19b. 

Recalling the formula for c,, we see that it 
already is taken care of by the estimate of 
1-2p. Relation 19c follows directly. 


(39) 
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It is evident from the analysis leading up 
to equation 13 that b; and c, each cannot be 
equal to 1/6. However, one might suppose 
that 6; and c; could be given errors of oppo- 
site sign to make };+¢,=1/38. Writing this 
out from equations 8b—8c, we obtain 


1 
a ~2p)*+0%+ 


1 
p20) +4( 1+ 


BG) 2)( 1 a= (40) 
Ge Ma) oe 
the solution of which is 
1 i ae: 41 
0 aM) Sy 


The indicated imaginary value for p is 
physically impossible using passive elements 
because it must hold over a range of fre- 
quencies. 

Let us now find the condition on p that 
will give a minimum error in a,. Atsucha 
value the derivative of 0:+c, with respect to 
p will be zero. Differentiating the left side 
of equation 40 and setting the result equal 


. to zero give, after reduction, 


zee 1 }=0 
3\ ie = (42) 
Since M=1 never occurs, the solution is p= 


0. Itis evident, since there is only one root 
and since the error can never be zero, that 


ELECTRICAL ENGINEERING 


this corresponds to a minimum and not a 
maximum error. 


Appendix V 


The analysis for the changing of two ele- 
ments on each end of the network will pro- 
ceed with reference to the circuit of Figure 4. 
This is built up by starting with the mid- 
shunt terminated network between lines 
P-P, with a subsequent double application 
of the modification principle already de- 
scribed in the text. The original network 
has a total impedance and admittance, re- 
spectively, of Z’p and Y'p. We first adda 
shunt element of magnitude BY7p*, where 
Y7* will indicate the new total admittance. 
The transformation, in similarity with equa- 
tions 5a—5d, involves the quantities 


at =WV/Zp*Vp* (43a) 
Z'7=Zr* (43b) 
Y'p =(1—28) Yr* (43¢) 
a’ =a*/1—28 (434) 


As has been pointed outin the text, equations 
8a-—8c will give the coefficients for the new 
circuit if the equations for 6, and c, are 
interchanged, due attention being given to 
differences in notation. Specifically, ay, 
bx, and cx become, respectively, a,*, c*, 
and b,*, while a’y, b’y, and c’y still are given 
by equations 4a—4c. The circuit between 
the lines Q-Q is then in a condition to re- 
ceive a series element on each end, giving 
it the appearance of a modified mid-series 
terminated network. Let the added ele- 
ment on each end be ¢Z7, and let the follow- 


ing additional notational changes take 
place: 

a=W ZrVr (44a) 
Z7p*=(1—20)Zp (44b) 
Y7*=Ypr (44c) 
a*=aV/1—2¢ (44d) 


Equations 8a—8c again may be applied, this 
time as they stand, with a’, b’», and c’y 
replaced by the corresponding starred co- 
efficients. Thus, unprimed coefficients ap- 
ply to the over-all circuit of Figure 4. For 
simplicity of notation, M-1 will be replaced 
by WN unti! the results are achieved. It will 
be necessary to consider only the four co- 
efficients bo, b1, co, and a, which, as derived 
by the foregoing plan of action, are 


bo =2ea0* + by*(1—20) =1 (45a) 
by =2¢(1 —20)a,*+(1 —2¢)*b\*+07co* 
=o(1—20)+(1—20)2(1—28)c': +02 (45b) 
co=Cor=1 (45c) 
qQn= a —20)c,* 
= (1—2¢)[28a'(1—28)+ 
b’(1—28)?+c¢'B?] (45d) 


The simplifications which already have been 
included in the writing of these equations 
come from the facts that ap*=bo*=a@*=1, 
and a,*=1/2, in similarity with equations 9 
and 10. -Since the correctness of bp and &© 
assures the correctness of a, as before, our 
attention may be confined to } and qq. 
The algebraic work may be expedited by 
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changing the notation to 


x=1-—28 
y=1—-—26¢ 


(46a) 
(46b) 


The reduced formulas for 6; and c are ob- 
tained by taking a’), b4:, c’o, and c’; from 
equations 4a—4c, with M replaced by JN. 
This gives 


(47a) 


(47b) 


We first will see if 6; and q each can be 
made equal to 1/6, or at least if their sum 
can be 1/8 so that a» will be correct. Ac- 
cordingly, assume }; =1/6+€ and ¢ =1/6— 
€, which represents both conditions, since € 


eye P..2Q 
zh zh Hip 
627 M-! M-| 6ZT 
oes =e oe 
BY RYT 
[el Ly - o—___9 
Yr Yt Yt 
2M-2 = M-! 2M-2 


Figure 4. Two-element modification 


may be zero. The result of these substitu- 
tions and the subsequent combination of 
equations 47a-47b is a quadratic in €, as 
follows: 


144Ge2+ (12 F—48G)e+ (4G — F) =0 (48) 
where 
Gactw,2)=3-A 1-5, (49a) 


ilaee\e TN? 
Fee PCNe 9-9-0 1-E)t+(1-55) x4 


(49b) 


The discriminant of equation 48 is easily 
computed to be 144F(F—4G). It must be 
positive if a real solution is possible, so we 
are interested in 


N?-1\/N*-1 
Ba MeN age yr et ext 


(50) 


Before investigating the positiveness of 
H(N, x), it should be noted that to have a 
physically realizable circuit it is necessary 
that —1/2(NV—1)<B<1/2. Outside of this 
range the end shunt elements either would 
vanish completely, thus changing thenumber 
of network sections, or would be greater 
than half the total admittance. The corre- 
sponding range of x is 0<x<N/(N-—1). If 
H(N, x) is computed for N= throughout 
the largest possible range of x, it will be 
found to be everywhere nonpositive. Fur- 
thermore, as may be easily shown, 0HX 
(N,x)/0Nis always positive, soH(N,+) is less 
than H(o, x) and is therefore always nega- 
tive in the pertinent range. Thus there is 
no real solution of equation 48, so db; and q 
cannot be real and also have 1/3 as their sum. 
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Following a procedure similar to that used 
in the simpler case, we next investigate 
whether the error in dad, can be made a 
minimum. The total differential of b; +c; is 


Ob, OC) Ob, OC; 
d(b +c) = (Sa Nat 4 iy 

Ox Ox y OY 

(51) 

The smallest possible error will occur when 
dx and dy are independent and thus when 
their coefficients are each zero. As may be 
seen easily by carrying out the necessary 
differentiation, equating the coefficient of dx 
to zero gives 


1 il 
Ae -t)orm aay 


from which one obtains the condition y=x, 
since V1. With the substitution of x for y 
in the derivatives of the coefficient of dy, the 
setting of this equal to zero gives 


Aree te a ORLY v)x 
ay a IN Nt 


(52) 


The N/(N—1) solution gives a value of 6 
which wipes out the shunt element on each 
end and is found to correspond to a maxi- 
mum error. The other solution gives 
8=1/2(N+1). The corresponding com- 
plete end element is Y7[(1-28)/2N+8]= 
Yr/(N+1)=Yr/M. This means that all 
shunt elements will be the same. Also, the 
series element is oZp= Zr, since y=x, 
which gives the value Z7/2M, which is a 
mid-series termination. This should have 
been expected, since the case for uniform 
shunt elements has already been treated. 

Now suppose we make 0:=q. This 
makes y and x interdependent, so dy and dx 
in equation 51 are no longer independent. 
Also, since b; and ¢ are to be equal as x and 
y vary, it is only necessary to take the de- 
rivative of one of them. dy/dx may be 
obtained from the implicit function }:-a=0 
as 


dy O(b: — G1) /Ox 


=— (54) 
dx  — O%(bi— a1) /OY 
Thus 
dby _2b, , Ob dy 
dx ox dy dx 

0b; 0b; OC; 0b, Obi OC 
_ox\oy oy Oy \Ox Ox 
oy oy (55) 


The denominator of equation 55 cannot be 
infinite, so we set the numerator equal to 
zero, giving, after reduction, 


Ob; Be, 1 21 _ 9 
dx dy | Oy Ox | 


(56) 


The substitution of the expressions for these 
derivatives gives an equation from which 
y can be eliminated. The remaining equa- 
tion in x is identical with equation 53. 
Thus x = N/(N-+1) is again the solution, but 
of course y is no longer equal tox. It is not 
necessary to compute y because it has been 
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Geometric Mean Distances 


for Rectangular Conductors 


HERBERT B. DWIGHT 


FELLOW AIEE 


HE USE of geometric mean distance 

for calculating reactance of parallel 
conductors is increasing, so much so that 
the self geometric mean distance often is 
tabulated in catalogs of heavy conductors 
along with other characteristics, such as 
resistance, current capacity, and weight. 

The logarithm of the geometric mean 
distance between two areas or cross sec- 
tions is defined as the average of the 
logarithms of all possible distances from 
points on one area to those on the other, 
and the logarithm of the self geometric 
mean distance of an area is the average 
of the logarithms of all possible distances 
between two points on the area.! 

The inductance, as computed by the 
geometric mean distance method, is the 
inductance at zero frequency. Metal of 
uniform conductivity, such as copper, is 
taken to have constant current density, or 
more generally, the current in a conduc- 
tor is taken to be proportional to the con- 
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shown that when x has this value the shunt 
elements are all uniform. This means that 
the determining of y is equivalent to the 
finding of p in the problem as originally 
treated. 
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ductance of that conductor, as it would be 
with direct current. 

The self geometric mean distance of an 
area is sometimes called the geometric 
mean radius of the area, although it is 
not a radius nor an average of radii. It is, 
as the definition states, the mean dis- 
tance (geometric, as distinguished from 
arithmetic) of all possible distances be- 
tween two points on the area, and of 
course, most of these are not radii. It 
seems better to use a name which is in 
agreement with the facts of the case, 
rather than one which is practically no 
more convenient and which does not de- 
scribe the quantity truly. 

Formulas for the geometric mean dis- 
tance of geometrical shapes can be ob- 
tained by a process of integration.} 
However, the formula for two rectangles, 
even when the problem is simplified by 


specifying two duplicate rectangles placed 
opposite each other, fills half a page. 
For engineering purposes, curves of react- 
ance values for rectangular conductors 
can be used.? See also Tables I-III in a 
paper published in 1929 by Professor F. 
W. Grover.’ 

In this paper are given curves for geo- 
metric mean distance between rectangu- 
lar areas which will give a somewhat more 
direct solution for general types of prob- 
lems, such as those involving polyphase 
circuits or conductors in parallel. 

In circuits or portions of circuits where 
the parallel conductors are not trans- 
posed, the reactive voltage drop in the 
various conductors is different. It may 
be computed by counting flux caused by 
each conductor, up to a certain large 
distance u. In a complete system of 
parallel conductors in the steady state, 
the sum of all the currents is zero, that 
is there is as much return current as 
going current in the group. The quan- 
tity u cancels out as it is associated with 
all of the conductors in turn (see equa- 
tion 2). Therefore, the result is the same, 


Figure 1. Geometric mean distance of rec- 
tangular areas, face-to-face position 
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no matter how large w may be. The cur- 
rents, as well as the conductor arrange- 
ment, may be unbalanced or balanced and 
are in amperes. 

If R, is the resistance per centimeter 
of conductor A of a group of long parallel 
conductors A, B, C,.. ., if Gs, is its self 
geometric mean distance, if Gyg is the 
geometric mean distance of the section of 
A from that of B, and so forth, the volt- 
age drop in conductor A is 


L4Ratjanf X10- |r ba 
Gsa 


u 


Peg tops 
Gac 


volts per centimeter (1) 


Gap 


where f is the frequency. Putting 
Jatistict.. 3) loge u=0 (2) 


u being a finite constant, although as 
large as desired, we have the reactive volt- 
age drop in conductor A: 


= —j4rf X2.303 X10-*[T4 logis Gsat 
Ig logio Gaz + Ic log Gact..-] 
volts per centimeter (3) 


or 


= —j0.0529 [I logio Gsatle logio Gapt 
Ic logis Gac+-.-.] volts per 1,000 
feet at 60 cycles (4) 


‘Figure 2. 
tangular areas, face-to-face position, close 
spacing 


Geometric mean distance of rec- 


Note that A, B, and C necessarily do 
not mean different phases, but merely 
different conductors. 

Equations 3 and 4 are general formulas 
for the reactive voltage drop in any one of 
a group of long parallel conductors whose 
currents are given. The conductors may 
be of different phases or they may be 
branches in parallel. 

The self geometric mean distance of a 
rectangular sectional area a X 6 is given 
within 0.13 per cent by the formula 


G,=0.2234(a+-b) (5) 


Actually, the numerical term varies from 
0.2231 to 0.2237 for different ratios of a 
to b.4 

The geometric mean distance between 
two equal rectangular areas, placed op- 
posite each other with the sides parallel, 
may be read from the curves shown in 
Figures 1, 2, or 3, depending on the ratios 
of the dimensions. For the use of these 
curves see the examples. 

The geometric mean distance between 
two equal rectangular areas, placed ob- 
liquely and not very close together, may 
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be taken as the distance between their 
centers for a first approximation. The 
percentage error resulting from this pro- 
cedure may be estimated by reference to 
Figures 1 and 3. For instance, if the dis- 
tance between centers of two compara- 
tively thin straps is 1.25 times the strap 
width, then from Figure 1, for the parallel 
plane position, b/s=0.8 and G is five per 
cent greater than s. From Figure 3, for 
the edgewise position, a/s=0.8 and G is 
six per cent less than s. Then for an 
oblique position, with the afore-men- 
tioned distance between centers, the error 
in taking G=s may be expected to be 
numerically less than plus or minus six 
per cent. However, this result does not 
mean six per cent error in reactance, 
since log G is involved. 

In either equation 3 or 4, the distances 
Gsa, Gaz, Gac.». may be all in centime- 
ters or all in inches (or in feet), so long 
as they are all in the same unit. 

When there is complete transposition 
so that each conductor occupies all the 
positions in succession to an equal extent, 
the geometric mean distance method may 
be extended to give a convenient calcula- 
tion for the average voltage drop. For 
this calculation, values of geometric mean 
distance of rectangles taken from Figures 
1, 2, and 3 are useful, as well as in prob- 
lems where equations 3 and 4 are used. 

Precise values of loge geometric mean 
distance are given for equal squares in 
many relative positions.© By combining 
these squares into rectangles of various 
shapes and positions, the precise value of 
the logarithm of the geometric mean dis- 
tance was computed for a considerable 
number of cases of rectangles opposite 
each other. From these determinations 
and from values of G; (equation 5), react- 
ance values in micro-ohms per foot at 60 
cycles were obtained. Formulas for in- 
finitely thin rectangular conductors, that 
is for b/a=0 and a/b=0, are given‘ and 
curves of reactance values were plotted.” 

In the present paper, instead of values 
of loop reactance, values of the geometric 
mean distances themselves are plotted. 
Their use has been described and is illus- 
trated in the examples. For these curves 
a number of additional values have been 
determined. 


Example 1 


Find the reactive voltage drop in a 
single-phase ventilated bus bar circuit 
made up of four straps of size 1/8 by 3 
inches, side by side in vertical planes. 
Each bus bar consists of two straps at 1/2- 
inch centers. The distance between cen- 
ters of bus bars is 2!/2 inches. The cur- 
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rent of the circuit is 900 amperes, 60 
cycles. 

Let the four straps be called A, B, C, 
and D, Then the center-to-center dis- 
tance from A to B is !/zinch, 2 inches from 
Bto C, and !/,inch from Cto D. A and 
B are connected in parallel. Neglecting 
circulating currents, A and B will each 
carry +450 amperes, and C and D each 
—450 amperes. 

For computing the voltage drop in A 
by equation 4, using logarithms to base 
10, 


G,=0.2234 X3.125 =0.698 inch 
log 0.698 = 1.8439 = — 0.1561 


For (Gain 
s/b=0.5/3 =0.167, b/a=24 
From Figure 2, 


Gag =0.343 X3.0 = 1.029 
log 1.029 =0.01242 


For Gace} 
b/s =3/2.5=1.20 
From Figure 1, 


log 2.752 =0.4396 


Alternatively, by Figure 2, 
Similarly, 

log Gap =0.508 

I, log Gs=450 X (—0.1561) = — 70 
Ig log Gac= — 450 X0.439= —198 
Ip log Gap = — 450 X0.508= —228 


—496+6 
—496+6 = —490 


By equation 4, the reactive drop in A 
for 70 feet is 


j 0.0529 X 490 X0.070 =7 1.81 volts 


In a similar way, the drop in B is found 
to be 


—j 0.0529 X0.070(—70+6 — 163 — 198) 
=7 1.57 volts 


The difference in these computed volt- 
age dropsin A and B may be said toresult 
in an unbalance of current, which may 
be computed if desired. 

The result of this problem agrees with 
the results of previously computed prob- 
lems.? 


Example 2 


Find the reactive drop in each conduc- 
tor of a 3-phase circuit consisting of 
three rectangular conductors (one con- 
ductor per phase) in parallel planes, the 
distance between centers being 1!/, 
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Figure 3. Geometric 
mean distance of 
rectangular _— areas, 
edgewise position 


inches. The conductors are 1/43 inches 
and each is 100 feet long. The current is 
750 amperes, 60 cycles. 

Let the three conductors be called A, B, 
and C, and let 


I ,=750 amperes 
Iz=750(—0.5+7 0.866) amperes 
I¢=750(—0.5—j 0.866) amperes 


By equation 5, 


G;=0.2234 (0.25+8) =0.726 inch 
log 0.726 =1.8609 = —0.1391, omitting the 
subscript 10 in logyo 


For Gis 
s/b=1.5/3 =0.5, b/a=12 
From Figure 2, 


G4p=0.616 X3.0 = 1.848 inches 
log 1.848 =0.2667 


For Grice 
b/s =3/3=1, b/a=12 
From Figure 1, 


Gac=1.072 X3.0=3.216 inches 
log 3.216 =0.5073 


I4 log Gs=750(—0.1391) =—104 
0.2667 = —100+j173 
Ig log Gag =(—375—7650) X 
0.5073 = —190—7330 
—394—j157 


By equation 4, the reactive drop in A for 
100 feet is 


—j 0.0529 X0.10(—394 —7157) = —0.83+ 
j2.09 volts =2.24 volts 
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0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 


For the reactive drop in conductor B, 
Iz log Gs=(—375+ 650) X 


(—0.1391) = 52-7 90 
Ig log Gag = (—375—j650) X 
0.2667 =—100—j173 
T4 log Gagp=750X0.2667 = 200 
152 —j263 


By equation 4, the reactive drop in B is 


—j 0.0529 X0.10(152 — 7263) 
= —1.40—7 0.81 =1.62 volts 


The reactive drop in conductor C has the 

same numerical value, 2.24 volts, asin A. 
The result of this problem agrees with 

already proved similar problems.? 

It is a little more straightforward to 
use geometric mean distances and equa- 
tion 4 as in this paper, than to rearrange 
the problem so as to use reactance values 
of single loops. The geometric mean dis- 
tance method is applicable also to a wide 
range of reactance problems. 
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The Frequency Response of Automatic 


Control Systems 
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Synopsis: This paper illustrates the ad- 
vantages of the frequency response approach 
to the analysis of automatic control systems, 
as contrasted to the analytic solution of 
transient responses. At the same time the 
equivalence of information available from 
the two approaches is demonstrated. A 
numerical example is given based upon a 
torque amplifier using a motor-generator 
type control. 


HE purpose of this paper is to show 

how the concept of frequency re- 
sponse is being applied analytically and 
experimentally in the design of automatic 
control systems such as servomechanisms. 
This concept long has been used in the 
radio and telephone arts to express the 
fidelity of response of equipment, and as a 
result a considerable background of 
established mathematics and experi- 
mental procedure has been made avail- 
able to instrument and automatic control 
engineers. 

A transient analysis of the response of 
an automatic control to some standard 
type of disturbance is an accepted pro- 
cedure, but with the more complex sys- 
tems it becomes unwieldy, and useful de- 
sign criteria become increasingly difficult 
to develop. A frequency analysis based 
on the mathematics of the Fourier series 
and the Fourier integral provides informa- 
tion equivalent to the transient analysis 
but with much less calculation and with 
more easily interpretable results. This 
paper will show this equivalence and the 
mathematical procedures involved in the 
design of a servomechanism. 


Typical Servomechanisms 


A servomechanism is a system in which 
some variable quantity is controlled to 
follow a definite function of some other 
varying quantity. Typical servomecha- 
nisms are 


1. Aself-balancing potentiometer! in which 
the controlled variable is the mechanical 
position of the pen and slide wire, and the 
desired position is proportional to the vary- 
ing quantity, namely the voltage under 
measurement. 


2. Amachine tool pattern follower for which 
the controlled variable is the tool position, 
and the desired position is proportional to 
the varying shape of the pattern as the tool 
moves along. 
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3. A data transmission system? which re- 
produces a mechanical motion at a remote 
point, often with greatly increased force. 


4. A highly degenerative feed-back ampli- 
fier? in which the output voltage faithfully 
reproduces a varying input voltage. The 
recognition of the similarity between servo- 
mechanisms and feed-back amplifiers makes 
available to the automatic control engineer 
many valuable analytical tools developed 
by communication engineers. 


e [CONTROL] _ 
AMPLIF. | 


CLOSED CONTROL LOOP 


FEEDBACK LINK 


Figure 1. Torque amplifier 


Figure 1 is a block schematic of the 
components of a torque amplifier which 
reproduces the motion of the input shaft 
and drives a heavy load, without placing 
any appreciable load on the input shaft. 
The load is driven by a motor controlled 
by a signal or motion from a device which 
measures the difference or error between 
the input and output shafts. This error- 
measuring device is the only load on the 
input shaft and may be made quite light. 
All of the examples listed are similar in 
that they all comprise an input, an output, 
an error-measuring device, an amplifier, 
and a power unit which drives the load to 
bring the error to zero. 


The Transient Analysis 


All systems which take the form of a 
closed loop as in Figure 1 have a tendency 
to be unstable and hunt, or at least to 
perform damped oscillations about their 
zero error position. The first problem in 
proper servomechanism design is to 
minimize these oscillations after any 
transient disturbance. The second prob- 
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lem of proper design is to minimize 
errors which occur under steady condi- 
tions, such as a constant velocity or 
acceleration motion of the input shaft, 
and errors caused by the loads on the out- 
put shaft. Usually the solution must be 
a compromise between the best solutions 
for these two problems. 

One procedure for studying the oscil- 
latory character of a system analytically 
is to assume a motion for the input and 
then calculate the resultant transient 
response of the output. A typical input 
is a suddenly applied constant velocity as 
is shown in Figure 2 along with a typical 
resulting output motion. 

With the assumption that the system is 
linear over the region under investigation, 
any one of several classical, operational, 
or transform methods‘ for solving linear 
differential equations with constant co- 
efficients may be used for calculating such 
a transient response. Whatever method 
is used, there are four essential steps in 
the solution. 


1. The differential equations for the system 
are set up. 


2. The characteristic equation of the above 
set is obtained. This equation has the form 


ani” +an—-1p" 1+...ap+ay=0 


in which the coefficients contain the various 
parameters of the system, such as amplifier 
gain, inertia, friction, and circuit constants. 


3. The characteristic equation is solved for 
its roots. The roots will be real or in con- 
jugate complex pairs. pr=on+jon 


4. The final solution contains a term of the 
form Ae?! cos (wt-+a) for each complex root, 
an exponential term for each real root, 
and a particular solution which depends on 
the input motion. The coefficients A and 
phase angles a will depend upon the initial 
conditions of the system. 


In this solution the rate of decay of the 
oscillatory terms is determined by the real 
parts of the complex roots, namely the 
d,s. If these are large and negative, the 
oscillations will damp quickly. If one is 
small, then the damping will be slow. If 
any one is positive, the system will be 
unstable and oscillations will increase. 


TIME 


Figure 2. Transient response to an input 
velocity 


TRANSACTIONS 539 


The solution of the characteristic equa- 
tion is the key point in all the methods of 
transient analysis. If the degree 1 is five 
or more, only a numerical solution may be 
obtained and then only by such laborious 
calculations that an engineer often cannot 
afford the necessary time. This situation 
is accentuated by the fact that even after 
a solution is found there is often no feasi- 
ble way to tell what parameters must be 
changed to improve the system because 
the system parameters are so completely 
intermixed in the coefficients a,. A later 
illustration will bring out this point. 


Stability Criteria 


Instead of solving the characteristic 
equation, a compromise often is resorted 
to which merely tells whether the system 
is stable or unstable. Hurwitz or Routh 
criteria when applied to the coefficients a, 
will tell whether there are any roots with 
positive real parts. This may be an un- 
satisfactory compromise, since many 
stable systems damp very slowly and the 
stability criteria do not show what 
changes are needed for improvement. 


The System Transfer Function 


The frequency response method of 
analysis eliminates the necessity for solv- 


and again so that the input and the re- 
sponse will appear as in Figure 3. Asis 
well known, both of these periodic time 
functions may be analyzed into a Fourier 
series of sinusoidal terms of frequencies 
which are multiples of 1/T. By including 
a sufficient number of terms in the series, 
the motions may be’ approximated arbi- 
trarily closely. 

Corresponding to each sinusoidal term 
which is a component of the input motion 
there is a term of the same frequency 
which is a component of the output mo- 
tion. The two corresponding terms at 
each frequency will differ in amplitude 
and in phase angle between the input and 
the output. The ratio of the output am- 
plitude to the input amplitude is known 
as the magnitude of the system transfer 
function, and since it is a function of fre- 
quency, it may be plotted as in Figure 4. 
Similarly, the difference of the input and 
output phase angles is called the phase of 
the transfer function and may be plotted 
also as in Figure 4. 

Since all the input frequency compo- 
nents add together to form the input 
transient and all the output components 
add together to form the output transient, 
the transfer function which tells how these 
components are modified must contain all 
the information available from the system 
differential equation. The proper inter- 
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ing the characteristic equation and brings 
out with great clarity the effect of each 
parameter on the performance of the sys- 
tem. For this method to be valuable, it 
is necessary to show first that the obtain- 
able results give information which is at 
least roughly equivalent to that obtained 
from a transient solution. 

Consider the input and output motions 
as shown in Figure 2. The transient 
completely dies out after a certain period 
of time, and if a new similar disturbance is 
introduced after this time, the response 
will repeat. This may be repeated again 
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Figure 3 (above). Response to a periodic input 


Figure 4 (left). System transfer functions 


Figure 5 (right). Response to a unit step input 


pretation of curves such as those in Figure 
4 will yield this information. This inter- 
pretation is discussed immediately follow- 
ing, while the calculating procedure is de- 
ferred until later. 


Interpretation of the Transfer 
Function 


The ideal transfer function from the 
standpoint of perfect following of the in- 
put would be one which does not in any 
way change the components. This would 
occur with a magnitude of unity and a 
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phase difference of zero over the whole 
frequency range. Actual transfer func- 
tions differ from the ideal in three im- 
portant aspects. ; 


1. Certain frequencies are accentuated or 
amplified as illustrated by the frequencies 
near w =25 radians per second for curve II of 
Figure 4. This peaking of these frequencies 
is called resonance. A transient disturb- 
ance will result in a damped oscillation at a 
frequency near the resonant frequency as 
shown in a corresponding transient response 
curve, II of Figure 5. There is a correlation 
between the height of the resonance peak 
and the time required for the transient oscil- 
lation to die out, but it is not generally ex- 
pressible in quantitative form. 

The allowable height of a resonance peak 
can be specified only from experience with 
systems of similar application, but this is 
also true of any specification of desired 
damping for a transient response. For data 
transmission systems such as the one de- 
scribed below, a peak of about 1.2 isa good 
maximum value for high performance sys- 
tems, but peaks as high as 1.5 are sometimes 
acceptable. 


2. The higher frequencies always are at- 
tenuated; that is, the magnitude of the 
transfer function approaches zero as the 
frequency is increased. This results in the 
output being more or less sluggish and less 
harp than the input motion. This is illus- 
trated by curves I and IV of Figures 4 and 5. 
The system which passes more of the high 
frequencies has the faster motion. Two 
systems which have exactly the same form 


ie) EX 


ie) : 0.1 0.2 0.3 
TIME — SECONDS 


of transfer function but with different fre- 
quency scales will have exactly the same 
form of transient response but with a time 
scale which is inverse to the frequency scale. 
Thus, by doubling the frequency response of 
a system the transient response time is 
halved. 

Another aspect of the frequency band- 
width concept is that the usual input mo- 
tions predominate in low frequencies. For 
example, even in the unattainable periodic 
square wave of position in which the input 
periodically jumps forward a certain amount 
and then back, the amplitude of the fre- 
quency components drops off as 1/w. Fora 
periodically positive and negative velocity 
which is less sharp, the amplitudes drop off 
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as 1/w*, and for a periodically positive and 
negative acceleration, the amplitudes are 
proportional to 1/w’. 

Since most input motions predominate in 
the low frequencies, more attention should 
be paid to the behavior of the transfer func- 
tion at low frequencies. As an example, a 
resonance peak at a high frequency accept- 
ably may be somewhat greater than a peak 
at a low frequency, since it is less likely to 
be excited. Similarly, it is preferable to 
have a good ‘phase function, as discussed 
below, at low frequencies rather than high 
ones if a choice must be made. 

Sometimes it is desirable to use a servo- 
mechanism as a filter to remove from the 
output motion certain bands of frequencies 
which are present in the input. A common 
filter removes high frequency noise from the 
input, and this then determines the band of 
frequency response. 


3. The phase characteristics as in Figure 4 
also carry information concerning the re- 
sponse of a system, since the phase lag may 
be considered as a time delay for each com- 
ponent. In general, the best response is 
obtained with a system which has the least 
phase lag in the transfer function, particu- 
larly at the lower frequencies. 

One important phase characteristic to 
recognize is the case for which the phase lag 
is proportional to frequency. In this case, 
since each component will be delayed by a 
time, 


phase lag in radians 


i= ; ; 
angular frequency in radians per second 


all components will be delayed equally, and 
therefore the complete transient response 
will be delayed by atime tf. A special case 
of this occurs when the servomechanism is 
following a constant velocity input at speed 
n; then the lag in following, after transients 
have died out, will be (ntp) where ftp is the 
slope of the phase curve near zero frequency. 

While it is often convenient to consider 
the phase functions in the interpretation of 
the transfer function, it is not absolutely 
necessary since there is a definite relation- 
ship between the phase and magnitude func- 
tions, as later discussion will show. 


Electrical Torque Amplifier 


While these criteria for good frequency 
response are quite qualitative in nature, 
they do provide a basis for the comparison 
of servomechanisms, and, more impor- 
tant, they provide a powerful aid in think- 
ing about the various factors that can 
produce stability or instability in a sys- 
tem. This will be illustrated by an 
analysis of the torque amplifier of Figure 
1, which is detailed in Figure 6. 

The motor drive for the torque ampli- 
fier consists of a d-c motor and a con- 
trollable motor generator set. The ser- 
vomotor has a constant field excitation 
and its armature voltage is supplied from 
the motor generator set. The generator 
is driven at constant speed, and its fields 
are in the output circuit of an amplifier 
which varies the excitation and therefore 
the generated voltage. 
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The amplifier is of the d-c type and 
has a push-pull output stage arranged 
so that the field flux is proportional 
to the output unbalance, which in turn 
is proportional to the input. Induct- 
ance in the field circuit prevents a sudden 
change in input voltage from producing a 
sudden change in field flux. This in- 
ductance and the consequent delay will 
have an effect on the stability of the sys- 
tem. 

A network, often called a lead or de- 
rivative network, is included in the 
amplifier circuit for the purpose of stabi- 
lizing the system and improving its re- 
sponse, as later analysis will show. 

The device for measuring the error be- 


DETECTOR 


a 
oa 
es 
as 
a 
= 
< 


ERROR 
MEASURING 
DEVICE 


STABILIZING 


tween the input and output may, for 
example, be a reluctance type of bridge 
which provides an alternating voltage 
proportional to the error without placing 
an appreciable load on the input shaft. 
A direct voltage is obtained proportional 
to the error by means of a phase-sensitive 
detector, and a simple RC type filter is 
included to filter the detector output. 
The filter also will have an effect on the 
servo stability. 


Analytical Derivation of the System 
Transfer Function 


The most straightforward, but a tedi- 
ous, procedure for the calculation of the 
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Torque amplifier 


Figure 6. 


09,04 = Output and input positions in radians 
e€=0;—0, =error or deviation in radians 
V, Vo, Vs, Vs, Vs=direct voltages as shown in 


figure 

A V3 V5 
= =—_— = ifi i =, 
ky a K, V;! K Vv. amplification or at 


tenuation ratios 
R, C=filter element values 
B,=RC=filter time constant 
Ri, Ro, Cr =stabilizing network element values 
A,.=R,G.=stabilizing network time constant 


R, 


Bese a, 


=stabilizing network delay 


time constant 
Ry, » = Output tube plate resistance and ampli- 
fication factor 
Ly, Rr, ¢p=servo generator control field in- 
ductance, resistance, and flux 


Bima eee generator control field 
Rp+Ry) 
time constant 
Eq, Ig =armature circuit generated voltage and 
current 
T=Kplq=servomotor torque 
J=servomotor plus load inertia 
f=servomotor plus load viscous friction 
g=effective viscous drag caused by motor 
back electromotive force 
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transfer function is summarized as fol- 
lows: 


1. Set up the linear differential equations 
for the system. 


2. Replace each derivative dx/dt by px and 
each integral fxdt by x/p just as in the 
transient solution and then solve the re- 
sulting set of simultaneous equations for the 
output-to-input ratio. For the system de- 
tailed in Figure 6 and with symbols given in 
the accompanying list, this expression comes 
out as 


Bo K(1+A2p) 
@ (K+p(K4A2.+f+g)+e71+ 
(f+g) (Bi + Bo+Bs) ]+p3[J (Bit 
By,+Bs) + (f+) (BiBo+ BoBs+ 
B;B,) |+ p4[J (B1B2+ B2B3+ B3Bi) + 
(f+-g) (BiB2Bs) ]+ p5(JB,B2Bs) 
(1) 


The denominator of this expression becomes 
the characteristic equation for the system. 
This is a fifth order equation which only can 
be solved numerically, and it illustrates the 
intricate interdependence of parameters 
which result from this approach. Since it is 
to serve only as an illustration and not for 
calculation, the detailed derivation is not 
given. 


3. Substitute p=jw. 
equation 


This results in the 
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‘ K (1+jwA») 
f= (K—-w[J+(f+g)(Bit+Bo+ 
Os eeeBe) eos JKBiBatiBaBeeonet 
B3By) + (f+g) (BBB) J 
(KA.+f+g)—-o|J(Bi+ 
je Bo+Bs)+(f+g) (BiBo+ (2) 
B.B3+B3By)]+4JB, BoB; 


This expression is known as the system 
response transfer function, and from it the 
magnitude and phase angle may be deter- 
mined by the usual manipulations with 


complex numbers. Thus 
 _RytiXy a 
6, Rpt+tjXp 


where the R’s and X’s are all real functions 
of the angular frequency w =2zf. 
The magnitude of 6,/6; is 


Ry? +X y? 
ya Rett Xe (4a) 
WV Rp? +Xp? 
The phase angle of 0,/6; is 
x XG 
¢=tan} (3)-tan (2) (4b) 


M and ¢ may be calculated by equations 4a— 
4b for particular parameter values to obtain 
plots such as in Figure 4. This analysis has 
eliminated the necessity for the solution of 
the characteristic equation, but the param- 
eters still are intermixed so completely 
that interpretation is difficult. 


The Loop Transfer Function 


A second and simpler approach to the sys- 
tem transfer function is through the use of 
an auxiliary transfer function which leaves 
most of the system parameters independent. 
The type of automatic control under dis- 
cussion is based upon the use of an error 
signal which is the difference between the 
input and output motions, 


€=0;—0,=error (5) 


This expression yields 


ras ©) 


Equation 6 is of basic importance, since 
it states that the complex system transfer 
function may be expressed in terms of an 
auxiliary complex transfer function 6,/e, 
which may be called the loop transfer 
function. It will be shown that the loop 
transfer function is simpler to derive and 
interpret than the system function, and a 
geometrical evaluation of equation 6 can 
be used. The term “‘loop transfer func- 
tion” is borrowed from feed-back amplifier 
terminology,® and the similarity of 0,/e 
to the often quoted wg characteristic is 
apparent. 

Reference to Figure 6 indicates that be- 
tween the output 6, and the error e there 
is a series of separate component circuits 
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Figure 7. Loop transfer 
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each with its own transfer function. 


Physically it is understandable that the 
magnitude of the resultant transfer func- 
tion 6,/e should be equal to the product of 
the magnitudes of the component transfer 
functions. Similarly, the resultant phase 
angle should be the sum of the component 
phase angles. This method of combina- 
tion is also a property of the multiplica- 
tion of complex numbers, so that the 
following equation may be written: 


V; Vo V3 Vi Vs It or iin Neg ie 
(7) 


in which each transfer function is a com- 
plex number. 

The next step is to calculate all the 
individual transfer functions for substitu- 
tion in equation 7. This step requires 
only simple electrical circuit theory. 

For the filter, 


Vi Ve 1 1 


6 SG oS EK SS = 8 
Vie tar Oe  ) 1ajoBi 8) 


For the stabilizing network, 


Figure 8. Loci of constant magnitude M on 
the 6,/e complex plane 
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For the generator field current, 


Ve ee 
Vi Vs 9 Ry +RptjoLy 
be 1 
a Ke - 
ana ey Be ye 
Rpt Ry 
-** (10) 
Ry +R; 1+joBs 

For the generated voltage, 
G7 Ea _ K (11) 
Ty of 


a constant which depends upon the gener- 
ator design. 

The terms of equation 7 between the 
generated voltage and the output motion 
cannot be separated into a series of indi- 
vidual transfer functions, since there is an 


Figure 9. Loci of constant phase ¢ for 6,/0, 
on the 6,/e complex plane 
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interaction between the output motion 
and the armature current caused by the 
back electromotive force of the motor. 
The following three equations specify this 
interaction: 


dé 
TgRat+ Km see 


T=torque=K Iq 


d0 dé 
T=J—4+f— 
dt? tf dt 


eran ae a 
By setting eis and - = 


combining the three equations: 


— wow and 


Kr 
9 ie Ra 


Ey —wJ+jo(f+g) 


(12) 


where 


ics 
ote 


Finally, for the loop transfer function, 
the combination of equations 8-12 into 
equation 7 yields 

Go abot 1+jwA» 

e (1+jwBy) -(1+jwB2) x 
(1+jeBs) -(—w?J+jo(f+g)) 


where the A’s and B’s all have the dimen- 
sions of time, and the K lumps together 
all of the gain constants in the loop 


Kop Kr 


(13) 


Relation Between the Loop and 
System Transfer Functions 


When equation 13 is introduced into 
equation 6, the system transfer function 
of equation 2 results. For the graphical 
interpretation of the relationship 6 be- 
tween the loop and system transfer func- 
tions, it is desirable to plot the loop 
transfer function in a different manner, 
on polar co-ordinates. At any one fre- 
quency the transfer function has a magni- 
tude and an angle which entirely specify 
a point on polar co-ordinates. As the 
frequency varies, the point will move and 
the resultant locus of points is the plot of 
the transfer function. Several such loci 
are shown in Figure 7 with the frequencies 
shown as numbers along each curve. 

On the polar co-ordinate system on 
which these loop transfer functions are 
plotted, there must be a locus of points 
which all result in the same magnitude of 
system transfer function. These loci are 
the circles shown in Figure 8 for several 
different magnitudes. If any frequency 
point of @,/e falls on one of these circles, 
then the magnitude of the system transfer 


is determined by the value of M for that 
curve. Similarly, there are a series of 
equal phase angle curves ¢ as shown in 
Figure 9. 

The fact that these loci are circles is 
based upon the representation of 6,/e as a 
vector from the origin and 1+(6,/e) as a 
vector to the same point from —1. Then 
M=(6,/ 6,|, according to equation 6, is the 
ratio of these two distances, and by a 
geometrical theorem the loci of constant 
M are circles of radii M(1—M?*)-! at 
centers M?(1—M?*)~!. Similarly, the an- 
gle ¢ is the difference between the angles 
of the two vectors, and the loci of con- 
stant ¢ are circles of radii 1/s |cosec g| at 
centers —1/2+ 71/2 cot ¢. 

The similarly numbered curves of Fig- 
ure 7 and those of Figures 4 and 5 corre- 
spond tothe same system. Asanexample 
of this method of calculation, consider the 
point A at w=10 for the loop transfer 
function II in Figure 7. This point falls 
on Figures 8 and 9 as shown and corre- 
sponds to M=1.08 and ¢=—17°. These 
values then appear on Figure 4 for the 
same frequency. With sufficient experi- 
ence with this sort of calculation, it is no 
longer necessary always to plot the system 
transfer functions, and the engineer easily 
can interpret the characteristics of a 
system directly from the loop transfer 
functions of Figure 7. 

If the loop transfer function falls in the 
neighborhood of the (—1) point, the 
resonance of the system becomes very 
high. Loci near the negative imaginary 
axis will not have resonance peaks. Also, 
for all large values of 6,/e, the magnitude 
of 6,/6;, will be near unity and the phase 
angle will be near zero. 


The Torque Amplifier Loop Transfer 
Function 


To obtain an understanding of the 
effect of each component network on a 
system, it is often desirable to study first 
a system with only the most important 
components and then gradually add the 
less important components. For the 
torque amplifier system of Figure 6, all 
the delays and the stabilizing network 
may be neglected at first, and the simpli- 
fied loop transfer function 
___*__ (13) 
e —wJ+ju(f+g) 
may be studied. 

Typical parameter values for a 0.1 
horsepower system are 


J =0.005-inch-ounces torque for one radian 
per second? acceleration of the motor. 

(f+g) =0.125-inch-ounces torque for one 
radian per second velocity of the motor. 
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The value of K is determined by the 
amplification of the system. Experi- 
mentally, if the motor shaft is displaced 
one radian from zero error, the torque re- 
quired to accomplish this is numerically 
equal to K. Curves J, II, and III are 
drawn for K =1, 5, and 20 inch ounces per 
radian respectively. 

Since K is merely an amplification fac- 
tor, the loop transfer functions I, II, and 
III of Figure 7 only are expanded or con- 
tracted versions of each other. For 
K=1, no resonance peak occurs, since 
the locus does not go near the point —1, 
but on the other hand the response drops 
off at a very low frequency. K=5 pro- 
duces a system with a wider frequency 
response, but a resonance of 1.38 occurs 
at w= 25 radians per second. K=20 has 
a very wide frequency response, but it 
also has an extremely high resonance 
peak. 

From the standpoint of resonance, the 
system with K=1 is best, but its actual 
performance is poor, since the low fre- 
quency response results in a very sluggish 
system. Moreover, since it requires so 
much error to produce a torque, any load 
on the motor will produce a large error. 
For example, in order to drive a 10-inch- 
ounces dry friction load, a motor error of 
ten radians would be required at K=1- 
inch-ounce per radian. K=5 results in 
faster and tighter response, but even this 
is usually not enough for a high perform- 
ance system. AK=20 is much more de- 
sirable from every standpoint except that 
of the high resonance peak. 

The design problem usually resolves 
into the necessity for providing some ade- 
quate means for reducing the resonance 
peak of the system with K=20. The 
network shown between V, and V3 of 
Figure 6 is a common one used for this 


purpose. Its transfer function is 
Ry (1+joR:C) _B, 1+joAs 
; Ry \ Ap i-+7eB; 
Ri+R2){ 1+joRiC.->=—— 
(Rit af +jokiG, as) 


and its polar plot is shown in Figure 7 for 
Ro/ (Rit R2) =0.2, and RiC,;=0.02 second 
with K adjusted by changing other fac- 
tors to take care of the attenuation of this 
circuit at w=0 which is 0.2 

When this network is inserted in the 
system, the two complex transfer func- 
tions of the unstabilized system and the 
stabilizing network are multiplied to- 
gether. Thus, at each frequency the two 
magnitudes are multiplied and the two 
phase angles are added so that the net- 
work shifts the loop transfer function 
away from the high resonance region near 
the —1 point. For the above values and 
K=20, the resulting loop transfer func- 
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tion is shown as IV in Figure 7, and the 
system transfer function is shown as IV 
in Figure 4. 

The introduction of the stabilizing net- 
work has reduced the resonant peak to 
1.14 at 50 radians per second and also has 
broadened the frequency response and 
reduced the phase lag. 

An interesting question which illus- 
trates the power of this method is the 
determination of the proper value for the 
time constant RiC;. The form of the 
locus which is a circle is independent of 
R,Ci, but the position of each frequency 
point is determined by RC). For ex- 
ample, if a low time constant of say only 
0.002 second had been chosen, the stabiliz- 
ing network would not be able to intro- 
duce an appreciable positive phase angle 
until the very high frequency region after 
the loop transfer function already had 
passed through the highly resonant re- 
gion. Conversely, if RiC; is too large, 
say 0.2 second, the large positive phase 
angles would occur at very low frequen- 
cies and the phase would have returned to 
near zero at the frequencies for which the 
loop transfer function passes near the 
point —1. This relationship is shown in 
Figure 10 by an exaggerated sketch. 


The Effect of Delays 


With the addition and proper design of 
the stabilizing network, the torque ampli- 
fier has been given quite satisfactory 
characteristics, but certain delays which 
initially were assumed to be of secondary 
importance still are to be investigated. 
The transfer function for a single delay 
has been given in equation 10, and it is 
well known that its locus is a circle with 
negative phase angles, as shown by curve 
E of Figure 11. Since such a delay adds 
a negative phase angle into the loop 
transfer function it will shift the locus 
toward the (—1) point and cause an in- 
crease in the resonance peak. A delay of 
this sort is to be considered important or 
not depending upon whether or not it 
introduces an appreciable phase shift at 
the frequencies near the resonant point. 

Figure 11, curve A, shows the locus of 
the stabilized system without delays. 
Curve B shows the same locus as it is 
shifted by a 0.004-second delay which 
might occur with a pentode tube driving 
the field circuit. In this case the shift in- 
creases the resonance to 1.5 from its 
previous value of 1.14. Curve C shows 
the effect of a single 0.02-second delay as 
might occur with a triode driving tube. 
This delay is quite appreciable and the 
resonance has risen to almost four. 

To illustrate another feature, curve F 
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is the locus of the transfer function for 
two 0.01-second delays and curve D 
shows their effect on the system. These 
two delays might occur in the filter net- 
work and in the field circuit, respectively. 
They have the transfer function (1+ 7.01 
w)~? and are shown to have a greater 


effect than that of a single 0.02-second 


delay. 

Curve D of Figure 11 represents a sys- 
tem that is worse than just resonant; it is 
unstable, and oscillations increase in 
amplitude with time, rather than die out. 
Any locus for which the vector from the 
(—1) point to the locus rotates through a 
resultant negative angle as w goes from 
zero to infinity will be unstable. Thus, 
curve C could represent also an unstable 
system if the gain were increased until the 
locus circled the (—1) point. For a fully 
rigorous statement and proof of this sta- 
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Figure 10. Effect of the stabilizing network 
time constant on 6,/e 


bility criterion, usually called the Nyquist 
criterion, reference should be made to 
the writings of Nyquist,> Bode,’ and 
MacColl.’ 

In the event that these delays are 
appreciable, it is necessary to reduce the 
loop gain or add other suitable phase 
correcting networks, but since this is only 
an illustrative example, the design will 
not be completed here. 


Inverse Transfer Functions 


Equation 6 may be placed in a form 
which still further simplifies the calculat- 


ing procedure in many cases. The recip- 
rocal of equation 6 is 

RE i 14 
cae, (14) 


In this equation 0,/@, and e/6, represent 
an input-to-output ratio rather than an 
output-to-input ratio and therefore are 
called the inverse system transfer func- 
tion and the inverse loop transfer func- 
tion, respectively. The graphical solu- 
tion of equation 6 is particularly simple 
since, if e/8, is plotted on the complex 
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plane as before, the same curve may be 
used for 6,/0, with a new origin at the 
(—1) point. Loci of constant magnitude 
and constant phase for 0,/0, are the con- 
centric circles and intersecting lines of the 
polar co-ordinate system at the (—1) 
point. Thus M-!= |6,/64| is the distance 
from the (—1) point to the locus, and 
(—®) is the angle of the vector from the 
(—1) point to the locus. 


The Calculus of Transfer Functions 


When several components or complete 
systems are placed in cascade, their trans- 
fer functions combine as 


Mel? = Mye%*! Myet#? = M, Mye) (¢1+42) (15) 


This relation was used in equation 7. 

Similarly the inverse transfer functions 
which have the reciprocal magnitude and 
the negative phase angle of the transfer 
functions combine as 


M~-1¢)(— 9%) = M,-1M,~1e) (— ¢1— $2) (16) 


When one component feeds back from 
the output of another component as 
shown in Figure 12, the resultant transfer 
function is 


My,e7# 


fa =e ee 
MeO TEM Myehro 


(17) 
while the inverse transfer functions com- 
bine as, 


M-¢i(—%) = M,-1el(— 9) + Maelo (18) 


Since this is only a vector addition, its 
graphical construction is very simple and 
provides one of the advantages of the in- 
verse transfer function approach.® This is 
particularly so in the study of regulators 
and process controls. Another advan- 
tage is thatit places theloci near the origin 
for the low frequencies which are of inter- 
Sty 


Regulator Principles | 


For the torque amplifier example, only 
its response to an input motion has been 
considered, and it was desirable for the 
system to have a wide frequency response. 
If the torque load on the servomotor 
should vary, however, it would be desir- 
able to have a minimum response to these 
variations. That is, if torque variations 
are considered as an input, the output 0, 
should be filtered as completely from these 
variations asis possible. In this sense the 
torque amplifier is acting as a regulator, 
and the use of equation 18 with inverse 
transfer functions becomes advantageous. 

If a torque 7, is applied at the load 
shaft with the armature circuit connected 
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Loop transfer function for stabi- 
lized system with delay 


Figure 11. 


A—Basic system with no delays 
B—A 0.004-second delay 
C—A 0.02-second delay 
D—Two 0.01-second delays 


but with the amplifier off, the resultant 
output will be calculated as 


Ty =Jp709+-fp0o— ds 


Krk 
= po = — gpbo 


T=Ky7I,= = 


ae eee) (19) 
T,/@, is an inverse transfer function and 
may be identified with M,—e~ /* of equa- 
tion 18. 

The return transfer function MM: sei, 
which is the ratio of the torque produced 
by a motion of the output from the zero 
error position, is (with B;=B;=0) 


1+jwAs 


Mei =K 
“f (ee. 


(20) 
Combination of equations 19 and 20 
into equation 18 yields 


1+jwAe 


1+jwBe (21) 


aa PI+p(f+gt+kK: 
for the system with the amplifier on. 

T,/0, of equation 19 represents the in- 
verse transfer function for a disturbing 
torque with the amplifier off, and as such 
it is a measure of the self-regulating prop- 
erties of the load. Itis plotted in Figure 
13, curve A, for the values J =0.005-inch- 
ounce per radian per second? and (f+g) = 
0.125-inch-ounce per radian per second. 
Thus at w=10, T,/0, is only slightly 
greater than one and only 1-inch-ounce 
torque is required to move the load with 
an amplitude of one radian at this fre- 
quency. 

T,/@, of equation 21 is the same trans- 
fer function with the control loop closed. 
Curve B in Figure 13 is the plot for this 
function, with K=20, A,=0.02, and Bo= 
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0.004. 7,/0, is greater than 20 at all 
frequencies for this system, and this is a 
measure of how well the torque amplifier 
is regulated against load changes. 

The equivalent condition to a high 
resonance peak would occur if the locus 
came relatively close to the origin for 
certain frequencies. Then disturbances 
at these frequencies would be regulated 
less well than disturbances at other fre- 
quencies. 


Phase and Magnitude Relationships 


In the foregoing discussion the phase 
and magnitude of the transfer function 
have been treated as more or less inde- 
pendent quantities. Actually since they 
are derived from the same function of a 
complex variable, there must be a relation 
between the two which definitely limits 
the variety of polar plots which are avail- 
able in physical systems. Bode’ has de- 
veloped several such relations which are 
useful in feed-back amplifier design and 
consequently in automatic control design. 
The dependence of phase upon magnitude 
for these linear stable systems can be 
written only in an implicit integral form, 
but its essence may be stated simply as 
follows. 

In physically realizable stable systems 
of the kind we are discussing, there is a 
tendency for the phase angle of a transfer 
function to depend upon the rate of in- 
crease or decrease of the magnitude of the 
function with frequency. If the magni- 
tude decreases as 1/w* over a region of 
frequency, then the phase will tend to- 
ward an angle of —km/2 radians. The 
simple delay (1+-jBw)~ illustrates this, 
since at low frequencies the magnitude is 
slowly varying and the phase is near 0 
degrees, while at high frequencies the mag- 
nitude decreases as 1/w and the phase 
approaches —90 degrees. The transition 
between two rates of change of magnitude 
results in a smooth variation in phase be- 
tween the two values. All the transfer 
functions plotted illustrate this relation 
ship. 
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The important feature to note is that if 
the loop transfer function magnitude de- 
creases as 1/w? or faster for a region near 
unity, the phase angle will be near — 180° 
or more and the system will be highly 
resonant. A good loop transfer function 
should not decrease in magnitude any 
faster than, say, 1/w!-® until the magni- 
tude is below about 1. Then the reso- 
nance peak will be no greater than 1.3. 
The stabilizing network discussed in the 
foregoing is useful, since it has a rising gain 
characteristic over a region near unity for 
whichthe loop magnitude is decreasing too 
fast. MacColl® has demonstrated this 
approach in detail. 


Experimental Techniques 


Experimentally many methods for test- 
ing a whole system for frequency response 
or for obtaining the transfer function of 
individual components will suggest them- 
selves. A sinusoidal disturbance is placed 
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Figure 13. The open and closed loop inverse 
transfer functions for a disturbing torque 


at the input of the component or system, 
and the relative phase and magnitude of 
the output is measured. One important 
advantage of this type of analysis is that 
the transfer function for some critical 
component which is difficult to analyze 
may be determined experimentally and 
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Factors Affecting the Range 
of Radar Sets 


L. R. QUARLES 


MEMBER AIEE 


T is now well known that most of the 
radar sets used in the past war func- 
tion by transmitting a pulse and measur- 
ing the time necessary for the signal to 
reach the target and the echo to return. 
Of particular interest is the problem of 
finding how much power must be trans- 
mitted so that the echo will be of suffi- 
cient strength to be detected satisfac- 
torily by the radar receiver. When deal- 
ing with microwave equipment and the 
consequent line-of-sight transmission 
paths, the problem can be solved by 
geometric means. 

Consider a point source which is radiat- 
ing energy uniformly in all directions.* 
The rate at which energy passes through 
unit area at a distance r from the source 
is P,/4mr? where P, is the power output of 
the transmitter. This must be true be- 
cause the area of the sphere of radius r, 
through whose surface all the energy 
passes, is 4arr?. 

A radar transmitter which radiates 
equally in all directions is difficult to ob- 
tain. However, a very common short 
wave antenna is the dipole which has a 
radiation pattern similar to that shown in 
Figure 1. This is a polar diagram of the 
field strength through a plane containing 
the dipole. The flow of energy in direc- 
tions A is roughly 3/2 that of the ideal 
point source and hence the power gain of 


* This discussion is adapted in part from a series of 
lectures given by W. W. Hansen at the Radiation 
Laboratory, Massachusetts Institute of Technology, 
in 1940 and 1941. 


placed along with other transfer functions 
which are determined analytically. 

In some cases it may be desirable to 
work with the magnitude of the transfer 
function alone because of difficulty in 
making phase measurements, Then the 
phase-magnitude relationship is useful. 

For experimental verification of the 
methods discussed, it is important 
that the system remain linear; in par- 
ticular, the applied disturbances should 
not be large enough to overload the ampli- 
fiers or saturate the motor. In view of 
this limitation, this analysis yields neces- 
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the dipole is said to be 3/2. Thus the 
energy flow through unit area at a dis- 
tance r from the dipole, in the directions 
A, is 3P,/8ar?. 

Viewed as a receiving system, the so- 
called effective cross section of a dipole! is 
a function of the wave length, \, and is 
approximately equal to 3A2/8x. This is 
numerically equal to the cross section of a 
disk which, if placed normal to the inci- 
dent radiation, will absorb an equivalent 
amount of energy. Thus if two similar 
dipoles are placed a distance r apart, the 
received power, P,, in terms of the trans- 
mitted power, will be the product of the 
energy density at the receiving dipole and 
the dipole cross section, 


3rd \2 
Zi 1 
(2) a) 
At microwave frequencies, it is con- 
venient to use a parabolic reflector, with 
the dipole at its focus to narrow the radi- 
ated energy into a beam. Figure 2 is a 


sketch of this arrangement showing the 
dipole at the focus of a paraboloid. The 


_8P, 3M 


~ Sar? 8x 


r 
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Figure 1. Field pattern of dipole 


sary conditions for good performance but 
not always sufficient conditions. 
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effectiveness of this reflector is expressed 
in terms of the energy density along the 
axis of the paraboloid compared with the 
energy density at the same point attribu- 
table to the dipole alone, or, remember- 
ing the reciprocity theorem, in terms of 
the increase in the magnitude of a received 
signal resulting from the addition of the 
reflector. Using the latter line of reason- 
ing, a first approximation to the power 
gain, G, of the reflector can be obtained by 
dividing the cross section area of the para- 
boloid by the effective cross section of the 
dipole, 


4 2/7D\? 
a | 2) 
G 3 ( 2) ( 
8a 


where D is the diameter of the paraboloid 
and X the operating wave length. The 
beam width @ between half-power points 
in terms of reflector size and wave length 
is given roughly by 


6=X/D radians (3) 


Referring to equation 1, if paraboloids 
are used behind each dipole, then the re- 
ceived power is increased by the product 
of the gains of these reflectors. Assuming 
paraboloids of equal size, the expression 
for the received power P, becomes 


3d \? 
P=P( =) xG? 


8rr 
TN 
P,=P,;\| — — 4 
T ( =) xe ( ) 


As might be expected, this equation shows 
that the received power is inversely pro- 
portional to the square of the separation. 
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It is the fundamental relation describing 
point-to-point operation, such as micro- 
wave radiotelephone service where a line- 
of-sight path is involved. 

For the radar case, however, it is neces- 
sary to find the energy in the echo. If the 
target is an airplane, the energy scattered 
is a function of the size of the airplane, 
materials, wave length, aspect, polariza- 
tion of the incident wave, and so forth. 
An effective cross section A,can be defined 
as the area intercepting that amount of 
power which, if scattered equally in all 
directions, will give an echo equal to that 
from the target. 

With this assumption, the energy den- 
sity at a distance r from the target is 


A, 
P,=PiX— 
7 ‘Xo (5) 


where P; is the incident energy density 
and P; the density of the scattered energy 
at a distance 7 from the target. 

In a microwave set the same antenna 
system is used for transmitting and receiv- 
ing; hence the received energy is the prod- 
uct of equations 4 and 5, since equation 4 
represents the energy which would be re- 
ceived if it were reflected without loss of 
any sort and equation 5 is the loss factor 
of the target. 


1 Oa ee | i] 
P= P( =) ee (6) 


Will this energy be sufficient to operate 
the receiver? While it is possible to get 
almost infinite gain in a receiver, the sen- 
sitivity, that is, the smallest signal that 
the receiver can utilize, is determined by 
the noise in the receiver input. 

The theoretical lower limit of this noise 
level is fixed by the thermal-agitation- 
noise (Johnson noise) in the resistive com- 
ponent of the input.?? This thermal- 
agitation-noise voltage is V4kTBR volts. 
Remembering that the maximum power 
which can be drawn from a generator of 
electromotive force # and internal resist- 
ance R is E?/4R, the maximum noise 
power available to the receiver is kTB 
watts. Here k is Boltzman’s constant, 
1.37 10~*8 Joule per degree absolute, T 
about 290 degrees absolute; and B the 
effective noise band width of the receiver 
in cycles per second, which is roughly 
equal to the band width of the receiver 
between half-power points. For satis- 
factory pulse reception, the band width 
should be inversely proportional to the 
length of the pulse. For a one-micro- 
second pulse, thisis 10° cycles. The ratio 
of the equivalent noise level at the re- 
ceiver input to the thermal-agitation-noise 
is defined as the ‘‘noise figure,’’ symbol F, 
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Figure 2. Field with parabolic reflector 


and in a microwave receiver may be as 
low as four or five. 

An expression for the maximum range 
of a radar set can now be written. If it is 
assumed that a received signal-to-noise 
ratio of one is acceptable, then the value 
of the equivalent noise level can be sub- 
stituted for P, in equation 6 giving 


D\ A, 4 
erar=P{* \x# = 


Ar fr 


AR (7) 


Solving this for the range r gives the 
relation 


4 P rD? An 1 8) 
— 
ARES 4n’ RTBF ( 


To illustrate by a numerical problem, 
the following is representative of a micro- 
wave search radar: 


P;, peak transmitted power, = 100 kw 

d, wave length, = 10 centimeters 

Beam width =3 degrees, or, 

D, diameter of reflector, = 190 centimeters 

A,, effective cross section area of a medium 
bomber, =2X10® square centimeters 

B, band width,=10® cycles per second. 
(This permits a 1-microsecond pulse) 

F, noise figure, = 10 


The maximum range is then roughly 
150 land miles. The airplane could be 
tracked this far (in theory) if it flew at 
sufficient altitude to permit a line-of-sight 
path between it and the radar antenna. 

Several interesting conclusions can be 
drawn from equation 8. The effective 
range varies at the fourth root of the 
transmitted power, that is, to double the 
range it is necessary to increase the peak 
power by a factor of 16. The range also 
varies as the fourth root of the effective 
cross section area of the target. For this 
reason a large bomber cannot be tracked 
to a much greater distance than a small 
fighter. Again, the range appears to be 
inversely proportional to the square root 
of the wave length, but this is not the 
whole story. As shown in equation 3, the 
beam width is directly proportional to 
the wave length, and if one endeavors to 
increase the range by decreasing the wave 
length with the consequent decrease in 
beam width, the beam speedily becomes 
too narrow for successful searching. In 
other words, it is possible for the beam to 
pass completely over the target between 
pulses. Actually it is desirable for at least 
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three or four pulses to strike the target 
while the beam is sweeping over that point. 

The range also appears to vary directly 
with the diameter of the reflector. But 
here again one runs into the problem of 
decreasing size of the beam and the con- 
sequent unsuccessful scanning. If the 
beam width is held constant, which means 
that the ratio of D to d is fixed, then the 
range actually falls off with decrease in 
wave length, because the size of the re- 
flector must be reduced in proportion to 
the reduction in A. It should be added 
here that a paraboloid, such as was as- 
sumed in the foregoing numerical ex- 
ample, is not very practical for a long 
range search set because the beam is too 
narrow in the vertical direction. One way 
to overcome this difficulty is to use a 
truncated paraboloid which has a con- 
siderably wider beam in elevation than in 
azimuth. The gain, of course, of such a 
reflector is less than the complete parabo- 
loid. 

The range is also proportional to the 
fourth root of the peak power of a pulse. 
But increasing the peak power by shorten- 
ing the pulse to keep the same average 
power also requires that the band width 
be increased; hence the noise level of the 
receiver willincrease in proportion. Ifthe 
peak power is increased without shorten- 
ing the pulse, which means that the aver- 
age power is increased, then, of course, 
the range also will increase, but slowly. 

Finally, it is seen that the range is in- 
versely proportional to the fourth root of 
the noise figure. In fact, as far as this 
characteristic is concerned, decreasing the 
noise figure is as effective as increasing the 
average power. This explains why such a 
tremendous amount of work has been 
done in the direction of reducing the noise 
figure of radar receivers. Reducing the 
noise figure by three decibels may not be 
as sensational as increasing the peak 
power from one megawatt to two mega- 
watts, but the increase in range is just as 
great. 

The recent experiments which resulted 
in obtaining radar echoes from the moon 
have been described in a recent publica- 
tion.4 After making certain corrections 
for the increase in gain of the radar an- 
tenna caused by reflections from the 
ground and so forth, it was found that the 
strength of the received echo agreed 
closely with the value predicted by calcu- 
lation. A long-wave radar set was used 
(110-megacycle frequency and a pulse 
length, of 0.02 second or more). This 
long pulse allowed the over-all receiver 
band width to be reduced to 50 cycles per 
second with a consequent reduction in the 
thermal-agitation noise. A peak trans- 
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Figure 3. Parabola 


mitted power of three kw gave a very 
adequate signal. 

Earlier in this paper reference was made 
to a simple relation for the gain of a para- 
bolic reflector (equation 2), and an ideal- 
ized field pattern with only one lobe was 
shown in Figure 2, The true picture is 
somewhat more complicated. Because 
the diameter, or aperture, of the reflector 
is at the most a few dozen wave lengths, 
the field distribution is the result of dif- 
fraction of the radiation at the aperture. 
Hence the gain depends on other factors 
beside the size of the reflector and the 
wave length, and the field shows side 
lobes in addition to the main lobe. 

A complete mathematical discussion of 
the action of the dipole and parabolic re- 
flector is long and rather involved. How- 
ever, a qualitative discussion will give a 
reasonably clear picture. 

By definition a parabola is the locus of 
a point whose distance from a fixed point, 
the focus, is equal to its distance from a 
fixed line, the directrix (Figure 3). The 
parabola also has the property that the 
angle which any focal radius, such as FA, 
makes with a tangent to the parabola at 
the point of intersection is equal to the 
angle the tangent makes with a line 
through this point of intersection and 
parallel to the principal axis. These 
angles are shown as ¢ and 9’ on the figure. 

A geometric construction shows at once 
that the distance from the focus to any 
point on the parabola plus the distance 
from that point to a line parallel to the 
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Figure 4. Location of point P 
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directrix but situated on the other side of 
the vertex is a constant. Referring again 
to Figure 3, this means that FA+AB= 
FA'+AB’, and so forth. 

If a source of radiation is placed at F 
and DCD’ is a parabolic reflector, all the 
waves reflected from it will arrive at DD’ 
in time phase. Therefore we can consider 
DD’ (actually the disk equal to the aper- 
ture of the parabola) as a constant phase 
surface radiating to the right. Next this 
constant phase surface can be divided into 
elemental areas and the contribution of 
all these areas to the field at the point 
under consideration summed. In general, 
the distribution of the field intensity will 
have the form 


sin X 
E= (constant) (1+ cos 0’) ae (9) 
where 
aD , 
xX =— sin 6’ 
r 


D=diameter of paraboloid DD’ 

6’=angle between principal axis and line 
from focus to point under considera- 
tion (Figure 4) 


Figure 5 is a plot of this function for 
D/\ roughly equal to ten, and Figure 6 is 
a polar plot of the field for a somewhat 
smaller reflector. The pattern of 
field intensity can be altered drastically 
by changing the focal length of the par- 
abola, by distorting the reflector, and by 
varying the field intensity distribution 
across the aperture. The presence of 
direct forward radiation from the dipole 
feed also modifies the pattern. If the di- 
pole is placed an odd number of quarter- 
wave lengths from the vertex of the para- 
bolic reflector, then the forward radiation 
will reinforce the reflected wave (remem- 
bering that a wave is reflected with a 180- 
degree reversal in phase), and if placed an 
even number of quarter-wave lengths will 
tend to cancel it. 

A typical design of a parabolic reflector 
calls for a ratio of focal length to diameter 
equal to 0.30 and also specifies that the 
product of the focal length and the depth 
shall equal one-fourth the diameter. 
Under these conditions, with a dipole feed, 
the gain is roughly that given in equation 
2 and the beam width between half-power 
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Figure 6. Typical antenna pattern showing 
side lobes 


points 1.2 A/D radians. With a reflector 
of reasonable size, the side lobes are small 
enough to be unobjectionable. 

The relations just discussed do not take 
into account any of the phenomena asso- 
ciated with refraction or reflection from 
external surfaces, or the fact that very 
short waves are absorbed by fog and rain.® 
For wave lengths much less than one 
inch, the latter problem is serious. Re- 
flection can be both an aid and a hin- 
drance. Properly situated ground radar 
search sets are subject to increases in re- 
ceived signal strength of as much as 12 
decibels caused by ground reflections. 
On the other hand, when the target and 
the radar set are near the surface of the 
earth, it is entirely possible for the differ- 
ence in path lengths of a direct and re- 
flected echo (that is, the ray reflected from 
the surface of the ocean) to be some odd 
multiple of a half-wave length, and in this 
case the resultant echo field will be very 
nearly zero. This phenomenon has been 
encountered when searching for ships with 
shore-based radar sets. 

Further work is being done on the 
measurement of the absorption by the at- 
mosphere of wave lengths less than one 
inch. As might be expected, there are 
strong absorption bands due to oxygen, 
water vapor, and so forth. The results 
will have considerable bearing on future 
selection of wave lengths. 
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The Preservative Treatment of Various 


Species for Poles and Crossarms 
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HE heavy drain that the war has 

imposed on the forests of America, 
the backlog of pole requirements that 
has been built up over the war period, 
and the present labor shortage have 
made it impracticable to obtain a suffi- 
cient number of poles of the species 
formerly used. 

Up to the present time, southern 
yellow pine and western red cedar have 
been the species most extensively used 
for poles. Coast Douglas fir and north- 
ern white cedar also are recognized as 
good pole woods, but poles of these 
species have not had the wide distribu- 
tion nor the extensive use that southern 
yellow pine and western red cedar poles 
have had. In addition to the woods 
mentioned, treated lodgepole pine poles 
have been used to a limited extent in the 
Rocky Mountain region. 

Cedar poles and in certain localities 
some of the less durable species have been 
used in past years without preservative 
treatment, but the present discussion 
will be confined to poles that are to be 
treated. Since the sapwood of all species 
has low resistance to decay, the economy 
of preservative treatment is recognized 
even for cedar poles that normally have a 
fairly thin sapwood and a naturally dur- 
able heartwood. 

In order to meet some of the problems 
resulting from the current pole shortage, 
specifications have recently been pre- 
pared covering pole species to be used by 
the Rural Electrification Administration. 
The American Standards Association has 
prepared specifications designated as 
“American War Standards Specifications 
and Dimensions for Wood Poles.” The 
specifications mentioned cover miscel- 
laneous conifers that are to be given a 
preservative treatment and that hereto- 
fore have not been included among the 
recognized standard pole woods. 

The proposed substitute woods have 
been grouped according to the allowable 
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fiber stress in the following order: 


Group I. 
square inch 


(a). Atlantic white cedar (Chamaecyparis 
thyoides) 

(b). Spruce (Picea)—all species 

Group II. 
square inch 
(a). Eastern white pine (Pinus strobus) 
(6). Ponderosa pine (Pinus ponderosa) 

(c). Sugar pine (Pinus lambertiana) 

(d). Western white pine (Pinus monticola) 


Group III. 
square inch 


(a). Jack pine (Pinus banksiana) 
(0). Red (Norway) pine (Pinus resinosa) 
(c). White fir (Abzes concolor) 


Group IV. Fiber stress 7,400 pounds per 
square inch 


(a). Douglas fir other than coast type 
(Pseudotsuga taxifolia) 


(b). Eastern hemlock (Tsuga canadensis) 
(c). Western hemlock (Tsuga heterophylla) 
(d). Eastern larch (Tamarack) (Larix lari- 
cina) 

(e). Western larch (Larix occidentalis) 


Fiber stress 5,600 pounds per 


Fiber stress 6,000 pounds per 


Fiber stress 6,600 pounds per 


The foregoing fiber stresses were ob- 
tained from a study made by the Forest 
Products Laboratory and are based on 
the American Standards Association re- 
commended stresses for lodgepole pine. 


Wood Preservatives for Poles 


CREOSOTE 


Prior to the war a large proportion of 
the poles used in the United States were 
treated with American Wood Preservers 
Association specification grade one coal 
tar creosote with a specified distillation 
residue of not over 20 to 25 per cent 
above 355 degrees centigrade. 

The federal specification covering creo- 
sote for pole treatment limits the residue 
to 25 per cent. Shortages resulting from 
the war, however, made it difficult to ob- 
tain cresote with a low distillation resi- 
due, and it became necessary to increase 
the allowable residue in the federal speci- 
fication to as much as 35 percent. ‘This 
wartime emergency provisionhas been dis- 
continued. An important reason for speci- 
fying lowresidue cresote oils for pole treat- 
ment is to reduce the tendency to bleed. 
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Before the war a large amount of 
creosote was imported from Europe and 
Japan. Because this supply practically 
has been cut off and because the domestic 
production probably will not be able to 
meet the heavy postwar demands, a 
creosote shortage may exist for some 
time to come. This situation has forced 
pole users to consider the use of other 
preservatives less well known but that 
offer promising results. In extreme cases 
it even may be necessary to use treat- 
ments that are known to be less economi- 
cal because of the shorter service life 
obtained. Such treatments may be less 
economical because the materials lack 
the preservative properties suitable for 
conditions under which poles are used 
or because of inadequate treatment. 
Nevertheless, there should be few cases 
where inferior and uneconomical treat- 
ment is necessary because of present 
shortages. 


CHLORINATED PHENOLS 


During the past ten years, the chlo- 
rinated phenols have been receiving con- 
siderable attention as possible substi- 
tutes for creosote or as materials that 
can be used in mixtures with creosote.) 
Pentachlorophenol is the best known in 
this group and has been the most ex- 
tensively used, but tetra-chlorophenol 
and 2-chlororthophenylphenol, in mix- 
tures with pentachlorophenol, have also 
been given consideration. Pentachloro- 
phenol has the advantage of a lower water 
solubility than the other two phenolic 
compounds. Tests show that these 
chemicals have a high degree of tox- 
icity, and five per cent solutions (on a 
weight basis) are apparently suitable 
when solution absorptions needed to 
obtain the necessary penetrations are 
employed. A five per cent solution of 
penetachlorophenol (on a weight basis) 
commonly is recommended at present. 
This is for absorptions similar to those 
specified for pole treatment with creosote. 

Both toxicity and permanence are 
highly important qualities of a good wood 
preservative, but only long-time service 
tests provide a satisfactory measure of 
permanence, and such tests are needed to 
determine fully the relative merits of the 
chlorinated phenols. The limited num- 
ber of service tests that have been started 
during the past few years indicate that 
the chlorinated phenols have a promising 
future, but little information is available 
on the performance of these solutions 
when applied by the pressure process. 
Data thus far obtained apparently indi- 
cate that solutions of the chlorinated 
phenols made with the heavier petroleum 
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oils may give better protection than 
solutions in which the more volatile oils 
are used. On the other hand the more 
volatile oils penetrate the wood more 
readily when the solutions are applied by 
nonpressure methods. It has been found 
that some petroleum oils are more suit- 
able than others both as solvents and 
from the standpoint of freedom from 
sludging. 

The problem of sludging is also of im- 
portance in the use of creosote-petroleum 
mixtures. Experience has shown that 
petroleum oils with an asphaltic base are 
much less likely to give trouble than the 
oils with a paraffin base. Some pole users 
now are having poles treated with penta- 
chlorophenol mixtures containing vary- 
ing proportions of coal tar creosote. 
These mixtures also have an increased 
tendency to cause sludging unless a 
suitable petroleum oil is employed. 


CREOSOTE SOLUTIONS 


Blended preservative oils that have 
been used successfully for various kinds 
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Figure 1. The relation of sapwood depth and 
percentage of sapwood in the total volume of 
timbers of different diameters 


of timber are the creosote-coal tar and 
the creosote-petroleum solutions. These 
mixtures have not been so extensively 
used for poles as for other types of treated 
material because of their greater tend- 
ency to cause bleeding. They should 
prove satisfactory for poles, however, 
where bleeding is not an important con- 
sideration. 


Bleeding 


The problem of bleeding is of particular 
interest when poles are used in urban 
line construction where the oily surface 
may cause damage to clothing and result 
in public complaint. Bleeding is nat- 
urally of less importance in rural lines, 
but in any case it is objectionable to 
linemen who must climb the poles when 
the line is installed and when repairs 
are required. The bleeding problem 
may be particularly aggravating when 
the poles have been treated shortly be- 
fore they are placed in service. While 
this trouble becomes less acute after the 
poles have been in service for a time, in 
some installations bleeding may persist 
to a variable extent for a considerable 
period. 


It must not be assumed that all 


poles treated with preservative oils 
bleed, but it is difficult to predict what 
poles, if any, will bleed and to what ex- 
tent they will bleed. 

Five factors that appear to have 
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an important bearing on bleeding are 


Type of preservative oil used. 
Absorptions obtained. 
Method of treatment. 
Species. 


emo hed NS) i 


Temperature conditions to which the 
wood d is exposed. 


or 


Heavy absorptions usually cause more 
bleeding than light absorptions, heart- 
wood will bleed more than sapwood, and 
species with the more resistant sapwoods 
will normally bleed more (with the same 
absorption) than species in which the 
sapwood is easily penetrated. Bleeding 
may occur either in summer or winter 
but is generally most severe in the hot 
summer months. Straight coal tar creo- 
sote usually gives less bleeding trouble 
than mixtures of coal tar creosote and 
petroleum, or creosote-coal tar solutions. 
Likewise, creosote with a high residue 
above 355 degrees centigrade usually 
causes more bleeding than low residue 
creosote oils. 


Methods of Treatment 


PRESSURE TREATMENT 


The pressure process is the most ef- 
fective method of treating timbers of all 
kinds, since it affords a means of con- 
trolling the pressure to any desired 
amount. By using different initial air 
pressures, a considerable variation in ab- 
sorption can be obtained, thereby making 
it possible to get heavy or fairly light 
absorptions for a given depth of penetra- 
tion. The principal objection to pressure 
treatment is that it requires relatively 
large and expensive equipment and is 
therefore not well adapted for the treat- 
ment of small quantities of timber nor 
for treating material that would require 
long distance transportation to the treat- 
ing plant. : 


NONPRESSURE TREATMENT 


Next to pressure treatment, the hot- 
and-cold bath method is the most ef- 
fective. This treatment depends on 
atmospheric pressure utilized by first 
heating the wood in a heating medium 
and then cooling it in the preservative. 
When the wood is heated, the air con- 
tained within its cells is expanded, and 
part of that in the surface region of the 
timber is forced out of the lumina or air 
spaces. In the subsequent cooling bath, 
a partial vacuum is formed and more or 
less preservative is forced into the wood 
cells by atmospheric pressure, depending 
upon the permeability of the wood and 
upon the amount of air forced out by 
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expansion during the heating period. 
Very little preservative is absorbed dur- 
ing the hot bath, and it is obvious that 
the pressure forcing preservative into the 
wood during the cooling period cannot 
exceed atmospheric pressure. Generally 
the available pressure will be lower than 
atmospheric. For this reason the hot- 
and-cold bath treatment is more suitable 
for treating round timbers in which only 
the more easily treated sapwood needs 
to be penetrated. This method has been 
extensively used in the butt treatment 
of western red cedar poles and now is used 
to some extent in full length treatment 
of these poles. Lodgepole pine poles also 
have been butt treated by this method 
for use in the Rocky Mountain area. 

Incising before treatment has been 
found very helpful when the sapwood is 
somewhat resistant to penetration, as in 
the case of cedar. When the sapwood is 
very resistant to penetration, as in 
species like the true firs and spruces, it is 
doubtful that even when the resistant 
sapwood is incised it will be possible to 
obtain satisfactory penetration without 
the use of pressure treatment. 

The principal advantages of the hot- 
and-cold bath treatment over pressure 
treatment are 


1. The cost of the treating equipment is 
small compared with the cost of pressure 
treating equipment. 


2. Butt treatment or full length treatment 
can be used as desired. 


3. It is more convenient to treat small 
quantities of timber by this method. 


4. It is usually possible to make the treat- 
ments near where the timber is cut. 


The principal disadvantages are 


1. The pressure available for forcing the 
preservative into the wood is limited com- 
pared with the wide range of pressures avail- 
able when the pressure process is used. 


2. Considerably heavier absorptions usu- 
ally are required for a given penetration than 
when the wood is treated by pressure meth- 
ods because an initial air pressure cannot be 
applied as in the Rueping treatment. 


8. This method of treatment is not well 
adapted for round timbers with unusually 
resistant sapwood nor for species that have 
a deep sapwood easily penetrated, since in 
species having a deep sapwood undesirably 
heavy retentions may be obtained or there 
may be incomplete sapwood penetration. 


4, Evaporation of the lower boiling constit- 
uents of preservative oils used in the hot 
bath often causes an appreciable loss of pre- 
servative. 


Absorption Specified for the 
Pressure Treatment of Poles 


Most of the southern yellow pine and 
Douglas fir poles treated up to the present 
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time have been treated by the empty-cell 
process with specified minimum net re- 
tentions of about eight pounds of creosote 
per cubic foot. Minimum absorptions 
specified for lodgepole pine poles have 
ranged from about four to eight pounds 
per cubic foot. The lower absorptions 
specified for the lodgepole pine have been 
possible partly because of the more shal- 
low sapwood in this species. The sap- 
wood of lodgepole pine commonly ranges 
from about one half to two inches 
in thickness compared with two to four 
inches in southern yellow pine and one to 
two inches in coast Douglas fir poles. 
Another reason for the use of lower ab- 
sorptions in lodgepole pine is that poles of 
this species have been used mostly in the 
Rocky Mountain states where decay con- 
ditions are usually much less severe than 
those under which the southern yellow 
pine and coast Douglas fir poles are used. 

Present American Wood Preservers 
Association specifications for the treat- 
ment of southern yellow pine poles permit 
a minimum net retention of six pounds per 
cubic foot provided the penetration speci- 
fied for the 8-pound treatment is met and 
provided the poles are to be used under 
conditions that do not favor rapid decay. 
Various power companies have specified 
net retentions ranging from 10 to 16 
pounds of either creosote or creosote-coal 
tar solutions in southern yellow pine 
poles. 

The question of obsolescence is usually 
of more concern to telephone and tele- 
graph companies than to power com- 
panies, and it is natural that they do not 
want to employ preservative treatments 
that may give a service life well beyond 
the time their pole lines would become ob- 
solete. On the other hand, it obviously 
would be unwise and uneconomical to 
count on obsolescence and later find the 
service life was too short. 

Sufficient service records are not yet 
available to show the minimum absorp- 
tions of different preservatives that can be 
expected to give satisfactory results for 
poles of different species when used under 
various climatic conditions. For this rea- 
son it would seem desirable to defer the 
extensive use of absorptions much lower 
than those commonly specified until the 
relative merits of the lower absorptions 
can be determined from suitable service 
tests. The following are some of the more 
important advantages of using absorp- 
tions that are known to be adequate as 
demonstrated by experience: 


1. They furnish a better reserve against de- 
pletion by leaching and evaporation. 


2. They insure better distribution and 
deeper penetration of the preservative. 
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3. When the preservative has a variable 
toxicity, the heavier absorptions serve as a 
safeguard against deficient toxicity. 


4. They reduce the danger of insufficient 
absorption because of careless treatment. 


5. They help protect against the possibility 
of inadequate treatment of the more resis- 
tant timbers in a charge or of those of the 
larger sizes when the charge contains tim- 
bers of different dimensions. : 


6. They reduce the danger of wide varia- 
tions between the maximum and minimum 
penetrations obtained in the same or in 
different timbers. 


The principal disadvantages of heavier 
absorptions are the somewhat higher ini- 
tial cost of treatment and the possibility 
of objectionable bleeding when oily pre- 
servatives are used. The higher initial 
cost of treatment, however, does not 
necessarily mean that the annual charge 
will be higher over the period the timber 
is in service. Within reasonable limits 
the higher first cost may be much more 
than offset by the increased service life 
and consequent reduced cost of renewals. 

There are a variety of factors that 
should be kept in mind in deciding upon 
the net retention that will prove most 
economical or most desirable because of 
other considerations. 

The thickness of sapwood also will have 
a definite bearing on the absorptions that 
should be specified. Woods with deep 
sapwood, like that of ponderosa pine, red 
pine, and the southern pines, naturally 
have a greater proportion of wood that 
can be treated than poles of thin sapwood 
species, like the cedars, western larch, and 
mountain type Douglas fir. Figure 1 
shows the proportion of sapwood in the 
total volume of poles of different average 
diameters ranging from 4 to 22 inches. 
These curves were computed from the re- 
lation that if tf is the average depth of sap- 
wood and D is the average diameter of the 
timber, the percentage of the sapwood P, 
based on the total volume, is given by 
4t(D — 2 


P= 100] “2=2 


(1) 


If P, is the percentage of sapwood in 
the total volume when the average sap- 
wood thickness is ¢ inches, and Py is the 
percentage of sapwood in the total volume 
when the average sapwood thickness is T 
inches, then 


JZ t| D—-t 
oer (2) 
Bee De 
10 inches, 
Then 


For example, assume D = 
b= 07> meh and. i—— 3 inches: 
the ratio 
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In other words, a 10-inch-diameter pole 
with a sapwood thickness of 0.75 inch 
would have about 33 per cent as much 
sapwood as a pole timber of the same 
diameter with a sapwood thickness of 
three inches. Equation 1 or Figure 1 
shows that the percentage of sapwood in 
the total volume of a timber 10 inches in 
diameter with a sapwood thickness of 
0.75 inch is about 27.7, while the same 
diameter timber with an average sapwood 
thickness of three inches would have 
about 84 per cent sapwood in the total 
volume. For the same concentration of 
preservative, it might be assumed that 
poles with a sapwood thickness of 0.75 
inch would require only 33 per cent as 
much preservative as when the sapwood 
is three inches thick. It should be borne 
in mind, however, that there is a greater 
opportunity for more rapid loss of pre- 
servative from thin sapwood through 
leaching and evaporation because the pre- 
servative is concentrated closer to the sur- 
face. In the latter case, somewhat 
heavier absorptions would help compen- 
sate for this difference in depth of pene- 
tration. 

Equation 2 will be found convenient for 
comparing the relative proportions of sap- 
wood in a timber of any given diameter 
when different depths of sapwood are as- 
sumed. 


Treating Conditions and Pressure 
Treatment Specifications 


In addition to specifying the preserva- 
tive, the average absorption and penetra- 
tion required, and the method of seasoning 
or conditioning the poles for treatment, it 
is desirable to specify the maximum pre- 
servative temperatures and pressures to 
be used, since these have an important 
bearing on the success of treatment. 
Some species will withstand more severe 
treating conditions than others. 


CONDITIONING 


Green southern yellow pine poles com- 
monly are conditioned for treatment by 
the steaming and vacuum process. Al- 
though the average amount of water 
removed is usually not more than about 
five to six pounds per cubic foot, the re- 
moval of this amount of water and the 
heating of the wood to a favorable treat- 
ing temperatureas a result of thesteaming 
make this method a very satisfactory 
means of conditioning southern yellow 
pine poles. This method, nevertheless, is 
not well adapted for conditioning other 
woods commonly treated because either 
the other woods are injured more easily by 
the temperatures and heating periods re- 
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quired in steam conditioning or the final 
moisture content still may be too high for 
good penetration after the steaming treat- 
ment is applied. 

Green coast Douglas fir poles are con- 
ditioned by the Boulton, or boiling under 
vacuum, process. In this process, round 
timbers are usually boiled under vacuum 
with a specified maximum preservative 
temperature of 220 degrees Fahrenheit. 
Since water is evaporated during the boil- 
ing period, the wood temperature is usu- 
ally considerably lower than the tempera- 
ture of the heating medium. This process 
also is applied in the conditioning of other 
species in the green condition and has the 
advantage that it removes water from 
green material under mild temperature 
conditions. 

Air seasoning is, of course, the most 
widely used method of conditioning wood 
preparatory to treatment. 


TREATING TEMPERATURES 


Both laboratory experiments and sub- 
sequent studies made under commercial 
treating conditions have shown that 
treating temperatures of 190 degrees to 
200 degrees Fahrenheit are much more 
effective in obtaining good penetrations 
than lower temperatures. This applies 
when either preservative oils or water 
solutions are used. Temperatures a little 
higher than 200 degrees Fahrenheit often 
can be used to advantage for some species, 
such as the southern pines. © 


PRESERVATIVE PRESSURES 


Preservative pressures should be kept 
low enough to prevent objectionable 
checking and collapse. Some species, as 
for example southern yellow pine and 
some of the hardwoods, can withstand 
treating pressures considerably higher 
than many other woods. Whenever ob- 
jectionable checking or collapse occurs as 
a result of the temperature and pressure 
conditions employed, the preservative 
temperature should be maintained in the 
range of 190 degrees to 200 degrees 
Fahrenheit, and the treating pressure 
should be lowered as may be needed to 
prevent unnecessary checking or collapse. 


SPECIFICATIONS 


The American Wood Preservers Asso- 
ciation for many years has had specifica- 
tions covering the pressure treatment of 
southern yellow pine and coast Douglas 
fir poles, and these specifications have 
been revised at various times. In recent 
years this association has prepared speci- 
fications for the pressure treatment of 
western red cedar, lodgepole pine, jack 
pine, and red pine poles. 
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TREATMENT OF SPECIES LISTED IN THE 
VARIOUS GROUPS 


The recommendations made in the sub- 
sequent discussion are based on experi- 
ments made by the Forest Products Labo- 
ratory in a study of the treatment of the 
species named. 


Species in Group I. Atlantic white 
cedar has a sapwood depth about the same 
as that of western red cedar (about one 
half to one inch for most timbers) and can 
be treated under the same conditions as 
specified for western red cedar (American 
Wood Preservers Association). 

The spruces are resistant to penetration 
in both the sapwood and heartwood, and 
it is also difficult to distinguish the sap- 
wood from the heartwood. Sapwood of 
the freshly cut timbers usually has a 
high moisture content in the range of 140 
to 165 per cent or over. In order to 
avoid objectionable checking and col- 
lapse in the spruce species, it is de- 
sirable to limit the preservative pressure 
to about 150 pounds per square inch when 
the Rueping process is used and to about 
120 to 130 pounds per square inch when 
the Lowry, or full cell treatment, is ap- 
plied.’ 


Species in Group II. The sapwood 
of ponderosa pine usually ranges from 
about two to three inches in thickness, 
and the sapwood moisture content of the 
freshly cut wood is relatively high, aver- 
aging about 150 per cent. This is one of 
the few softwood species that are com- 
paratively easy to treat in both the sap- 
wood and heartwood when air seasoned. 

The sapwood of the white pines com- 
monly ranges from about one to two 
inches and occasionally to three inches in 
thickness. 

In general, the treating conditions 
specified for the southern pines will be 
suitable for the pines listed in group IT. 


Species in Group III. Jack pine has 
a sapwood that commonly ranges from 
about 11/; to 2!/. inches in thickness, al- 
though poles grown in some regions may 
have sapwood considerably less than one 
inch in thickness. Like lodgepole pine, 
this species is injured more easily by high 
pressures than some of the other pine 
species, and the maximum treating pres- 
sure should not exceed 150 pounds per 
square inch and in most cases should be 
somewhat lower. The treatment of poles 
of this wood is covered in the American 
Wood Preservers Association specifica- 
tion for the pressure treatment of jack 
pine poles. 

Red (Norway) pine has a fairly deep 
sapwood that ranges from about two to 
four inches in thickness. This species has 
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a high average moisture content of about 
135 per cent in the sapwood when the tim- 
ber is freshly cut. The treatment of poles 
of this species is covered in the American 
Wood Preservers Association specifica- 
tion for the pressure treatment of red pine 
poles. 

The white firs, like the spruces, are very 
resistant to treatment in both the sap- 
wood and heartwood, and the sapwood is 
not distinguishable from the heartwood. 
Treating conditions previously discussed 
for the spruce species also will apply for 
the true firs, such as white fir (Abies con- 
color). 


Species in Group IV. The sapwood 
of Douglas fir poles grown in the region 
between the Pacific Coast and the Cas- 
cade Mountains normally has a range in 
thickness of about °/s to 2!/; inches. In 
most cases it will average between 1.3 and 
1.4 inches. The moisture content of the 
sapwood in freshly cut timbers usually 
will average around 115 per cent. The 
treatment of the coast-type Douglas fir 
poles is covered in the American Wood 
Preservers Association specification for 
the pressure treatment of coast Douglas 
fir poles. 

The mountain-type Douglas fir has a 
thinner sapwood than the coast type and 
is usually about one inch or less in thick- 
ness. The so-called Inland Empire or in- 
termediate type that grows between the 
coast and the Rocky Mountain region 
has a sapwood thickness ranging from 
about one to two inches. 

While the heartwood of the timber that 
grows in the Rocky Mountain region is 
far more resistant to treatment than the 
heartwood of the timber grown in the 
coast region, the sapwood of the mountain 
type can be treated satisfactorily by the 
pressure process. Although the mountain 
type wood has a lower mechanical 
strength than the coast wood, the timber 
grown in the mountain region will with- 
stand a somewhat higher treating pressure 
without showing a marked increase in 
checking and collapse. Treating pressures 
as high as 140 to 150 pounds per square 
inch generally can be used for the Rocky 
Mountain wood, while it is usually desir- 
able to use pressures 25 to 30 pounds 
lower for the coast material. 

The sapwood of eastern hemlock is 
difficult to distinguish from the heart- 
wood and, like the heartwood, is relatively 
resistant to treatment. The: average 
moisture content of the sapwood of the 
eastern species is in the neighborhood of 
120 per cent in freshly cut wood. Poles 
of this species should be air seasoned for 
treatment. 

The sapwood of western hemlock is 
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sometimes lighter in color than the heart- 
wood and is usually not much over an inch 
in thickness, The average moisture con- 
tent of the sapwood of the western species 
is considerably higher than that of the 
eastern species and averages around 170 
per cent. Both hemlock species can be 
treated using pressures up to about 150 to 
160 pounds per square inch. 

The sapwood of both eastern and west- 
ern larch is usually less than one inch in 
thickness; hence the sapwood thickness 
of these woods is similar to that of the 
cedars, Rocky Mountain Douglas fir, and 
western hemlock. The average moisture 
content of the sapwood of freshly cut 
western larch is in the neighborhood of 
125 per cent. 

Treating pressures as high as 175 
pounds have been used in treating larch 
timbers. This species usually can with- 
stand somewhat higher treating pressures 
than most of the softwoods grown in the 
western states. 

The purpose of the foregoing outline 
discussing treating conditions and specifi- 
cations is to point out some of the more 
important variables that should be con- 
sidered in the preparation of specifica- 
tions for pressure treatment. It should 
be borne in mind that if the best results 
are to be obtained, the treating condi- 
tions should be adjusted to meet the struc- 
tural variability of the different woods. 


Crossarms 


The suitability of a given species for 
crossarms will depend largely on the 
strength properties and freedom from 
such defects as cross grain and knots. 

Up to the present time, southern yellow 
pine and coast Douglas fir have been con- 
sidered the standard woods for crossarm 
material. The southern pines usually 
have a larger proportion of sapwood, and 
since the crossarms of this species are 
used in large quantities in the South 
where service conditions are more severe, 
it is customary to pressure-treat them. 
The absorptions commonly specified 
range from around 8 to 12 pounds of creo- 
sote per cubic foot. 

Coast Douglas fir crossarms generally 
are used without treatment because they 
normally have little sapwood and are used 
more widely in the northern and western 
states where decay conditions are less 
severe than in the southern states. 

Conditions under which crossarms are 
used are generally less favorable to decay 
thanwhere wood is in contact with the soil. 
For this reason the heavier absorptions 
used for timbers exposed to the more 
severe service conditions are not so im- 
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portant for crossarms. The shortage of 
southern yellow pine and Douglas fir arms 
that, as in the case of poles, has developed 
as a result of the war, has made it neces- 
sary to consider substitute species. 

In the pole species listed under groups I 
to IV, the conifers that seem most prom- 
ising for crossarm material include west- 
ern larch, mountain or intermediate-type 
Douglas fir, western hemlock, and red 
pine. 


Treatment of Crossarms 


Species that have a considerable pro- 
portion of sapwood or that do not have 
good durability in the heartwood should 
be treated if good service life is to be ob- 
tained. Woods of this kind include west- 
ern hemlock and the various pine species. 

Crossarms made from western larch or 
the Rocky Mountain and intermediate- 
type Douglas fir would have little sap- 
wood because of the thin sapwood in trees 
of these species. The heartwood of these 
woods is similar to the coast-type Douglas 
fir heartwood from the standpoint of 
natural durability. When heartwood 
crossarms are pressure-treated, it is prob- 
able that it would be difficult to keep the 
net retentions much below five to six 
pounds per cubic foot because of the large 
amount of surface area in proportion to 
the volume. Pressure treatment, how- 
ever, should give deeper penetrations in 
heartwood material, and when there is a 
considerable amount of sapwood it should 
require somewhat lower net retentions 
than when the open-tank treatment is 
used. 

One of the larger pole using companies 
has now revised its crossarm specifica- 
tions to include open-tank-treated red 
pine, jack pine, lodgepole pine, and the in- 
land or intermediate Douglas fir. Jack 
pine and lodgepole pine are somewhat 
lower in strength properties than the 
other species named, but it is assumed 
that they will provide suitable crossarms 
for the lighter service conditions. This 
company has treated several thousand 
arms of these woods using a hot bath of 
coal tar creosote and a cold bath of five 
per cent pentachlorophenol in an aromatic 
petroleum oil. These treated arms have 
been installed in service, and an examina- 
tion of their condition is to be made at 
various periods. 

Although the use of the pentachloro- 
phenol solutions is still in the experimen- 
tal stage, it would seem that an open-tank 
treatment, such as that mentioned, should 
give good results. The open-tank treat- 
ment of crossarms appears to be the most 
suitable substitute treatment where pres- 
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Synopsis: Spectacular advances in airplane 
design during the past decade have created 
an increasing demand for additional testing 
facilities with which to obtain those data 
essential to successful design. To answer 
partially this demand and to facilitate more 
basic aerodynamic research on the subject of 
compressibility effects experienced in high 
speed flight, several new wind tunnels were 
constructed during this same period. These 
tunnels vary widely in size and in require- 
ments for air density and air speed in the 
tunnel working section. Correspondingly, 
the horsepower output requirements for 
their main fan drive motors vary widely. 
But in all cases close speed regulation at 
preselected speed values over a wide range 
is essential to good test results. Most 
modern tunnels also incorporate suitable 
electric equipment for the operation of 
powered models and for the calibration of 
motors used in these models. This paper 
describes the Cornell variable density wind 
tunnel from the viewpoint of electrical engi- 
neers and discusses principles governing the 
selection of electric equipment for wind 
tunnels, 


HE WIND TUNNEL with details 

as shown by Figure 1 is the variable 
density high speed tunnel recently con- 
structed by the Curtiss-Wright Corpora- 
tion Research Laboratory (now Cornell 
Aeronautical Laboratory), Buffalo, N. Y. 
This project was initiated by Doctor 
Norton B. Moore, then of the Curtiss- 
Wright Corporation, and construction 
was started under his direction in 1942. 
The basic design of the tunnel was pre- 


sure treatment with creosote or with 
solutions of creosote and pentachloro- 
phenol is not feasible or does not seem 
necessary for the conditions of service to 
which the crossarms are exposed. 
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pared by members of the staff of the Cali- 
fornia Institute of Technology under the 
supervision of Doctor Clark B. Millikan. 
This group also acted as consultants dur- 
ing construction of the new facility. The 
design was financed jointly by the Curtiss- 
Wright Corporation and by a group of 
four Southern California aircraft com- 
panies which finances and owns a basi- 
cally similar facility, known as the co- 
operative wind tunnel, in Pasadena, 
Calif. 

The tunnel consists of a reinforced steel 
duct of circular cross section, housed in a 
brick-faced frame building, which adjoins 
a laboratory and power plant building. 
The principal dimensions of the duct, 
which is built of steel plate approxi- 
mately seven-eighth inch thickness, are 
shown in Figure 2. The duct forms a 
closed circuit through which air is cir- 
culated by the fan system indicated as A 
in Figure 1. With the outlet door of the 
tunnel closed the static pressure of the air 
in the tunnel may be varied between one- 
fourth atmosphere and four atmospheres, 
and then the air may be caused to circu- 
late in this condition. Vanes built into 
each corner to guide the air flow are shown 
in Figure 2. Cooling of the air is accom- 
plished by a bank of finned coil radiators 
mounted on the downstream side of the 
turning vanes in one corner of the tunnel. 
This is shown at B in Figure 1. Cooling 
water is pumped through these radiator 
coils and the heat is transferred to the 
atmosphere by means of the cooling tower 
shown at C in Figure 1. This cooling 
system is of adequate capacity to remove 
heat corresponding to the maximum con- 
tinuous power input to the fan system, 
while limiting the air temperature in- 
side the tunnel to 125 degrees Fahren- 
heit. 

The airplane model shown as D in 
Figure 1 is supported in the ‘“‘test sec- 
tion” of the tunnel within a sphere, which 
can be isolated from the rest of the tunnel 
duct by means of lock gates. This ar- 
rangement, unique to this tunnel and the 
similar one at the California Institute of 
Technology, Pasadena, allows pressure to 
be maintained in 90 per cent of the total 
tunnel volume, while the sphere is isolated 
decompressed, and the model serviced or 
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changed. Considerable effort was made 
in the design to speed up this process, 
thus reducing to a minimum the time 
during which the tunnel is out of serv- 
ace: 

In Figure 2, in the plan view of which 
the air flow is counterclockwise, the con- 
traction leading into the ‘working sec- 
tion”’ and the diffuser downstream of the 
working section are shown. The inside 
diameter of the duct at the beginning of 
the contraction is 31 feet 6 inches, the 
cross-sectional dimensions of the working 
or experimental area are 12 feet wide by 
81/2 feet high, and finally the inside 
diameter of the duct at the end of the dif- 
fusion area (ahead of the first corner down- 
stream of the working section) is 17 feet 
9inches. The airplane model is mounted 
on supports which, when the tunnel is 
operating, are integral with a basic metri- 
cal (force measuring) system, to which 
the forces and moments produced on the 
model by the air stream thus are trans- 
mitted. These forces and moments are 
transmitted hydraulically to a ‘‘control”’ 
room for indication and recording. For 
servicing or changing of a model, a trans- 
fer cart, the top of which forms the floor 
of the working section, is raised and car- 
ries with it the model supporting struts. 
Raising of the transfer cart floor disen- 
gages the support system from the metri- 
cal system and provides clearance for the 
transfer cart to be motored out of the 
tunnel on steel transfer rails. Interchange- 
able transfer carts make it possible to set 
up completely and ‘‘instrument’’ one 
model in the model preparation room 
while a second model is in the tunnel under 
test. 

The fan system, mentioned previously, 
is driven through a 30-foot hollow steel 
shaft by a 10,250-horsepower continuous 
rated 2-unit motor set. Speed adjustment 
of this drive over a range from 0 to 570 
rpm, with close regulation at preset 
values between 50 and 570 rpm, is ar- 
ranged for remote operation from the 
control room near the tunnel door. Power 
supply for the complete installation is 
taken from the 115,000-volt 3-phase 60- 
cycle lines and stepped down to 4,800 volts 
before it enters the power area building 
and is connected to the metal-clad switch- 
gear. Figure 13 shows the operators’ 
console for the Cornell variable density 
wind tunnel. 
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Figure 1. Cutaway view of Cornell Aeronau- 
tical Laboratory showing wind tunnel in- 
stallation 


A—Fan impeller 

B—Heat exchanger 

C—Cooling tower 

D—Aiirplane model in test section 
E—10,250-horsepower driving motor 
F—115,000-volt 60-cycle power supply 
G—Control room 

H—Dynamometer room 

—Adjustable frequency system 


For operation of powered models in the 
working section of the tunnel, an adjust- 
able frequency system with frequency ad- 
justment over a range from 60 to 450 
cycles per second is arranged for remote 
operation from the control room. Preci- 
sion metering of this variable frequency 
power supply is provided for indication 
and recording in the control room. The 
motors used in the powered models are 
calibrated on induction-type dynamom- 
eters capable of testing model motors up 
to speeds of 27,500 rpm, and up to maxi- 
mum horsepower ratings of 200. Addi- 
tional details of the electric equipment 
briefly mentioned in the foregoing will be 
given later in this paper. 


Aerodynamic Principles Determining 
Power Requirements of Tunnel 


Some knowledge of the aerodynamic 
principles influencing the design details 
of the tunnel is necessary for correct ap- 
plication of electric equipment on an in- 
stallation of this type, although it is the 
intention of this paper to dwell on the 
electrical phase of the subject. 

The primary object of all wind tunnels 
is to perform tests on scale models, which 
tests will produce data to assist the air- 
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plane designer in his design of new air- 
planes or in modifications of existing de- 
signs. For this purpose the wind tunnel is 
designed to measure accurately the reac- 
tions on the model at various altitudes 
and in an adjustable velocity uniform air 
flow. Various forms of tunnels have been 
designed! to produce effectively this ad- 
justable uniform air flow through an ex- 
perimental section in which the model is 
mounted, but the majority of recently de- 
signed tunnels built for testing in air 
velocities up to the speed of sound follow 
the general geometry of that shown in 
Figure 2. Force and moment reactions 
on the airplane model (and the coefficients 
derived from these) correspond to similar 
information on the full-size airplane, only 
if the model is geometrically similar to the 
full-scale design and also only if the model 
test is made at a Reynolds number equal 


to that expected on the full-size airplane 


in flight. Remembering that Reynolds 
number 
VI 
R=— (1) 
Me 
in which 


V =relative velocity between body and fluid 
l=a characteristic dimension of the body 
p=mass per unit volume of the fluid 
u=coefficient of viscosity of the fluid 


it can be seen that for testing in an atmos- 
pheric pressure tunnel, the Reynolds 
number for flight conditions can be 
equalled only by using a full-scale model, 
or alternatively testing a fractional scale 
model at higher velocities than flight 


Figure 2. Outline of wind tunnel structure 
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conditions. In the case of airplane test- 
ing, velocities above that of flight condi- 
tions may introduce other more serious 
errors because of the compressibility of 
the air and, consequently, the testing of a 
full-size model is dictated. Some wind 
tunnels for full-scale testing are in opera- 
tion, but their initial costs and the power 
required for their operation are so high 
that, to date, they have been installed 
only by centralized government agencies. 
The majority of wind tunnel testing is 
done on fractional scale models at re- 
duced Reynolds number values;  full- 
scale conditions are extrapolated from 
these data. 

Inspection of equation 1 indicates that 
change of density causes a corresponding 
change in the Reynolds number. The 
density is proportional to the air pres- 
sure, and the viscosity is approximately 
independent of pressure, so that Rey- 
nolds number may be changed approxi- 
mately proportional to the pressure. A 
wind tunnel taking advantage of this 
feature was first built and operated by the 
National Advisory Committee for Aero- 
nautics at Langley Field, when a rela- 
tively small tunnel operating with com- 
pressed air at 20 atmospheres pressure 
was put into operation in 1927. This 
feature also was incorporated in the 
design of the tunnels recently built by 
the Curtiss-Wright Corporation (now 
the Cornell Aeronautical Laboratory), 
the California Institute of Technology, 
and by the National Advisory Com- 
mittee for Aeronautics at Ames Aero- 
nautical Laboratory, Moffett Field, 
Calif. 

Consider now the power requirements 
for wind tunnels: Corresponding to a 
specific air velocity through the work- 
ing section (throat) of the tunnel, the 
kinetic energy of the air stream passing 
through the throat is given by the equa- 
tion: 


KE=1/29,V,?A, (2) 
Where 


Po = mass density of air in the throat 
V, =rated air velocity at throat 
Ag =cross-sectional area of throat 


Assuming approximately uniform veloc- 
ity distribution throughout, the summa- 
tion of energy loss in the various portions 
of the tunnel duct may be expressed in 
the form 


energy losses=K,g1/2p, A, Vo? (3) 


where K, is the basic loss coefficient. 
With rated velocity conditions, this 
is the energy which must be supplied 
by the fan and, taking into account 
fan efficiency nf, the fan shaft 
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Figure 3. Speed-torque characteristics of 
12,000-horsepower 570-rpm fan load 


Values of secondary resistance required 

with a single speed slip ring motor for 

2:1, 3:1, and 6:1 speed reduction also 
are shown 


power input is given by the equation 


_ Kol/2p04o Vee 


Pe nf X550 “ 


From equation 4 it can be seen that for 
a fixed throat cross section, the horse- 
power delivered from the main fan drive 
will be 


_ Koo V3 
nf 


in which 


hp (5) 


_KoXAo 
~ 2550 


and from which will be found an explana- 
tion for reducing tunnel static pressure 
(and therefore p,) sufficiently to increase 
materially the air velocity in the throat 
without increasing the power input. For 
example, assuming that fan efficiency is 
maintained (by pitch change) a reduction 
from one atmosphere to one-fourth atmos- 
phere in static pressure allows a velocity 
increase of approximately 58 per cent 
without increasing the horsepower input 
to the fan. 
velocity performance on models, without 
increasing fan input horsepower, prompted 
designers to provide for static pressure 
reduction in several modern wind tunnels. 
This equation also indicates that an in- 
crease in air pressure (and corresponding 
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increase of Reynolds number) calls for a 
corresponding increase of fan shaft horse- 
power or, alternatively, air velocity at the. 
throat will be reduced if horsepower in- 
put to the fan is held constant. For ex- 
ample, by equation 4, if the density is 
increased from atmospheric to that at 
four atmospheres pressure, the velocity 
at the throat will be reduced to approxi- 
mately 63 percent of that at atmos- 
pheric pressure, if horsepower input is 
held constant. 

Summarizing, the change of static pres- 
sure above and below atmospheric pres- 
sure has provided a means of increasing 
the Reynolds number and the air velocity, 
respectively, without requiring a propor- ) 
tionate increase of model size or fan horse- 
power input. 


Selection of Main Drive 


Wind tunnel power plants can and do 
take many forms, depending upon the 
type of tunnel to be powered, and the 
purchaser’s preference. In this particu- 
lar instance we are considering electric 
drive, and as the tunnel is of the two di- 
mension or variable density type, with 
single rotation, the propeller drive unit 
will be mounted outside the tunnel 
proper—a construction detail which simp- 
lifies greatly the problem of the motor 
design. Also, power requirements are 
quite moderate, therefore permitting 
the use of any of the various types of 
drives. 

The slip ring induction motor is perhaps 
the least expensive variable speed electric 
motor unit. This machine, with resist- 


‘ance in the secondary winding, has series 


characteristics, the speed being a func- 
tion of secondary resistance and shaft 
torque. 

The conventional propeller system has 
a torque characteristic which varies as the 
square of the speed for ‘any established 
blade angle and air density. At rated 
speed, torque is, of course, 100 per cent, 
while at half speed it is 25 per cent. 
Usually the minimum requirement for 
speed range is 6 to 1, with the torque re- 
quirement at one-sixth speed equal to 
approximately three per cent. This is, of 
course, far outside the practicable operat- 
ing range of a single speed slip ring motor. 
As a matter of fact, it taxes the perform- 
ance of a two speed or pole changing 
motor with a two to one synchronous 
speed, and a horsepower range of the 
order of 8 to 1. 

Such two speed drives have a point of 
discontinuity at the speed change point. 
They also require two slip regulators. 
With induction motors the speed varies 
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with change of applied voltage for a par- 
ticular setting of secondary resistance and 
the propeller torque varies with changes of 
the model attitude, or change of model 
size in the test section. Corresponding to 
a change in load torque the induction 
motor speed will change, and the amount 
of change varies widely according to the 
amount of resistance in the secondary cir- 
cuit. This type of motor inherently 
operates at low power factor, especially 
when lightly loaded. Because of these 
characteristics this combination of ma- 
chines has not found complete acceptance 
on the part of wind tunnel operators. 
Economics, of course, play a major role 
in any large program of this nature, and 
the consultants for the subject project 
wished to retain the economies of the in- 
duction motor drive for maximum power 
requirements, and supplement the single 
speed induction motor with some different 
type of speed control between minimum 
speed and half speed. 

One of the fundamental tunnel speci- 
fications was a 10 to 1 speed range which 


obviously could not be met through the 
use of the slip regulator, as will be evi- 
dent from the speed torque requirements 
of a 12,000-horsepower 570-rpm propeller 
system (Figure 3). The parabola, of 
course, is the propeller torque curve, 
while the straight lines are the speed 
torque curves of the induction motor with 
various secondary resistances, with resist- 
ance values in per cent. The angle of the 
intersection (a) decreases rapidly below 
50 per cent speed. The slip regulator, 
however, should function successfully 
between half speed and full speed. 

Various systems were studied, but it 
was found to be most economical, for the 
rating involved, and yet fully reliable, 
mechanically, to combine the two. basic 
adjustable speed drives, that is to combine 
an adjustable voltage (Ward Leonard) 
drive, with the slip ring motor and slip 


Figure 4. Schematic diagram of power cir- 
cuits of the fan drive of the Cornell Aeronau- 
tical Laboratory 


regulator to form a tandem drive. The 
adjustable voltage drive is operating 
alone over the range of 10 per cent to 45 
per cent speed, while between 45 per cent 
and 100 per cent speed, both drives share 
the load: the d-c equipment providing the 
vernier control, so to speak, and the in- 
duction motor with its slip regulator the 
coarse adjustment. 

The basic power requirement for the 
tunnel was set at 12,000 horsepower at 570 
rpm for 30 minutes, the use of adjustable 
pitch propellers permitting this specifica- 
tion to fit into any tunnel pressure or air 
density. The power requirements of the 
conventional propeller vary as the cube of 
the speed. Thus, at half speed, or 285 
rpm, the torque is reduced to 25 per cent 
rated, and the horsepower to 12.5 per cent 
or 1,500 horsepower. 

The d-c part of the drive, as noted pre- 
viously, provides the entire power to the 
propeller up to 45 per cent of rated speed, 
or 260 rpm. The motor rating of 1,250 
horsepower (continuous) is more than 
ample to meet this requirement. Speeds 
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higher than 260 rpm are provided by 
motor field weakening, at constant genera- 
tor voltage; that is, constant horsepower 
(1,250 horsepower) is available throughout 
the range 260-570 rpm. 

Power to this d-c motor is derived from 
a 1,000-kw motor generator set operating 
from the 4,800-volt 3-phase 60-cycle 
power supply. Generator voltage (Ward 
Leonard) control is used to obtain motor 
speed range 0-260 rpm. Obviously, the 
available horsepower then is reduced in 
proportion to generator voltage. The d-c 
motor and the motor generator are de- 
signed for continuous duty at their name- 
plate rating and are capable of carrying 
short-time loads of 200 per cent rating 
(that is 2,500 horsepower at full voltage). 

The induction motor was rated on a 
continuous basis of 9,000 horsepower at 
590 rpm and is capable of delivering 
11,250 horsepower for 30 minutes. The 
tandem unit has a total capacity of 
12,500 horsepower for 30 minutes, with 
ability to handle peak loads correspond- 
ing to a torque of 15,000 horsepower 
(torque) at 570 rpm. Figure 4 shows the 
general schematic diagram for this drive, 
the arrangement of the machines, and the 
power supply. Figure 5 shows the tandem 
drive unit installed. 


Speed and Load Control 


The d-c part of the drive serves as a 
means of controlling the speed and of 
maintaining it at the value preset by a 
master rheostat. The slip regulator is 
used for controlling the division of load 
between the d-c motor and the induction 
motor. A schematic diagram indicating 
the speed and load control system is 
shown in Figure 6. 
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Figure 5. Motor room of Cornell variable 
density wind tunnel 


In background is 4,800-volt metal-clad switch- 
gear and main drive control. In center is 
10,250-horsepower continuous rated tandem 
motor set and 1,000-kw motor-generator set. 
In foreground are adjustable frequency system 
machines and on left its control and control 
center for all motor room auxiliaries 


The drive is started from rest by gen- 
erator voltage control using the 1,250- 
horsepower d-c motor only; the induction 
motor remains disconnected from its 
power supply during this starting period. 
In this manner speeds up to 260 rpm are 
obtained. Above this speed the power 
requirements of the fan exceed the rating 
of the d-c machines, and the induction 
motor is connected automatically to the 
line with the slip regulator in its ‘‘all 
resistance in’ position. The “load con- 
trol” responsive to the direct current in 
the armature circuit of the 1,250-horse- 
power motor causes the slip regulator to 
change the secondary resistance of the 
induction motor until the latter assumes 
load such that the a-c motor and the d-c 
motor each are loaded to approximately 
the same percentage of their rated ca- 
pacity. 

The load proportioning is effected by 
use of an amplidyne regulator. Stated 
briefly, it operates in the following 
manner: A voltage proportional to the d-c 
motor armature current is compared with 
a voltage which varies inversely as the 
height of the slip regulator electrodes. 
The difference of these two voltage sig- 
nals is applied to the field of an ampli- 
dyne generator. The armature of this 
amplidyne is connected to the armature 
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of a separately excited shunt wound d-c 
motor driving the slip regulator electrodes 
up or down. This increases or decreases, 


respectively, the secondary resistance of. 


the induction motor causing it to trans- 
fer load to or from the d-c motor until 
the two signal voltages are equalized, and 
the electrode motor stops. 

The speed of the drive is maintained by 
means of an electronic-amplidyne regula- 
tor as follows: The drive is equipped with 
a permanent (Alnico) field tachometer 
generator. Its voltage is compared with 
a potentiometer connected across a regu- 
lated 125-volt d-c reference source. The 
position of this potentiometer determines 
the speed at which the drive operates. 

The difference between the voltages of 
the tachometer generator, on the one 
hand, and the potentiometer, on the 
other hand, is applied to the grid of an 
electronic tube. Thus amplified, this 
voltage then is applied to the regulating 
field of an amplidyne exciter. The latter 
controls the voltage of the 1,000-kw d-c 
generator, and regulates speed to preset 
values throughout the speed range. Thus, 
if the tachometer voltage is lower than it 
should be, the drive is speeded up until 
the proper speed level is reached. 

An amplidyne exciter also supplies the 
field of the 1,250-horsepower d-c motor. 
The field current of this motor is held con- 
stant for speeds between 0 and 260 rpm 
and is preset at lower values (by the mas- 
ter rheostat) for speeds between 260 and 
570 rpm. 


Power Factor Control 


As will be appreciated readily, a large 
induction motor operating at light load 
would have a very poor power factor, 
drawing in this instance about 2,200 reac- 
tive kva. To bring this power factor up 
to 95 per cent minimum (lagging) for all 
conditions of operation, the synchronous 
motor on the motor generator set has a 
rated output at 50 per cent power factor, 
leading, and a power factor regulator was 
added to the control. Thus, when the in- 
duction motor is connected, the power 
factor regulator automatically comes into 
play, the leading kilovolt-amperes of the 
synchronous set counteracting the lagging 
kilovolt-amperes of the induction ma- 
chine. 


This regulator is responsive to the 
power factor in the incoming 4,800-volt 
feeder supplying both the 9,000-horse- 
power motor and the 1,000-kw set and 
controls the excitation of the 1,450-horse- 
power synchronous motor to maintain 
this power factor at the high value men- 
tioned. Figure 6 shows schematically the 
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elements of this system and indicates that 
the 1,450-horsepower synchronous motor 
field actually was supplied by a conven- 
tional d-c exciter. This in turn is excited 
separately by an amplidyne exciter, the 
field of which is controlled by the power 
factor regulator. 


Main Power Supply 


The availability of an adequate power 
supply is an important consideration in 
determining the location of an installation 
of this type. 

The power system must be selected to 
handle high intermittent loads corre- 
sponding to full power running of the tun- 
nel, although total energy consumption is 
comparatively small. For example, the 
Cornell tunnel will have 20-minute peaks 
of approximately 10,000 kva which will 
occur when running the tunnel at top air 
speed. Such tests would consume per- 


haps ten per cent of the running time of 


the tunnel, while the majority of tunnel 
tests will have power demands of less 
than half this value. It will be remem- 
bered that the power required varies as 
the cube of the air speed; for example, a 
half speed test in the tunnel requires only 
one eighth the power of a full speed run. 


An adequate power supply for the 
Cornell tunnel is provided by a short over- 
head stub feeder from the 115-kv 3-phase 
60-cycle transmission line of the Niagara 
Lockport and Ontario Power Company. 
The laboratory end of the feeder line is 
terminated on an outdoor substation 
structure. This structure mounts 115-kv 
manually-operated disconnect switches, 
thyrite lightning arresters, and boric acid 
fuses, connected ahead of the trans- 
former as shown by the schematic diagram 
in Figure 4. The transformer is a 3-phase 
oil-immersed unit rated 7,500-kva self- 
cooled, or 10,000-kva forced ventilated. 
It steps down the voltage from 115 kv to 
4,800 volts. The ventilating fans are 
started automatically as a function of 
transformer temperature or whenever the 
tunnel fan drive is run above a predeter- 
mined speed. 

The secondary winding of the trans- 
former is throat connected through the 
wall of the wind tunnel motor room, at 
first floor ceiling height. After passing 
through a secondary metering room the 
4,800-volt copper tube bus connection is 
carried up through the first floor ceiling 
directly into an incoming feeder unit of a 
metal-clad switchgear line-up. Figure 4 
shows, diagramatically, the electrical 
layout of the 4,800-volt switchgear, the 
air circuit breaker ratings, and the pro- 
vision for future extension of the system. 
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Figure 6. Elementary diagram showing speed- 
load, and power factor regulating features, in- 
corporated in control of fan drive 


Powered Model Testing 


It has been pointed out how the force 
acting on a model airplane may be meas- 
ured in the test section of the wind tunnel. 
The lift and drag, of course, are deter- 
mined readily, but the behavior of the air- 
plane under the resultant forces imposed 
by its power plant have not been deter- 
mined. These forces may be provided by 
building a power plant in the model air- 
plane. An electric motor is used in place 
of the gasoline engine. The model, of 
course, will be an exact scale model. If 
this model is one tenth the size of full-scale 
model, the propeller will be one-tenth the 
diameter of the actual propeller. Its 
speed, therefore, must be ten times the 
speed in order to maintain the model 
propeller tip speed at the same value as 
that of the full-scale propeller. If the 


rated speed of the actual propeller is 900 
rpm, the model must run at 9,000 rpm, 
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and power requirements are reduced in- 
versely as the square of the scale. 

The high frequency motors used for this 
purpose are quite special. Space limita- 
tions are usually quite severe. Consider, 
for instance, the one-tenth scale model. 
If the nacelle frontal diameter is 40 inches, 
the model can be but four inches. If the 
output of the full-scale engine is 1,800 
horsepower, the model must be 18 horse- 
power. It is then no mean task to build 
an 18-horsepower motor with a diameter 
of four inches. Motors of this type are 
water-cooled; that is, the frame includes a 
water jacket. Air cooling is not practi- 
cable because the discharge of air pro- 
duces a jet effect, and this would affect 
the accuracy of the results. 

Model motors are almost without ex- 
ception tailor-made. Speeds as high as 
80,000 rpm at 0.1-horsepower 1°/,-inch 
diameter have been provided, and horse- 
powers as high as 3,000 at 2,400 rpm at 
the other extreme with a diameter of 29 
inches. Figure 7 shows some of these 
machines. A motor of 300 horsepower at 
20,000 rpm also has been built, in the 
type of construction shown. Figure 8 


Figure 7. Water-cooled induction motors for 
use in airplane powered models 


A. 1,000 horsepower, 2,200 rpm, 28 inches 
in diameter by 39 inches long 


B. 200 horsepower, 5,000 rpm, 10 inches in 
diameter by 21 inches long 


C. 250 horsepower, 10,800 rpm, 9 inches 
in diameter by 19 inches long 
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shows a counterrotation unit. This unit 
consists of two motors built in tandem; 
one has a hollow shaft. This is provided 
for counterrotation propeller studies. 


Figure 8. Contraturning water-cooled induc- 
tion motor for airplane powered model 


Hollow shaft unit (front) and solid shaft unit 
(rear) each are rated 75 horsepower at 3,000 
rpm. Over-all diameter of motor is ten inches 


Such speeds require a power supply at 
high frequency. These frequencies may 
be obtained with alternators, or frequency 
converters. Reference to Figure 9 will 
show, at the top, a 5-unit set driven by a 
400-horsepower 1,200-rpm synchronous 
motor, operating from the 440-volt 60- 
cycle supply. The alternators A and B, 
each rated 156 kva, 440 volt, 60 cycle, 
furnish power to frequency converters A 
and B, respectively. The d-c generators 
A and B, each rated 100 kw, 250 volt, 
supply power to 140 horsepower 960/- 
1950-rpm d-c motors driving, respectively, 
these converters A and B. By varying the 
voltage of generators A and B, the speed 
of the converters A and B is adjusted. 
In this manner, the converters, receiving 
electric power at 60 cycles at their collec- 
tor rings, change it to 60/450 cycles at 
their stator output. This output is used 
to operate the model motors at the re- 
quired high speed. The voltage of this out- 
put is regulated by controlling the field 
of the corresponding alternator A or B. 

With two independent frequency con- 
verters available, it is possible to operate 
them either in parallel, or separately, at 
different frequencies. This arrangement 
also readily permits studies in counter- 
rotation of model motors and propellers. 
Counterrotation, as is well known, per- 
mits the use of smaller propellers, that is 
propellers with less sweep, and the torque 
on the airplane balances out. Although, 
in practice, contrarotating propellers 
have been driven, through gears, by a 
single power plant, the two independently 
adjustable power supplies described in the 
foregoing permit the study of counter- 
rotation at various ratios between the two 
propeller speeds. The two independent 
power supplies also make it possible to 
perform a test in the tunnel at the same 
time as calibrating a second model motor 
in the dynamometer room. 


The capacity of the adjustable fre- 
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quency system is required to be adequate 
for operation of all powered models 
which may be tested in the tunnel. In 
selecting the specified capacity for each 
independent half of this system, the tun- 
nel designers took into consideration the 
type and scale of airplane models to be 
tested. As will be appreciated from 
earlier discussion of powered models, the 
horsepower capacity of the model motor 
goes up but the frequency of its supply 
must come down, as the scale of the model 
is reduced. Also affecting the capacity of 
the adjustable frequency system required 
at various frequencies is the fact that both 
single propeller and multipropeller models 
will be tested. To satisfy these require- 
ments the designers specified that each 
frequency changer should deliver 125 kw 
at 150 cycles and 50 kw at 450 cycles. 
The induction frequency converter de- 
signed to meet the first requirement has 
a capacity of 375 kw at 450 cycles. While 
each converter is inherently oversize at 
the high frequency, the driving motor of 
each frequency changer set can be se- 
lected to meet more exactly the require- 
ments without excess capacity. The d-c 
driving motor of each frequency changer 
set is rated 140/75 horsepower 950/1,950 
rpm at 250 volts. It is started from rest 
by generator voltage control, and oper- 
ated in this manner up to 950 rpm. The 
frequency output of the converter which 
it drives varies correspondingly from 60 
cycles to 250 cycles. Above this point the 
generator voltage is maintained at 250 
volts, while the d-c motor speed is in- 
creased to 1,950 rpm by weakening its 
field. Frequency of the converter output 
varies correspondingly from 250 to 450 
cycles. Under these conditions of opera- 
tion the d-c motor load increases from 
0 to 140 horsepower at 950 rpm, then de- 
creases gradually from this speed to 75 
horsepower at 1,950 rpm. 


GENERATOR ALTERNATOR 
A A 


Figure 9. Schematic diagram 
of adjustable frequency supply 
system 
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As pointed out in the foregoing, large 
model motors are required to operate at 
low frequency, and in order to keep the 
motor leads as small (and therefore as _ 
flexible) as possible it is normal to design 
the windings of these motors for a higher 
voltage per cycle than the higher speed 
smaller motors. On the other end of the 
range extremely high-speed small motors 
operating at, perhaps, 450 cycles, require 
a winding designed for low voltage per 
cycle in order to avoid excessively high 
voltages and mechanically fragile wire. 
Although national standards are not 
established, normal practice is to design 
model motor windings for operation at one 
of the following values of volts per cycle: 
0.625, 1.25, or 3.75. This accepted prac- 
tice imposes a further requirement, of 
wide voltage range, on the adjustable 
frequency power supply. To satisfy this 
requirement each frequency converter is 
arranged for reconnecting the stator wind- 
ing to operate either as a single circuit 
delta or double circuit delta machine. 

This power supply equipment is 
unique in that electronic control is used on 
the generator field, motor field, and the 
converter exciter (alternator) field, Such 
control is new, of course, only in this par- 
ticular field, it having been applied suc- 
cessfully on wind tunnel main drives where 
very special characteristics were desired. 
It also has been used on many other 
industrial drives. This type of control 
saves space and lends itself readily to the 
extreme flexibility needed for a laboratory 
tool of this type. 

A unique feature incorporated in this 
installation, and made possible by the 
electronic control, is a volts-per-cycle 
regulator of the converter output. 
This is of extreme value in the opera- 
tion of model motors because of the 
need to operate nearer to the flux 
saturation point in this design of motor 
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than in more conventionally designed in- 
duction motors. 


Model Motor Calibration 


When testing a powered model in a 
wind tunnel it is, for aerodynamic rea- 
sons, necessary to control accurately the 
power delivered to the model propellers, 
according to the lifting force on the air- 
plane model, as indicated by the wind 
tunnel balance system. The power input 
to the propellers may be determined either 
by direct torque and speed readings or by 
deduction from the electric power input 
to the model motors. The Cornell in- 
stallation is equipped to use the latter 
method. In this method it is first neces- 
sary to calibrate the model motors for 
mechanical power output versus electric 
power input over the full range of torque 
and speed through which the motors can 
operate safely. A cradled dynamometer 
to perform this calibration for a specific 
motor presents no new problems but the 
selection, design, and manufacture of 
dynamometer equipment which will cali- 
brate accurately all model motors to be 
used in one wind tunnel calls for many 
special features. 

The selection of adequate capacity, 
range, and flexibility in the dynamometer 
installation must depend largely on the 
aerodynamicists’ advice of what powered 
models can be tested in the tunnel, and 
his predictions of what will be tested. 
Based on such information, the design 
consultants for the Cornell tunnel de- 
fined an envelope of maximum horsepower 
and speed ratings of model motors to be 
calibrated on the dynamometer installa- 
tion. This envelope is shown in solid 
lines in Figure 8. Specifications for cali- 
brating equipment also required that, for 
any specific motor with maximum rating 
falling anywhere within the afore-men- 
tioned envelope, the motor maximum 
torque be indicated accurately to within 
plus or minus one-quarter percent. Fora 


model propeller driving motor the maxi- 
mum torque and maximum horsepower 
output will occur, of course, at maximum 
speed. For torque measurement below 
the maximum output it is desirable to 
indicate torque with an absolute error not 
greater than that corresponding to one- 
quarter per cent of the torque at maxi- 
mum output of the motor on test. 

It is also necessary to be able to cali- 
brate all motors over a wide range of speed 
and torque. In Figure 10, a point d repre- 
sents the maximum output of a motor for 
which calibration is required. The area 
d, é, f, g, indicates the full range of speeds 
and torques for which calibration of this 
motor is required. 

Consideration of a few points in the 
envelope shown in Figure 10 gives a 
better conception of the total range of 
torques for which calibration equipment 
must indicate accurately. Consider the 
200-horsepower 3,500-rpm model motor 
represented by point a. Its torque at 
maximum output is approximately 300 
foot-pounds and it should be calibrated 
down to 30 foot-pounds torque. Then 
the 35-horsepower 16,000-rpm model mo- 


Figure 11. Water- 
cooled model motor 
being calibrated on a 
35-horsepower 15,- 
000/27,500-rpm _in- 
duction-type dyna- 
mometer 
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tor is represented by point b. Its torque 
at maximum output is approximately 11.5 
foot-pounds and it should be calibrated 
down to 1.15 foot-pounds torque. Fi- 
nally the 2-horsepower 27,500-rpm motor 
is represented by point c. Its torque at 
this maximum rating is approximately 
0.38 foot-pounds and it should be cali- 
brated down to 0.038 foot-pound torque. 


It is desirable to calibrate completely a 
model motor, throughout its speed and 
torque range, on a single dynamometer 
or, at most, on two dynamometers. On 
the other hand, therequirement of high ac- 
curacy over such a wide range of torques 
and speeds makes it desirable, from 
a design standpoint, to use several dyna- 
mometers to cover the range. In selec- 
tion of machines to cover these require- 
ments, consideration was given first to 
eddy current inductor-type dynamom- 
eters. In this design, mechanical power 
input to the dynamometer is converted 
into eddy current losses within the ma- 
chine. These losses are removed from the 
machine by cooling water conducted to 
and from the cradled machine by flexible 
hoses. It is obvious that this type of ma- 
chine can absorb only mechanical power 
and that the minimum torque which it 
can measure is that required to overcome 
friction and windage losses within the 
dynamometer. Although machines of 
this type are suitable for model motor 
testing from the standpoint of speed and 
required capacity, friction and windage 
are higher than desirable from the view- 
point of precision testing. Also, the 
necessity of cooling water hose connec- 
tions is a handicap to attaining the re- 
quired accuracy of torque measurement 
on this installation. 


On the basis of using three dynamom- 
eters to cover the complete envelope of 
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requirements, design studies indicated 
friction and windage losses to be in excess 
of the minimum torque values to be 
measured. Apart from any other con- 
siderations, this called for some means of 
supplying electric power to the stator of 
the dynamometer to compensate for the 
friction and windage losses. The sub- 
stitution of induction-type machines in 
conjunction with adjustable frequency 
absorption equipment satisfies these re- 
quirements. 

The induction-type dynamometer used 
consists of a squirrel cage induction motor 
with the stator cradled in oscillating trun- 
nion bearings. Connections to the stator 
windings are made through mercury cups 
in order to minimize inconsistent inter- 
ference which would reduce the precision 
of these instruments. These dynamom- 
eters act as induction generators, or in 
some cases (as explained later) as induc- 
tion motors, and heat to be removed 
represents no more of a problem than in 
conventionally designed induction motors 
of equivalent rating. Ventilation is pro- 
vided by constant speed blowers mounted 
on the cradled dynamometers, and con- 
nections are carried through mercury 
cups. 

Reference to Figure 10 shows, by the 
shaded areas, the manner in which three 
cradled induction dynamometers were 
selected to cover the envelope of horse- 
power speed requirements for this installa- 
tion. 

Dynamometer A has a 100-horsepower 
absorption rating over a speed range of 
3,500 rpm to 10,500 rpm. It is of solid 
shaft construction and when used, alone, 
will operate up to 16,000 rpm, at which 
speed the absorption capacity required is 
30 horsepower. It also may be operated 
with dynamometer B either in tandem or 
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for testing of contraturning model motor 
units. For either of the latter two me- 
chanical arrangements, top speed is 
limited to 13,000 rpm, at which speed 
dynamometer A has the required capacity 
of 55 horsepower. Dynamometer B has a 
100-horsepower absorption rating over a 
speed range of 3,500 rpm to 10,500 rpm. 
It is of hollow shaft construction, ar- 
ranged for use with dynamometer 4, 
either in tandem or for testing of contra- 
turning model motor units. Under either 
of these conditions it may be operated up 
to a maximum speed of 13,000 rpm, at 
which speed it has the required capacity 
of 55 horsepower. 


Figure 13. Operators’ console in control 
room of Cornell variable density wind tunnel 
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Dynamometer C has a 35-horsepower 
absorption rating at 15,000 rpm and is 
capable of operating up to 27,500 rpm, at 
which speed it has more than the required 
capacity of 10 horsepower. It is of solid 
shaft construction. Figure 11 shows this 
dynamometer installation. 

Reference to Figure 12 will show the 
manner in which the 100-horsepower dy- 
namometers are connected electrically to 
feed energy back to the 60-cycle system. 
D-c motors A’ and B’ each are rated 60 
kw (absorption), 250 volt, 1,800 rpm, and 
are driven by a 125-horsepower 440-volt 
60-cycle squirrel cage induction motor. 
Induction frequency converters A’ and B’ 
each are rated 70-kw absorption and each 
connected to a 75-horsepower (input) 250- 
volt 500/1,800-rpm d-c generator. Each 
of the dynamometers A and B are of 2- 
pole construction and their synchronous 
speed frequencies corresponding to a 
speed range of 1,125 to 16,000 rpm are 
between 18 and 267 cycles. The con- 
verters A’ and B’ are designed to receive 
power on the slip rings over this frequency 
and, by varying the speed of d-c genera- 
tors A’ and B’, deliver power from the 
stator to the 60-cycle system. The speed 
of generators A’B’ is changed between 
0 and 500 rpm by armature voltage 
control. Above this value, armature 
voltage is maintained at 250 volts and 
speed is increased to 1,775 rpm by field 
weakening. At this point frequency on 
the converter slip rings is 267 cycles 
corresponding to 60 cycles at the stator 
terminals. 

Consider the method of operating this 
system to calibrate test motor A on dyna- 
mometer A. The constant speed set, of 
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which motor A is a part, first is started by 
connecting the 125-horsepower a-c motor 
to the 440-volt 60-cycle line. Converter 
A’ with stator winding connected to the 
60-cycle line then is started from the d-c 
end in the same direction of rotation as its 
magnetic field. The speed of this set is 
raised by armature voltage control until 
the frequency on the slip rings of the con- 
verter is about five or ten cycles. At this 
point dynamometer A, with its model 
motor mechanically connected but elec- 
trically isolated, is connected electrically 
to frequency converter A’. The fre- 
quency applied to dynamometer A then is 
raised by first lowering the speed of the 
converter close to zero revolution per 
minute, then reversing it and raising the 
speed in the opposite direction. When 
the desired minimum test speed for the 
model motor is reached, its supply fre- 
quency will be matched, and the motor 
will be connected to its supply. Inciden- 
tally, this procedure for connecting the 
model motor to its supply also is followed 
for a model motor in the tunnel. In this 
case the model propeller with its motor is 
“windmilled” by the tunnel air stream, 
and the power supply must be matched 
to the motor speed before connecting it to 
the motor. In order to load the ‘‘test”’ 
motor, while its speed is held constant 
by its power supply, it is merely neces- 
sary to slightly lower the frequency at the 
terminals of dynamometer A. This is 
accomplished by vernier adjustment of 
the field of motor A. 

The 35-horsepower dynamometer is 
operated in a similar manner by connect- 
ing it to a suitable adjustable frequency 
source. 


Conclusion 


These are some of the problems to be 
considered in the application of electric 
equipment for an installation of this mag- 
nitude. There are, of course, many 
others. However, this indicates to some 
degree their nature and complexity. 
More than that, it demonstrates how im- 
portant is the correct selection of electric 
equipment. 

Other laboratory facilities will have 
comparable problems, but electrical en- 
gineers will find that all demand the 
same approach. A careful analysis must 
be made, a practical, thorough, and 
detailed study of the performance ex- 
pected by the scientists who are going to 
operate the new instrument. 
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F-3 Lead Alloy—An Improved 
Cable Sheathing 


L. F. HICKERNELL 


FELLOW AIEE 


PERATING EXPERIENCES have 

demonstrated that the attainment of 
good service reliability of most electric 
power cables has become substantially 
more a function of the characteristics of 
the sheath than of the insulation. Mod- 
ern underground installations of impreg- 
nated-paper-insulated, lead-covered power 
cable include 


1. Solid-type cable with 
(2). Compound-filled joints without reser- 
voirs. 


(0). 


2. Oil-filled cable operated at 10- to 15- 
pound gauge pressure. 


Oil-filled joints with reservoirs. 


3. Gas-filled (or pressure) cable operated at 


(a). Low pressure (10- to 15-pound gauge). 
(b). Medium pressure (24- to 40-pound 
gauge). 

(c). High pressure (150- to 300-pound 


gatige). 


Aerial installations, in which the cable is 
suspended by rings to a messenger strung 
between poles, consist generally of the 
same basic cable designs. 

Depending upon the type of cable and 
installation, modern requirements for lead 
sheath include some or all of the following 
properties in addition to the time-honored 
criteria of strength, ductility, hardness, 
“cleanliness,” and concentricity : 


1. Resistance to slow bending fatigue re- 
sulting from movement in the manholes 
caused by expansion and contraction during 
daily load cycles. 


2. Resistance to creep (expansion) at low 
internal pressures (10- to 30-pound gauge). 


3. Resistance to burst caused by high in- 
ternal pressures developed at the bottom of 
slopes and vertical risers, in pressure-type 
cable systems, and in solid-type cable sys- 
tems having reservoirs of oil, connected to 
the joints. 


4, Resistance to abrasion caused by instal- 
lation and movement in ducts. 
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5. Resistance to vibration fatigue caused 
by traffic on any type of installation and 
by wind on aerial cable. 


6. Stability from age-hardening or self- 
annealing so that the foregoing properties 
are retained throughout the life of the cable 
and so that the cable can be withdrawn from 
ducts and reinstalled without cracking the 
sheath. 


7. Workability, which facilitates melting 
and extruding as sheath with sound welds 
and uniform composition. 


8. Corrosion resistance. 


Some commercial grades of lead have 
given satisfactory service in a great many 
installations, especially up to about 20 
years ago. The sheaths have become in- 
creasingly the limitation!—* on the service- 
ability of power cable with the advent of 
the following: 


1. Decrease in viscosity of impregnating 
compound. 


2. Use of oil reservoirs connected to joints. 
8. Improvement in thoroughness of insula- 
tion impregnation. 

4. Increase in maximum allowable tem- 
peratures for normal operation. 


5. Establishment of still higher tempera- 
tures for emergency operation. 


Item 5 was the last to occur, and its use 
has accentuated the need for an improved 
cable sheathing. 

Numerous lead alloys have been de- 
veloped to overcome these difficulties, but 
each, it seems, is lacking in one or more 
important property. 

Antimony alloy (0.75 to 1.0 per cent) 
has poor creep resistance® and undergoes 
change in properties with age,’ including 
loss in ductility. 

Tin alloy (two per cent) has relatively 
poor creep resistance’ and about the same 
or slightly better resistance to vibration 
fatigue than the best commercial grades of 
lead (refer to Figure 13). 

Cadmium-antimony and cadmium-tin 
alloys, known as BNF alloys, offer extru- 
sion difficulties, age-harden, and have 
poor creep resistance.® 

Calcium alloys (0.025 and 0.031 per 
cent) are difficult to extrude (very drossy) 
and undergo slow and serious age harden- 
ing, which has caused troubles to develop 
in a few years of service because of brittle- 
ness and early cracking in the manholes.°® 
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Tellurium alloy (0.05 to 0.10 per cent) 
tends to segregate in the welds during ex- 
trusion and, according to unpublished 
data, has poor creep resistance. 


An Improved Lead Alloy 


To satisfy the need for a lead alloy hav- 
ing the desired improved properties, the 
Anaconda organization instituted a re- 
search program to develop a suitable alloy. 
The best material developed in this pro- 
gram is known as F-8 lead alloy.!° It is 
composed of arsenical lead containing 
small amounts of tin and bismuth. This 
new material when suitably hardened by 
heat treatment also has physical properties 
which may meet the requirements set for 
medium-pressure gas-filled cable. The 
sheaths are characterized by their strong 
tough welds, outstanding resistance to 
bending fatigue, excellent creep resistance, 
and bursting strength. 


Chemical Composition 


The chemical composition used for the 
F-3 alloy pig metal is 


AP SeniICl (AS) cicleisicreiess.scvie ls Ciotejaithese wusss 0.15 per cent 
PEAETECCN2) ein) devel chalets wvaislotsleie.a,0 ecetoera 0.10 per cent 
BIS MCE CED) raver velc ele leve ete are eileers to 0.10 per cent 
Gop pern(Ci)inacdetie nie seein ee eisielsjecee Minimum 
Asitimony: (Sb) hesterie/t' ses <i> s1s.cls aissee Minimum 
WEAGUCED) sctsis ei cietetersieinate <(e1a\eheiecs iors 99 .65percent 


This alloy is extruded in conventional 
equipment with the same technique em- 
ployed in handling commercial grades of 
lead. It is a ‘‘clean” alloy not subject to 
excessive drossing associated with some 
other lead alloys. This feature results in 
strong welds and facilitates the making of 
wiped joints. Beginning early in 1945, a 
number of large orders of paper-lead cable 
with F-3 alloy sheath have been produced, 
shipped, and installed without difficulty. 


Bending Resistance 


The current carried by a power cable 
usually varies in a daily load cycle which 
causes a daily variation in temperature. 
This variation produces longitudinal ex- 
pansion and contraction of the cable which 
accumulates in the manholes where expan- 
sion loops are provided. The accompany- 
ing daily bending of the cable in the man- 
holes has, in some cases, broken the 
sheaths. Repairs have not proved very 
satisfactory, and in many cases replace- 
ment of lengths of perhaps 300 to 500 feet 
of cable has been necessary. For many 
installations, current-carrying capacityand 
life of the cable are determined more by 
the ability of the sheath to withstand such 
slow bending than by the ability of the in- 
sulation to withstand the voltage.*»® 
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Figure 1. Age hardening 


Room temperature 


Tests have been conducted on the bend- 
ing of various types of cable at room tem- 
perature and elevated sheath temperature. 
The results obtained on accelerated cyclic 
bending, 0.5-inch cable movement at each 
duct mouth, indicate that the life of F-3 
sheath is between three and four times the 
life of copper-bearing lead sheaths on the 
same kind of cable. 


Abrasion Resistance 


A large majority of underground cables 
in this country are pulled into ducts. In 
recent years increasingly longer lengths 
and larger and heavier cables have been 
used. In some cases as much as seven tons 
or more of cable have been installed in one 
pull. Irregular ties or pebbles in the ducts 
cause scoring of the sheath. Also, it is sub- 
ject to bruises in handling and working 
around it. After it is installed, expansion 
and contraction with daily changes in tem- 
peratures cause continual movement dur- 
ing the life in service. 

In aerial cable, abrasion resistance is 
needed, not only to withstand the effects of 
installation and of cable movement caused 
by expansion and contraction, but also to 
minimize cutting of the sheaths at the rings 
which support the cable. 


The most suitable indication of abrasion — 


resistance is the hardness test, although it 
is recognized that some factors other than 
those involved in such tests are influential. 
The relative hardnesses of various lead and 
lead alloy materials are shown in Table I. 

These hardness data apply to extruded 
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material which has aged at room tempera- 
ture for about three to eight months. Gen- 
erally, lead alloys grow appreciably harder 
with age, but the hardness of F-3 alloy re- 
mains about the same. 

While hardness is desirable to obtain 
abrasion resistance, the harder materials 
usually lack ductility and break under ten- 
sile stress with very small elongation. Age- 
hardening materials lose generally in duc- 
tility with age, becoming in some cases too 
brittle for use. The new F-3 alloy has both 
hardness and good ductility which is re- 
tained with age, as is shown later. 


Long-Time Aging 


The F-3 alloy does not harden with age, 
as calcium, antimony, and to some extent 
tin alloys do. Instead of an increase in 
tensile strength, a slight decrease occurs, as 
is shown in Figure 1. These data were ob- 
tained from tests of water-quenched tubes 
which were aged and tested at room tem- 
perature. Similar results were obtained in 
tests of sheath removed from cable. 

Materials which harden appreciably 
with age lose ductility, a fact which is 


Table |. Hardness of Lead and Alloys 
Room Temperature 
Brinell 

Sample Hardness 

Number Material Number 
D' 2642 ene Desilverizedlead—A ...... 3.9 
sie COPPER CAG. 00 ae a aera 4.5 
afaecschemicalilead’ 9) aise aed 4.5 
S5458. nee 0.025 per cent calcium...... 8.1 
4,414....... F-3:alloy:... (9 9) so etactcrere 8.4 
Ce) VAS 2 pericentitin’ sy a omnes 9.0 
M228 eke hee 0.031 per cent calcium...... 10.4 
0.4 


B52 Loramie. 0.75 percent antimony...... 10. 
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shown by decreasing amounts of elongation 
to fracture in tensile tests of strips removed 
from cable sheaths. F-3 alloy has given an 
elongation to fracture of about 23 to 30 per 
cent throughout the four or five years 
during which tests have been made. Fur- 
ther information on this characteristic is 
given under ‘Fracture and Ductility.”’ 


Creep Resistance 


Resistance to creep under tensile stress 
is especially beneficial for sheaths on oil- 
filled and gas-filled cables and on solid-type 
cable having a hydrostatic head of oil. In 
all of these the continuous internal pressure 
tends to expand the sheath. Under rela- 
tively low stress for periods of years, the 
safe expansion of commercially pure lead 
sheaths is much less than the 30 to 50 
per cent obtained to fracture in short-time 
tensile tests. It is of the order of three to 
five per cent. For most of the alloys the 
elongation that can be expected without 
fracture is less than that for lead in both 
short-time and long-time tests. 

In solid-type cable having no additional 
oil available, the sheath is expanded by 
bending during installation and by thermal 
expansion of the conductors and insulation 
within the sheath. Since lead has little 
elasticity, a large part of the expansion 
remains as permanent distension of the 
sheath, leaving a gap on the inside. Void 
spaces thus are produced which are likely 
to appear in the insulation. Such voids are 
detrimental to the electric strength of the 
insulation in high-voltage cables. Thus 
good creep resistance is beneficial in obtain- 
ing long life for both the sheath and the 
insulation. 

Tube or sheath specimens 15 inches long 
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Figure 2. Creep of tubes 


61-pound gauge, room temperature 


and without cable inside were sealed with 
compression fittings and subjected to con- 
stant internal oil pressures.1? The creep 
(that is, increase in tube diameter) was 
measured by a special type Al-SR4 strain 
gauge!’ over a period of from one to five 
years. This method was found capable of 
measuring changes in diameter in the order 
of 0.002 percent. Test lines were operated 
at gauge pressures of 61, 42, and 35 pounds 
at room temperature and at 35 pounds at 
65 degrees centigrade. 


Figure 3. Creep of tubes 
35-pound gauge 
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Typical data, selected from the 105 sam- 
ples tested, are shown in Figures 2 and 3 
in diameter with time. From Figure 4 in 
which the data are shown as creep rates, it 
is evident that F-3 alloy has a creep resist- 
ance at room temperature about 45 times 
that of copper-lead and 25 times that of 
chemical lead at a stress of about 500 to 
600 pounds per square inch and at least 
equal to any heretofore known lead-alloy 
sheath material. The curves in Figure 3 
for creep at 35 pounds (approximately 300 
pounds per square inch hoop stress) indi- 
cate that F-3 alloy has about 30 times the 
creep resistance of copper-lead at room 
temperature and about ten times that of 
copper-lead at 65 degrees centigrade. 


Fracture and Ductility 


BURSTING STRENGTH OF TUBES 


Tube specimens 15 inches long were 
tested at various stresses and the time re- 
quired for failure obtained as described by 
Bassett and Snyder.!? 

Figure 5 shows the data obtained for F-3 
alloy and other materials. (This figure is 
essentially the same as Figure 7 of refer- 
ence 12 with a few deletions and the ad- 
dition of new data.) 

Data from fracture tests of lead show 
customarily that at low stresses, such as 
400 and 600 pounds per square inch, lead 
alloys do not have as much advantage over 
common lead and copper-lead as their ten- 
sile strengths would indicate. At higher 
stresses, such as 1,000 and 1,500 pounds 
per square inch, the alloys, of course, are 
better. Figure5 shows that in these tests at 
room temperature, F-3 alloy has bursting 
characteristics different from other alloys. 
It seems to retain its strength ratio to 
copper-lead equally at all stresses. 
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This behavior leads to another point, 
that of the type or appearance of the fail- 
ure. It has been observed that when lead 
fails under static long-time load at stresses 
up to approximately 30 per cent of ulti- 
mate strength (too low to cause appreci- 
able plastic flow), the fractures are inter- 
crystalline.!2:1415 This type of failure is 
referred to as ‘‘stress cracking.” The types 
of fracture produced by burst tests for 
commercial grades of lead and some alloys 
were described by Bassett and Snyder. 

Figures 6, 7, and 8 show the type of 
failure obtained with F-3, calcium, and tin 
alloys. Other illustrations appear in refer- 
ence 12. 

No sample of F-8 alloy has failed in these 
bursting tests at stresses of 1,000 pounds 
per square inch or less, even though speci- 
mens have been on test for over four years. 
Specimens tested at 1,250 pounds per 


Figure 4. Creep rate 
of tubes 
61-pound gauge, room 
temperature 


prising the total footage from one to three 
complete lead press charges, were con- 
ducted to locate the weakest part of the 
length. These samples were sealed on the 
ends with compression fittings and sub- 
jected to continuous 85-pound air pressure 
until failure. After the initial failure, ten 
feet of pipe from the finish of the charge 
was resealed on the ends and the test con- 
tinued until final failure. 

Table II summarizes the data thus ob- 
tained. 
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strength of tubes 
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Room temperature 


square inch have failed without stress 
cracking. 

Data presented in Figure 9 indicate 
that F-3 alloy retains its good ductility 
in low-stress long-time tests as well as in 
short-time tests. 


BURSTING STRENGTH OF LONG LENGTHS 


Burst tests on long lengths (150 to 300 
feet) of F-3 alloy pipe, each length com- 
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Nonferrous metals including lead do not 
behave elastically; that is, they do not 
follow Hooke’s law up to a certain stress 
point, the yield point. However, they do 
exhibit a certain degree of elasticity on 
short-duration tests. Elasticity, if present 
in a cable sheath, would be of some practi- 
cal importance in producing some recovery 
in the radial expansion of the sheath after 
the initial high pressure developed during 


Table Il. Bursting Strength of Full-Charge Lengths of Pipe 


Approximately 850 Pounds Per Square Inch, Room Temperature 


Approximate Time to Failure, Months 
Weakest Point Uniform 10 Feet 


Material of Full Length at End of Charge Location of Weakest Point of Full Length 

Copper-leadt its cpecyete st | peeerterare seeree eee aes Mitra ce Charge weld 

Pitt allOVA, Necstere seve oe Ace pi pmeee0 eas oHe Bin ws Mearns Charge weld 

Antimony alloy......... ipeoooo ono stoeon O Prise ae pees Charge weld or where deformed by mechanical 
damage 8 

Calcium alloys a. celeletets LY nr earn Greater DA exsceyexetversiege Charge weld or where deformed by mechanical 
damage 

ear allOVy jaustsrecatea wy rere er 12...No failure after four years... Adjacent to press-stop mark 
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the start of aload cycle. 

Test specimens 15 inches long like those 
used for burst tests were fitted with SR-4 
strain gauges and subjected to repeated 
pressure cycles of successively increasing 
magnitude. The strain and recovery dur- 
ing each test cycle were noted and plotted 
in Figures 10 and 11. Each point on the 
curves represents about one minute elapsed 
time. The figures show that copper-lead 
undergoes rapid strain at stresses above 
about 500 pounds per square inch hoop 


ELECTRICAL ENGINEERING 


— 
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stress, whereas F-3 alloy withstood about 
three times this stress to produce the same 
amount of permanent set. 


Vibration Fatigue 


Flattened-strip specimens were ma- 
chined with reduced sections and carefully 
calibrated for stress calculations. These 
were flexed in a vibrating-reed Bell-Labo- 


Figure 7 (above). Burst failure of 0.025 per 
cent calcium alloy 


Intercrystalline break (magnified four times), 
sample 1,867 
1,500 pounds per square inch, 292 hours, 
1.7 per cent expansion 


ratories-type machine at 750 cycles per 
minute, the deflection being varied to ob- 
tain different stresses in duplicate speci- 
mens. 

Figure 12 shows the data as stress versus 
number of cycles (S/N) curves. The re- 
sistance to vibration fatigue of F-3 alloy is 
much superior to that of copper-lead and 
also superior to that of antimony and tin 
alloys which have been used commonly for 
sheaths on overhead power cables. 


Figure 9. Ductility of tubes (room temperature) 


Figure 6. Burst fail- 
ure of F-3 alloy 


Ductile break (mag- 
nified four times), 
sample 5,252 
1,250 pounds per 
square inch, 10,400 
hours, 18.4 per cent 
expansion 


Corrosion 


Laboratory corrosion tests indicate that 
F-3 alloy has resistance to ground water 
and acidic fluids equivalent to that of most 
high-purity leads.!® It has been observed 
that F-3 alloy sheaths are brighter and re- 
main brighter in ordinary atmospheric ex- 
posure than copper-lead. 

In general, it has been found that where 


corrosion is experienced, mitigating meas- 
ures are required regardless of the chemi- 
cal composition of the sheath, 


Joint Sleeves 


If the joints on impregnated-paper-in- 
sulated cable are completely filled with 
compound and sealed without any pro- 
vision for thermal expansion, then internal 
pressures developed in the cable during 
load cycles will appear also in the joints. 
Joint sleeves are usually considerably lar- 
ger in diameter than the cable sheaths, and 
hence for given internal pressures, the hoop 


Figure 8. Burst failure of two per cent tin 
alloy 


Intercrystalline break (magnified four times), 
sample 4,212 
1,000 pounds per square inch, 216 hours, 
1.8 per cent expansion 
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800 oe stresses in the sleeves are usually consider- 
9 ie Bae rest pe wagea ably greater than those in the sheaths un- 
ie ce ene a less the sleeves are made appreciably 
ues eae thicker 
aes ae ee _ With F-3 alloy for the cable sheath, hav- 
sane READING TAKEN AFTER EACH TEST ing somewhat greater strength and con- 
8 is Aieficrmost ecient SRS ON siderably lower creep rate than lead 
ey sheaths, higher internal pressures can be 
) 0.05 0.10 0.15 0.20 expected in the sheaths and joint sleeves. 
STRAIN SCINCREASE “IN DIAMETER) FER any It will become desirable, therefore, either 
Figure 10. Stress—strain, copper-lead (tubes, room temperature) to use material stronger than lead for the 
joint sleeves or to use some method of re- 
inforcing the joint casing. Thusit may be 
mere quite desirable to have the joint sleeves 
made of F-3 alloy as well as the cable 
eve sheaths. Test joints have been made from 
extruded F-3 alloy sleeves and no difficulty 
estes was experienced in beating the ends or in 
wiping the joints. 
1600 
o ore ee le Advantages of Improved Cable 
Ms de A aan ED AE 
2% 1200 f aah 
w Baie Md HY / 2g bananas For some underground cables, the life in 
oo service is limited by the ability of the 
ss as | sheath to withstand repeated bending in 
: ae the manholes caused by cable movement. 
a ; fA aeee | cc ee In such cases the use of F-3 alloy will per- 
eect vi mit either higher loading for equal life of 
eit if the cable or longer life with equal loading. 
eA SL eee! | tac eae For many installations, changes in the sys- 
TAAL Af _|_/ etsteraterie ersten] ae hin get mag te 
READING TAKEN AFTER EACH TEST cal to obtain greater usage of the invest- 
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ment rather than to obtain much greater 
life. 
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We Test STRAIN (INCREASE IN DIAMETER) — PER CENT will permit the use of higher internal pres- 
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is 2ND & 2R0 TEST either oil-filled or gas-filled cables. A lim- 


Figure 11. Stress—strain, F-3 alloy (tubes, room temperature) iting hoop stress of 125 pounds per square 
inch has been established for design 
purposes for copper-bearing lead sheaths. 
This limitation restricts the internal 
pressures for oil-filled cables with standard 
sheath thicknesses to about 14-pound 
gauge for 2 !/.inch cable or 12-pound 


mill for 3 1/.-inch cable. To withstand higher 

a ace internal pressures, lead sheaths must be re- 

enforced with layers of paper and copper 

ich tapes which require a costly double-sheath 
construction. 

With F-3 alloy sheath, the equivalent 
stress for a similar creep rate is about 200 
to 300 pounds per square inch based on 
data for tube specimens. If the limit is 
tentatively set at 200 pounds per square 
inch then with standard thicknesses the in- 
ternal pressures can be increased safely to 
22.5 pounds for 2 !/,-inch-thick cable or 19 
pounds for 3 1/e-inch cable. By increasing 
— the sheath thicknesses 40 or 50 mils, it be- 

“NUMBER OF CYCLES comes possible to use single sheaths on pres- 
sure-type cables with internal pressures 
of 25- or 30-pound gauge. This would 
750 cycles per minute, room temperature avoid the use of double-sheath construc- 
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Figure 12. Vibration fatigue of flat strips 


568 TRANSACTIONS Hickernell, Snyder—F-3 Lead*Alloy ELECTRICAL ENGINEERING 


tion on, for example, some medium-pres- 
sure gas-filled cables. 

Since cable sheathing must withstand 
the working and wear involved in installa- 
tion which produce gouging and scoring 
of the outer surface, the thicknesses for 
most solid-type cables should not be re- 
duced much from the present standard 
thicknesses. The sheath must be suffi- 
ciently thick to have long life in spite of 
suchdamages. Thepresentstandard thick- 
nesses for lead have been evolved from 
long experience and are known to be ade- 
quate for normal conditions of use. At 
least until more experience is obtained in 
the use of F-3 alloy, the same thicknesses 
as for lead are recommended. For special 
conditions, where in the past extra-thick 
sheaths of ordinary lead have been re- 
quired, the use of F-3 alloy will warrant a 
reduction. 


Conclusions 


1. A new cable sheath alloy of arsenical 
lead (F-3 alloy) has been produced. It has 
been successfully applied in manufacture to 
cable which has been installed in commercial 
lines. 


2. F-3 alloy has been shown to have much 
better properties for power cable sheaths 
than any of the materials previously tried. 


ru 


3. With this new type of sheath, the larger 
cables can carry higher loads without short- 
ened life caused by cracking of the sheaths in 
daily bending in the manholes. 


4. The limiting internal pressures will be 
appreciably higher than for lead sheaths, 
which may permit the use of single sheaths 
on some pressure-type cables where with 
lead the more costly double-sheath con- 
struction is required. 


5. Since this alloy is harder than commer- 
cially pure lead, a reduction in troubles in 
service caused by mechanical damages can 
be expected. 


References 


1. Leap SHEATH INVESTIGATIONS IN CHICAGO, 
Herman Halperin. Transmission and Distribution 
Committee, Edison Electrical Institute, October 24, 
1934, and Edison Electric Institute Bulletin, 
November, 1934 page 365. 


2. Maximum Sarge OPERATING TEMPERATURES 
FOR 15-Kv Paper-INSULATED Casizs,.C. W. 
Franklin, E. R. Thomas. AIEE TRaNsAcTIoNs, 
volume 58, 1939, October section, pages 556-62. 


3. Loap Ratincs oF Caste, Herman Halperin. 
AIEE Transactions, volume 58, 1939, October 
section, pages 535-53. 


4. Loap Ratincs or CasLte—II, Herman Hal- 
perin. AIEE TRANSACTIONS, volume 61, 1942, 
pages 930-42. 


5. CycLe MoveMENT oF CABLE—ITS CAUSES AND 
EFFECTS ON CABLE-SHEATH Lire, Clement S. 
Schifreen. AIEE Transactions, volume 63, 1944, 
pages 1121-30. 


6. INVESTIGATION OF CREEP AND FRACTURE OF 
LEAD AND LEAD ALLOYS FOR CABLE SHEATHING, 
H. F. Moore, B. B. Betty, C. W. Dollins. Bulletin 


AUGUST-SEPTEMBER 1946, VOLUME 65 Hickernell, Snyder—F-3 Lead Alloy 


306, August 19, 1938, University of Ilinois Engi- 
neering Experiment Station, Urbana, Il. 


7. Errecr oF SMALL Quantities oF THIRD 
ELEMENTS ON AGING oF LEAD-ANTIMONY ALLOYS, 
E. E. Schumacher, G. M. Bouton, L. Ferguson. 
Industrial and Engineering Chemistry, volume 21, 
1929, page 1042, 


8. PROPERTIES OF LEAD AND LEAD ALLOY CABLE 
SHEATHS, J. C. Chaston. Electrical Communica- 
tions, International Standard Electric Corporation, 
volume 13, number 1, July 1934, page 31. 


9. AcGz HARDENING Proves FATAL TO LEap- 
ALLOy CaBLe SHuatus, G. B. McCabe. Electrical 
World, October 13, 1945, page 104. 


10. U.S. Patents 2,300,788 and 2,375,755; others 
pending. 


11. Low-, Mepirum-, ann HicH-Pressure Gas- 
FILLep Case, G. B. Shanklin. AIEE TRANSAC- 
TIONS, volume 61, 1942, October section, pages 719- 
26. 


12. THe TESTING oF Leap CaBLEe COVERINGS, 
W. H. Bassett, Jr., C. J. Snyder. ASTM Proceed- 
ings, American Society for Testing Materials, 
volume 40, 1940, page 910. 


13. THESR-4 Bonpep RESISTANCE WIRE STRAIN 
Gace, Sales Bulletin 179, Baldwin Southwark 
Division, Baldwin Locomotive Works. 


14. Tue Creep AND FRACTURE oF LEAD AND 
Leap Atioys, H. F. Moore, B. B. Betty, C. W. 
Dollins. Bulletin 272, February 5, 1935, Univer- 
sity of Illinois, Engineering Experiment Station, 
Urbana, Ill. 


15. FRACTURE AND Ducrtitity or LEAD AND LEAD 
ALLOYS FOR CABLE SHEATHING, H. F. Moore, C. W. 
Dollins. Bulletin 347, October 19, 1943, Univer- 
sity of Illinois, Engineering Experiment Station, 
Urbana, Ill. 


16. THE CORROSION OF UNDERGROUND CABLES, 
W. G. Radley, C. E. Richards. Journal, 
Institution of Electrical Engineers, London, Eng- 
land, volume 85, December 1939, page 685. 


TRANSACTIONS 569 


Electrical Accuracy of Selsyn Generator— 


Control Transformer System 


HAROLD CHESTNUT 


ASSOCIATE AIEE 


HE military requirements for high 

accuracy position control systems 
have placed emphasis on the need for a 
voltage signal source which can indicate 
electrically a mechanical shaft position. 
In addition this signal source must have 
high accuracy, marked dependability, and 
the capability of continuous mechanical 
rotation. A modification of the conven- 
tional Selsyn generator-motor system! has 
been developed and used extensively to 
fill this need. 

This system,” shown schematically 
in Figure 1, consists of a generator 
in which a single phase a-c field is 
established with its space orientation 
determined by the position of the rotor, 
electrically connected to a control trans- 
former in the rotor winding of which is in- 
duced a similar alternating voltage whose 
magnitude and polarity depend on the 
relative position of this rotor with re- 
spect to that of the generator. Ideally 
the control transformer rotor voltage 
versus the difference in the rotor angular 
position characteristic is a sinusoidal one, 
as is shown in Figure 2. 

In effect, the presence of the single- 
phase magnetic field in the generator 
rotor induces voltages in the three stator 
windings of the generator. These voltages 
impressed on the three stator windings of 
the control transformer produce currents 
there which establish a single-phase mag- 
netic field in the air gap of the same space 
position as that of the generator rotor. 
Depending on the actual orientation of the 
control transformer rotor with respect to 
the generator rotor, the voltage induced 
in the rotor winding may vary from a 
maximum of one polarity through zero to 
a maximum of the other polarity. If the 
control transformer rotor is positioned so 
as to maintain zero voltage across its 
terminals, it then maintains a fixed 
Paper 46-113, recommended by the AIEE com- 
mittee on industrial control devices for presentation 
at the AIEE summer convention, Detroit, Mich., 
June 24-28, 1946. Manuscript submitted Novem- 
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angular relationship to the generator 
rotor. Hence, it is possible to position 
the control transformer shaft properly 
with respect to the generator position by 
maintaining zero voltage on the control 
transformer terminals. 

Although this system inherently has a 
high accuracy of the order of 0.3 degree, 
it is not completely error-free. To design 
Selsyn systems which are more accurate, 
it is necessary therefore to determine the 
effect of various factors which can con- 
tribute to electrical errors. The condi- 
tions under which errors are to be con- 
sidered here are 


1. Stationary orientation of both machines. 
This condition also explains the predominate 
error phenomenon from standstill up to 
speeds of three or four per cent of syn- 
chronous speed. 


2. Constant velocity for both machines 
with a fixed angular separation between 
them. This condition considers the effect of 
“speed” voltages caused by rotation at 
speeds of from three or four per cent of 
synchronous speed on up to and above syn- 
chronous speed. 


Conclusions 


From calculations based on the analysis 
presented here, as well as other analyses, 
and from test measurements, the follow- 
ing conclusions are evident: 


1. Static errors are of two general types, 
those which are predominately 


(a) in time phase with the normal position 
error, Or 


(b) in time quadrature (out of phase) with 
the normal position error. 


2. The in-phase errors are caused by un- 
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Figure 1. Schematic 

diagram of Selsyn gen- 

erator-control __trans- 
former system 


8 


Chestnut—Selsyn System 


Te 
: 


INPUT SHAFT POSITION 


balanced reactance either in the stator wind- 
ings or the interconnecting lines or in the 
mutual reactance between rotor and stator 
of either machine. For this condition, zero 
magnitude control transformer voltage can 
be obtained, but not with the control trans- 
former rotor 90 degrees from the generator 
rotor. 


3. The out-of-phase errors are caused by 
unbalanced resistances in the stator wind- 
ings or lines between generator and control 
transformer. For this condition there is no 
one control transformer rotor position where 
zero magnitude voltage is obtained. 


4. Errors present at standstill are mini- 
mized by proper electrical design and care in 
manufacture. By judicious choice of the 
pitch, distribution, and skewing of windings 
and by properly shaping the pole face of the 
rotors, the fifth and seventh harmonics of 
mutual flux between rotor and stator of the 
two machines are eliminated and the in- 
phase errors thereby are reduced. Care in 
manufacturing insures that there is a mini- 
mum of phase unbalance of resistance or 
reactance, thus tending to eliminate the 
errors noted in items 2 and 3. 


5. Constant velocity errors tend to be a 
combination of the in-phase and out-of- 
phase type. At low speeds the dominant 
effect is to shift the rotor position at which 
zero voltage is obtained, there still remain- 
ing a small out-of-phase component. At 
high speed the dominant effect is the intro- 
duction of an out-of-phase voltage, the so- 
called speed voltage. 


6. The constant velocity errors are de- 
pendent on the ratio of the actual speed of 
rotation to the synchronous speed for the 
given excitation frequency. Hence, the use 
of higher excitation frequencies such as 400 
cycles instead of 60 cycles would tend to 
minimize these effects. 


Analysis 


ACCURACY AT STANDSTILL 


The generator-control transformer sys- 
tem at standstill appears as three induc- 
tive coupled circuits as shown in Figure 3. 
The steady-state a-c equations of volt- 
ages for these circuits are 


[rag Pact (Xag---X“ac)l tq | 
latgatatiane +I (X ang +X ave) ]ib+ 
IX mpalp=0 (1) 


CONTROL TRANSFORMER 


ELECTRICAL 
INTERCONNECTION 


REMOTE INDICATED 
SHAFT POSITION 


ELECTRICAL ENGINEERING 


Te Le ee 


Figure 2. Ideal trans- 
former voltage output 


versus angular dis- 
placement 
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[rang +Pae Btn CXaby +Xapve) ligt 
Irogt+Tre +7(Xog +X) ]4b+ 
IX moog. p=0 (2) 


IX uvagiat JX uovgtn + 
(Rp+jX pg)Ip =E, (3) 


The various symbols used are defined 
in the nomenclature and are consistent 


GENERATOR 


with the synchronous machine representa- 
tion of Doherty and Nickle,* Prentice, 
and Park.® It will be noted that the 
nomenclature provides direct relation- 
ships between line-to-line reactances, 
easily obtainable from test, and the direct 
and quadrature reactances, which are 
very convenient for analytical work and 
are used extensively in the references 
cited above. 

The mutal reactances X yyag and X yoy 
here considered include only the lower 
order harmonics, that is, up to the 
eleventh. Only odd harmonics are pres- 
ent because of the salient pole con- 
struction, and the third and ninth com- 
ponents are absent because of the 3-phase 
stator winding arrangement. Higher 
harmonics could well be included in a 
similar fashion. The control transformer 
is effectively a round-rotor machine and 
is represented as such. 

From equations 1-3, the vector cur- 
rents 7, and 1%) which have a magnitude 
and time phase can be determined. The 
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voltage which exists in the control trans- 
former rotor is dependent on these cur- 
rents and a, the angular position of the 
control transformer rotor. Thus, 


E,=jX mielta cos (a+30) + 
ty cos (a—80)] (4) 


The Selsyn control transformer indicat- 
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Figure 3. Elementary diagram of Selsyn gen- 
erator-control system at standstill 


ing system depends on there being a fixed 
angular displacement between the gener- 
ator rotor position, 6, and the control 
transformer position of zero voltage. 
This displacement is normally 90 degrees 


GENERATOR 


Figure 4. Two-reac- 
tion theory presen- 
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and control trans- 
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hence the position error ep, can be de- 
fined as 


ep =9—(a+90) (5) 


where @ is the independent variable used 
in equations 1-3 and a is calculated from 
the condition E,=0 in equation 4. 
Referring to equation 4, zero control 
transformer volts is obtained when 


1q Cos (a+380)+% cos (a—30) =0 (6) 


Assuming that the currents 7, and % 
from equations 1-3 may not be in time 
phase, and taking the instant when 7, is 
zero as a time reference, 


tg=TIq sin wt (7) 
dy =Iy sin (wt+ 8) (8) 


where J, and J, are the current magni- 
tudes, and @ is the phase angle between 
them. 

Combining equation 6-8 and separat- 
ing the resultant expression into sin wt and 
cos wt components, 


sin wt[Tg cos (a+380)+J, cos BX 
cos (a—30)]+ cos wt[Jy sin B 
cos (2—30)]=0 (9) 


For equation 9 to be equal to zero for 
all values of time, the coefficients of the 
sin wt and cos wt terms both must be zero. 
With 6=0, the cost wt coefficient goes to 
zero, and the coefficient of sin wt gives the 
following defining condition for a at zero 
control transformer voltage: 
ath) 


tan a=— 7a PAs 


10 
aay (10) 


Referring to equation 9 and noting 
that in the usual case the time phase 
difference 8 is small, one realizes that by 
positioning a in the location defined by 
equation 10, the sin wt component of volt- 
age is made zero. 

Hence there remains only a cos wt com- 
ponent of voltage which, since 6 is small, 
is also small. 

For the case where 60, the control 
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ob5 
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transformer error is then a voltage the 
magnitude of which is 


eu=I1)X yic sin B cos (2+80) (11) 


The foregoing analysis indicates the 
significant fact that there is a 90-degree 
difference in time phase of the errors ep, 
where the voltages are of sin wt time phase, 
and the errors eu, where the voltages are 
of cos wt time phase. 

Through use of the analytical means de- 
veloped in the preceding analysis, the ef- 
fects of phase unbalance in such machine 
parameters as reactance, resistance, and 
mutual coupling have been investigated. 


Data for generator: 


E, =115 volts 

w=377 radians per 
second 

Xusg=O except as 
noted on curves 

Xuig=O except as 
noted on curves 


tag=10 ohms 
Tabg = 5 Ohms 

pg = 10 ohms 
Rp=5 ohms 

X ag =120.5 ohms 
Xqg=39.5 ohms 
X pg =110 ohms 
X ug =95 ohms 


Data for control transformer: 


X ae =X ge = 1,200 
ohms 
X yic =1,000 ohms 


Yac = 100 ohms 
Tabe = 50 ohms 
Tye = 100 ohms 


AccURACY UNDER CONSTANT VELOCITY 
OPERATION 


In the treatment of the generator- 
control transformer system for this condi- 
tion, it is premised that both machines 
have balanced windings. The effect of 
resistance or reactance phase unbalance 
is not considered, and only the funda- 
mental component of mutual reactance 
between rotor and stator winding is in- 
cluded. 

The following equations may be written 
for the generator machine in Figure 4, 
where the direct and quadrature axis 
voltage equations include transformer and 
speed voltage effects in the manner of 
Park.’ 


Cay =" agtagt vag —Vaoh? (12) 
C49 ="egtagt Pvag t+ ¥ aghO (13) 
Ep=Rolp+bvbog (14) 


Where the flux linkages are related to 
reactances and currents by the following 


equations 

Vag =X agtag —X ug] (15) 
Yoo =X aotag (16) 
V09 =X pl p—X migtag (17) 


Eliminating equation 14 and using 
equations 15-17, equations 12 and 13 
may be written as 
Cag = (rag tpx ag)tag —pE 'D — 

XagtgghA (18) 
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€g9 = (Teg t+ PX ag) tgg +X‘ agtagh) — 

E’pp@ (19) 
Where the symbols X’g, and E’p are 
abbreviations of more complex quantities, 
namely, 


ne es 1 20 

x dg X ag RotdX ny ( ) 
al Ep ] 

E'p= — (21) 
» @ Rp+PX pg 


For the control transformer, there is no 


€aqg 


Figure 5. Relationship between d and q axes 
in the two machines 


rotor current, so the equations for this 
machine are 


(22) 
(23) 


€de= (Lact PX ac) tac —X getgehae 
€gc = ("ge + PX qc) get X actacha 


In terms of the actual phase voltages, 
the terminal conditions for generator and 
control transformer are the same. The 
phase currents for generator and control 
transformer, however, are opposite in 
sign. From these relationships, one can 
relate the direct and quadrature com- 
ponents of voltages and currents for the 
generator in terms of the control trans- 
former. 


dg = Cac COS 5— Ege, Sin 6 (24) 
€qg = ae Sin 5+ €g, CoS 5 (25) 
4ag = —tae COS 5+-4ge Sin 6 (26) 
1qg = —tae SiN 5—tg¢ COS 6 (27) 
wn 
Figure 6. Control 
transformer error ver- & 
sus generator rotor AS a 
position with unbal- | 
anced stator phase re- S 
actance Wa 
A(Xag +Xac) 4 -30 fe) 
Ker +Xac 
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6=a—0 (28) 


For continuous operation at a constant 
velocity, 


p0=pa=Vw (29) 


where 
actual speed 

5 synchronous speed at frequency w 

Under steady-state conditions with 
excitation frequency w, the operator p 
preceding the reactance terms is replaced 
by j. The po and pa velocities are han- 
dled as indicated in equation 29. Finally 
the instantaneous voltage Ep is replaced 


by the corresponding vector voltage, 
Ep=~vV/2E, sin wt = E,|0_ (30) 


In vector terms, E’p is equivalent to 


E! ~Xae] E,|0_ | 
> @ ~LRot+jXp, 


Combining the preceding equations and 
simplifying the results yield the following 
two expressions: 


Ciagt+Dige =juwE' p 
Miact Nig a + VwE’p 


where C, D, M, and N are symbols which 
are defined as 


C= —[ragttactI(X' ag +X ac)] X 
cos 6+ V(Xgg+Xac) sin 6 (34) 


D= [rag tgetH(X ag+X ge)] x 
sin 6+V(Xggt+Xqc) cos6 (35) 


M= [reg tt acti (Xqg+X ac)] x 
sin 6+V[X'agt+Xa-] cos 5 (36) 


N= [reg tt getI\XegtXac)) x 


(31) 


(32) 
(33) 


cos 6—V[X’ag—Xge] sin 6 (37) 
From equations 32 and 33 
NjwE’p—DVwE' 
a 2 SIGEs Dee SnD (38) 


CN-DM 


and the actual control transformer out- 


put voltage is 
E.= —jX uactde (39) 


Calculations were made using equations. 
31-39 for speeds ranging from 0 to syn- 
chronous speed, using the following data: 


Generator: 


? ag =1q9 =29.7 ohms 


X pg =208 ohms 


30 60 90 120 ISO 
DEGREES 
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Ep 


ERROR IN DEGREES 


Figure 7. Control transformer error versus 

generator rotor position with harmonics of 

generator mutual reactance between rotor and 
stator 


line—Xpag=95 cos (@+30) + 
2 cos (50+30) 

Broken line—Xippag=95 cos (6+30) + 

2 cos (78+30) 


Solid 


X gg =230 ohms 
X ig =204 ohms 
Xqg=62 ohms 
Rp=12.7 ohms 


|E,| =115 volts 

w=377 radians per 
second 

V=0-1.0 


Control transformer: 
fae =Tqe = 686 ohms 
X de =X ge = 3,320 ohms 
X yic=1,860 ohms 


Results 


The qualitative nature of the results 
has been verified by test and calculations. 
The quantitative results are not applicable 
to all machines but do indicate a perform- 
ance representative of the more common 
type of generator-control transformer 
combination. In studying the effects of 
resistance and reactance unbalances, the 
magnitude of the quantities were chosen 
arbitrarily and do not reflect the usual 
values of machine constants. 

The accuracy of Selsyn systems in use 
at present is remarkably high. As shown 
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in Figure 8, position errors not in excess 
of 0.2 degree are obtainable. Although 
the generators and control transformers 
themselves are manufactured with resist- 
ance unbalances of less than ten ohms, 
an out-of-phase voltage of 0.25 volt, such 
as shown in Figure 9, may be obtained 
when these machines are used in system 
including switches. 

Although the results are discussed in 
two separate sections, namely static ac- 
curacy and constant velocity accuracy, it 


o 
LS 


Ep 
° 
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' 
° 
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should be noted that in actual operation 
errors due to both unbalance and velocity 
exist simultaneously and may combine in 
a number of ways to make up the total 
error. Hence, comparisons with test 
measurements under dynamic conditions 
tend to be difficult to analyze. 


STatTic ACCURACY 


Since the impedance of the generator 
and control transformer is largely reac- 
tive, it follows that an unbalance in the 
phase values of reactance of either ma- 
chine causes the in-phase current magni- 
tudes to be altered from the values neces- 
sary for errorless operation. This shifts 
the flux orientation in the control trans- 
former and requires that the rotor be 
moved slightly from its position of corre- 
spondence with the generator, 

Specifically, unbalance in the stator 
phase values of reactance produces a 
Space error which varies with the second 


ERROR IN DEGREES 


1 
2S 
nm 


Figure 8. Typical generator-control trans- 
former error versus generator rotor position 


From test data 


Figure 9. Control-transformer quadrature error 
voltage as a function of generator rotor angle 


For various amounts of added resistance in one 
stator line 
Points of maximum, minimum, and zero values of 
voltage are joined by straight lines 
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ate fe ce 


harmonic of the generator rotor orienta- 
tion (Figure 6). The maximum value of 
error for values of unbalance reactance up 
to about ten per cent is given by the 
expression 


A(X ag+X ac) 


€p max =8° 
: Pe. 


This relationship applies for machine 
constants given in the data in the section 
on static accuracy. 

The presence of fifth and seventh har- 
monics in the mutual flux between rotor 
and stator of either machine is evidenced 
by the occurrence of a space error which 
varies as the sixth harmonic of the gen- 
erator rotor orientation. As shown in 
Figure 7, the direction of the error is 
opposite for positive values of the fifth 
and seventh harmonics of mutual flux so 
that theoretically a balance can be ob- 
tained where one compensates for the 
other. The magnitude of the maximum 
error varies about linearly with the mag- 
nitude of the harmonic flux, thus 


Mig 
Mig 


x 
é€p max = BLE Aer for + fifth harmonic 


2G 
—57,3°— for + seventh har- 
Mig 


ep max= 


monic 
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Figure 10. Calculated values of control 
transformer voltage (in phase component) 
versus speed 


For generator-control transformer with fixed 
angular separation (8) 


Figure 7 verifies these approximate rela- 
tions for the case of a machine with con- 
stants as given in the section on static 
accuracy. 

In Figure 8 is shown a typical error 
curve measured on a generator-control 
transformer and indicating a pronounced 
sixth harmonic. 

By modification of the generator rotor 
flux distribution to reduce the seventh 
harmonic component, the resultant er- 
ror was reduced. The fifth harmonic 
of flux is absent from this type machine 
because of the stator slot winding ar- 
rangement. 

The presence of unequal values of re- 
sistance in the different stator phases 
causes a shift in the time phase of the 
stator currents. The current magnitudes 
which are determined primarily by the 
phase reactances are relatively unchanged. 
Under this condition there is no control 
transformer rotor position where zero 
voltage exists at all instants of time. 
At zero ep error position, there exists a 
voltage induced in the control transformer 
rotor which is in time quadrature with the 
normal position error voltage. Turning 
the control transformer rotor from the 
zero space error position merely brings 
the voltage in phase with the normal 
signal voltage and greatly increases its 
magnitude. The polarity of the voltage 
depends on the direction in which the 
rotor is moved. The magnitude of the 
time quadrature component of voltage is 
about linearly proportional to the amount 
of unbalanced resistance as shown in 
Figure 9. This curve, obtained experi- 
mentally, verifies calculations which in- 
dicate a second harmonic variation of 
control transformer rotor minimum volt- 
age as a function of generator rotor posi- 
tion. 
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CoNSTANT VELOCITY ACCURACY 


A generator-control transformer system 
which has zero error at standstill suffers 
a shift in the angular relationship between 
generator and control transformer rotor 
positions where zero control transformer 
rotor voltage is obtained when the two 
machines are running at the same speed. 
Stated conversely, if the angular rela- 
tionship between the two rotors is main- 
tained fixed and the two rotors are run at 
a number of constant speeds, the control 
transformer rotor voltage changes mag- 
nitude as a function of speed, the fre- 
quency of the output voltage being main- 
tained constant throughout. Figure 10 
shows the calculated values for the in- 
time-phase component of rotor voltage 
as a function of speed for a number of 
fixed values of relative rotor displace- 
ment. These curves compare fairly well 
with the experimentally measured curves 
shown on Figure 11, which show the 
smoothed ‘average’ voltage-speed ef- 
fect for the same type machines as were 
considered in the calculations. The pres- 
ence of errors caused by irregularities of 
phase resistance or reactance introduces 
spurious errors which tend to obscure 
measurements of the speed voltage effect 
at these low voltages where the effect 
amounts to about 1 volt (=1 degree) per 
320 rpm. Actually the discrepancy be- 
tween calculations and test is well within 
the limit of experimental accuracy. 

In Figure 12 is shown the in-phase and 
out-of-phase components of control trans- 
former rotor voltage as a function of speed 
up to synchronous speed for a number of 
fixed values of angular separation. The 
applied voltage to the generator rotor is 
taken as the in-phase voltage reference. 
A time phase shift of about 15 degrees 
at 60 cycles per second takes place in this 
generator-control transformer system at 
standstill. In Figure 13 the control 
transformer output voltage at standstill is 
chosen as the reference for the in-phase 
voltage, otherwise the data are the same 
as on the preceding figure. From these 
curves it can be seen that the effect of 
high speed rotation is primarily to intro- 
duce an out-of-phase component of control 
transformer rotor voltage which becomes 
quite dominant as the rotation speed ap- 
proaches synchronous speed. At the 
lower speeds the major effect is to shift 
the zero voltage position, thus causing 


the error in transmission of about one. 


degree per 320 rpm noted previously. 

It is of interest to note that the effect 
of rotation on error is not a function of the 
absolute speed but rather the relative 
speed of rotation (vw) compared to the 
synchronous speed of rotation (w) of the 
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Averaged measured values of 


Figure 11. 


control transformer voltage versus speed 


From test data. For generator-control trans- 
former with fixed angular separation (6) 


excitation frequency. Thus by doubling 
the excitation frequency, an error of one 
degree would be obtained at about 640 
rpm instead of 320. 


Summary 


The Selsyn generator-control trans- 
former system has a high accuracy of the 
order of 0.3 degree. The static errors 
which are present because of resistance or 
reactance unbalance are evidenced by a 
second harmonic periodicity with rotor 
rotation. Errors caused by improper 
shaping of the rotor appear as higher har- 
monics of rotor position such as the sixth. 

Even though a generator-control trans- 
former system has no static errors, speed 
voltage effects produce a dynamic error 
which is of the order of one degree per 320 
rpm for present-day 60-cycle machines. 


Nomenclature 


Yqg=line-to-line resistance in ohms of gen- 
erator from terminal 1 to terminal 2 

pg =line-to-line resistance. in ohms of gen- 
erator from terminal 1 to terminal 3 

Yabg =resistance in ohms of phase 1 of gen- 
erator 

Yqc=line-to-line resistance in ohms of con- 
trol transformer from terminal 1 to 
terminal 2 

pe =line-to-line resistance in ohms of con- 
trol transformer from terminal 1 to 
terminal 3 

Yabo =Tesistance in ohms of phase 1 of control 
transformer 

Rp=resistance in ohms of generator rotor 

Yag=qg=per phase resistance in ohms of 
generator 

tac='qc=per phase resistance in ohms of 
control transformer 

X gg =line-to-line reactance in ohms of gen- 
erator as seen by loop current ig 
flowing from phase 2 to phase 1 with 
1» not flowing. This reactance is a 
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second harmonic function of genera- 
tor rotor position. Its numerical 
value may be obtained from a meas- 
urement of maximum and minimum 
values of the line-to-line reactance as 
viewed from terminals 1 and 2, with 
terminal 3 not connected. Expressed 
in terms of the per phase values of 
direct and quadrature axis reactances, 
Xag =X ag tX qq —(X ag—X qo) X 

cos (20—120) 

Xo =line-to-line reactance in ohms of gener- 
ator as seen by loop current 7 
flowing from phase 3 to phase 1. 
This reactance is a second harmonic 
function of generator rotor position, 
and its value may be obtained from a 
measurement of maximum and mini- 
mum values of line-to-line reactance 
as viewed from terminals 1 and 3. 
X09 =X agt Xag—(X ag—Xqg) X 
cos (20+ 120) : 

Xgpg=Mutual reactance in ohms of gen- 
erator between circuit of loop current 
tg and that of loop current 7. Ex- 
pressed in terms of the values of 
direct and quadrature reactances 
noted above, 

Naot Xoo (Xao— Xoo). 

2 2 

cos [20—120] 

X ac =line-to-line reactance in ohms of con- 
trol transformer as seen by loop 
current 7, flowing from phase 1 to 
phase 2 with 7) not flowing. Because 
of the absence of reactance variation 
with a change in control transformer 
rotor position, 

Xac=X actX, ae 

Xv: =line-to-line reactance in ohms of con- 


Xan = 


trol transformer as seen by loop 
current 7% flowing from phase 1 to 
phase 3 with 7, not flowing 
Xve=Xac=X actX ec 

X qp¢e = Mutual reactance in ohms of control 
transformer between circuit of loop 
current 7g and that of loop current zp 

Kae X ge 
Xave= 9 

X py =reactance in ohms of generator rotor 

X mpag = Mutual reactance between genera- 
tor stator windings, phases 1 and 2 
and the generator rotor winding. 
This reactance is a function of the odd 
harmonics of rotor position; how- 
ever, because of the 3-phase arrange- 
ment of the stator windings, those 
harmonics which are multiples of 
three are missing. Expressed in 
terms of the maximum values of the 
fundamental, X yg, fifth, Xys,, and 
seventh, X y7zg, harmonics of genera- 
tor mutual reactances between the 
rotor and the line-to-line stator 
windings, 

X wpag =X mig COS (0-+30) +X yig X 
cos (50-30) +X yg cos (78+380) 

X moog =mutual reactance between genera- 
tor stator windings phases 1 and 3 
and the generator rotor windings. 
It is an odd harmonic function of 
generator rotor position as X ypag. 
Expressed in terms of Xyig, X yy, 
and X Mig» 

X ypog =X mig COS (0-30) +X yg X 
cos (50+30) +X yg cos (78—30) 

X yig=Maximum value in ohms of funda- 
mental of mutual reactance between 
generator rotor and stator windings, 
line-to-line 


X ysg=Maximum value in ohms of fifth 
harmonic of mutual reactance be- 
tween generator rotor and stator 
windings, line-to-line 

X wig =Maximum value in ohms of seventh 
harmonic of mutual reactance be- 
tween generator rotor and stator 
windings, line-to-line 

X yic= Maximum value of mutual reactance 
in ohms of control transformer be- 
tween line-to-line of stator and rotor 
winding 

Xag=per phase value of direct axis react- 
ance in ohms of generator stator 
windings. In terms of the maximum 
value of Xqy, 


x 
Xag= oe (maximum) 


X’ag=symbol used to represent the ap- 
parent reactance of the stator direct 
axis as modified by the presence of 
the current flowing in the rotor 

Xqw=per phase value of quadrature axis 
reactance in ohms of generator stator 
windings. In terms of the minimum 
value of X gy, 


Xg= “a (minimum) 


X a¢= per phase value of direct axis reactance 
in ohms of control-transformer stator 
windings. In terms of Xq,, 

Xa 
Xac= S | 

Xqc=per phase value of quadrature axis 
reactance in ohms of control-trans- 
former stator windings. In terms of 


X aes 
Xac 


Xqe= 
qe 9 


A(Xag+Xac) =ohms value of unbalance in 


Figure 12 (left). Control transformer voltage components for con- 
stant velocity operation with fixed separation between rotors 


Generator excitation voltage used as in-phase reference (R) 
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Figure 13 (below). Control transformer voltage components for con- 
stant velocity operation with fixed separation between rotors 
Control transformer voltage at standstil] is in-phase reference 
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loop reactance used for specifying 
error voltage ep as a function of re- 
actance unbalance 

ta, 4=loop currents in amperes flowing in 
generator-control transformer stator 
circuits as shown in Figure 3 

Ip=generator rotor current in amperes 
flowing as shown in Figure 3 

I,=r1ms value of the magnitude of the loop 
current 7, 

Iy=1rms value of the magnitude of the loop 
current 2 

tag= direct axis current in amperes flowing 
in generator stator circuit shown in 
Figure 4 

4qg9=quadrature axis current in amperes 
flowing in generator stator circuit 
shown in Figure 4 

tae = direct axis current in amperes flowing 
in control-transformer stator circuit 
shown in Figure 4 

W¢,=quadrature axis current in amperes 
flowing in control-transformer stator 
circuit shown in Figure 4 

Wag =direct axis flux linkages in the genera- 
tor stator 

¥qg=Quadrature axis flux linkages in the 
generator stator 

pg = direct axis flux linkages in the genera- 
tor rotor 

E,=r1ms value of the magnitude of the ex- 
citation voltage impressed on the 
generator rotor 

E,=rms value of the voltage present at the 
rotor of the control transformer. 
This is the so-called control trans- 
former signal voltage 

Ep=excitation voltage applied to generator 
rotor 

E’p=symbol used to represent the voltage 
present in the stator of the generator 
produced by the actual excitation 
voltage in the generator rotor 

€ag=per phase value of direct axis voltage 
in volts for generator stator 

€gg=per phase value of quadrature axis 
voltage in volts for generator stator 

€ac= per phase value of direct axis voltage in 
volts for control transformer stator 

€ge=per phase value of quadrature axis 
voltage in volts for control trans- 
former stator 

€p=position error in degrees between the 
control-transformer rotor position 
for zero volts output and the position 
90 degrees displaced in a lagging 
direction from the generator rotor. 
See equation 5 for sign convention 
employed 

€u =rms value of the magnitude of the out- 
of-phase component of control trans- 
former rotor voltage for that rotor 
position where €p is zero 

#=angular position of generator rotor. In 
general, the units associated with 6 
are degrees, but in those cases where 
the term 9 is used, the units of 0 
are radians, so p9 equals an angular 
velocity in radians per second 

a=angular position of control-transformer 
rotor. The same comments in re- 
gard to units apply to a as tod 
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High Voltage D-C Testing of Rubber- 
Insulated Wire 


W. N. EDDY 


FELLOW AIEE 


T DIFFERENT STAGES in the 

manufacture of insulated wire and 
cable, various electrical and physical tests 
are made to ensure the quality and serv- 
iceability of the completed cable. One 
of the most important of these tests is 
the high voltage test, a-c or d-c. It may 
be applied to short sections of the in- 
sulated conductor as it passes through 
electrodes of various types, dry or wet, or 
to full factory lengths of the insulated 
wire, dry or wet. 

The scope of this paper is limited to the 
results of an experimental study made on 
the voltage limits suitable for the high 
voltage d-c testing of factory lengths of 
plain insulated wire immersed in water. 
In addition to many sample tests, the 
study included tests on more than 5,500 
different factory lengths of submarine 
cable conductor, insulated with natural 
rubber, synthetic rubber, or polyethylene. 
Such factors as testing voltage, type of 
fault, and immersion time were varied 
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mittee on power transmission and distribution for 
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submitted April 18, 1946; made available for print- 
ing May 8, 1946. 
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electrical engineering laboratory, Simplex Wire and 
Cable Company, Cambridge, Mass, 
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over a wide range. From these data test 
voltage limits are suggested; the lowest 
test voltage that will indicate serious de- 
fects and the highest test voltage that 
can be used without causing damage to 
sound insulation, from either the d-c test 
voltage itself or from impulse voltages in- 
cidental to the testing. 

In the following discussion all insulat- 
ing compounds are of the submarine type, 
all wire sizes are American Wire Gauge 
and all voltages are given as volts per mil 
thickness of insulation (total voltage per 
mils thickness). All alternating voltages 
are root-mean-square. Unless otherwise 
indicated, all d-c tests were made with 
negative polarity on the conductor. 


Dielectric Strength of Rubber 
and Polyethylene Insulated Wire 


Knowledge of the d-c and impulse di- 
electric strength is essential to the proper 
selection of a suitable d-c test voltage. 
In Table I are given typical values for 
the dielectric strength of the materials 
covered in this discussion. They repre- 
sent many tests made over several years 
time. All test specimens were five feet 
active length tested after 24 hours immer- 
sion in room temperature water. The 


8=phase angle in degrees between the loop 
currents tg and %. See equations (7) 
and (8) for the sign convention em- 
ployed 

w=angular frequency in radians per second 
of generator excitation voltage. In 
the calculations, w=377 radians per 
second corresponding to 60 cycles per 
second 

V=speed of generator and control trans- 
former rotors expressed as a ratio to 
synchronous speed at excitation fre- 
quency w 

6=a—6=difference in angular position be- 
tween generator and control 

C, D, M, N=symbols used to replace the 
more complicated reactance expres- 
sions of equations 34-37. These 
are of use only in literal work and 
need not appear in the numerical 
calculations 

t=time in seconds 


Eddy, Fenn—Wire Testing 


d Ret : 
p=~— =derivative with respect to time 


dt 
j=operator indicating ~/—1 
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calculated impulse wave was 1.5x40 
microseconds. The d-c tests were made 
with a voltage increase of 700 volts per 
second. The alternating voltage was in- 
creased 500 volts per second. The wire 
size varied over a moderate range in the 
neighborhood of number 12 6/64 inch 
thickness. 


Damage to Sound Insulation 
by Excessive Test Voltage 


The tests reported in Tables II and III 
were made to investigate the possibility 
that the application of high d-c test volt- 
age might damage sound insulation by 
causing a permanent decrease in the di- 
electric strength. 

The tests in Table II were made on in- 
sulated wire samples of five feet active 


‘length after 24 to 48 hours immersion in 


room temperature water. All samples of 
the same size were cut from the same 
length and grouped in such a way as to 
minimize the effect of variation of dielec- 
tric strength along the length. After a 
30-minute application of the direct volt- 
ages indicated in the table the samples 
were tested for a-c dielectric strength with 
a voltage increase of 500 volts per second. 
In all cases the a-c tests were made the 
day after the d-c tests, without removing 
the samples from the water. 

The tests in Table III were made on 
number 12 solid, 6/64 inch thickness of 
natural rubber. A 175-foot length in 
water was tested at 640 volts d-c per mil 
for five minutes without failure and then 
cut into samples of 5-foot active length 


Table |. Dielectric Strength of Rubber and 
Polyethylene Insulated Wire 

Impulse D-C A-C 

Strength Strength Strength 

Type of in Volts in Volts in Volts 

Insulation Per Mil Per Mil Per Mil 
Natural rubber..... T O70. sto, 2,500... ose. 350 
GR-S rubber....... DOSORn cero 1,400...... 370 
Polyethylene....... A OUOy eset SO00r sites 350 


for the tests indicated in the table. The 
dielectric strength tests were made with 
a direct voltage increase of 700 volts per 
second and an impulse wave of 1.5x40 
microseconds. There were five samples 
in each of the four groups. In other 
respects the testing conditions were 
similar to those of Table IT. 

The results in Tables II and III show 
no real decrease in a-c or d-c strength 
resulting from previous applications of 
direct or impulse voltage. None of the 
variations apparent in the tables exceeds 
those usually found in such a collection 
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Size Previous Test 


Average in 


Highest Lowest Average Per Cent 
Number Volts Volts Volts of No 
0 Per Per Per D-C 
Samples Mil Mil Mil Test 


Number 12 (7 strands)—*/¢4 ( None 
inch thickness polyethy- 


Number 6 (7 strands) —/¢4 ( None 
inch thickness GR-S rub- 

Number 12 solid—/¢4 inch None 
thickness natural rubber. . 


Number 6 (7 strands) —%/,. None 
inch thickness natural 
rubber 


800 volts per mil d-c 
1,600 volts per mil d-c 


500 volts per mil d-c 
800 volts per mil d-c 


500 volts per mil d-c 
800 volts per mil d-c 


800 volts per mil d-c 


of dielectric strength data. Therefore, 
the use of d-c testing voltages as high as 
one half of the 5-foot d-c dielectric 
strength in Table I should not result in 
any appreciable decrease in the dielectric 
strength of sound insulation. 


Relation Between Type of Fault 
and Necessary Test Voltage 


The object of high voltage testing is to 
indicate weak spots or partial faults in the 
insulation by applying enough voltage to 
cause the complete failure of such spots. 
Therefore, it is desirable to know some- 
thing of the relation between the type of 
the partial faults and the test voltage 
necessary to develop such spots into 
complete failure. 

In Table IV are given the results of 
voltage tests made on artificial faults in 
number 12 standard, 6/64 inch thickness 
natural rubber. After tying the wire to 
a wooden splint each fault was made by 
forcing a needle or revolving drill through 
the insulation to the conductor as indi- 
cated by completion of a buzzer circuit, 
then withdrawing the needle or drill. 
These faults were tested with high direct 
voltage after immersion in water for three 
days. The results in Table IV indicate 
that such faults may withstand direct 
voltage as high as 225 volts per mil of 
insulation for 40 minutes (20 minutes 
each polarity) without failure. Thus, a 
test voltage as low as this may not indi- 
cate faults that extend entirely through 
the insulation thickness. Open artificial 
faults were made in the same size wire by 
cutting away part of the insulation thick- 
ness at one spot. High voltage d-c tests 
on these faults indicated that a remaining 
thickness of 3/64 inch, or only one half 
the total thickness, is enough to with- 
stand 500 volts d-c per mil of the total 
thickness without failure. A similar re- 
lation also is indicated by comparison of 
the test voltage with the dielectric 
strength values in Table I. For instance, 
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a test voltage of 500 volts d-c per mil is 
only one third the d-c dielectric strength 
of natural rubber. Thus, a small part of 
the insulation at a single spot might with- 
stand a test voltage of 500 volts per mil 
total thickness. 

When rubber insulated wire is wound 
on a reel there may be considerable 
pressure between adjacent turns of wire. 
The results in Table V show the effect of 
such pressure on the d-c dielectric strength 
of artificial faults in wire, number 12, 
6/64 inch thickness natural rubber. The 
d-c strength of needle faults in water was 
increased from 150 to 690 volts per mil, 
by applying pressure from adjacent rub- 
ber insulated wire as on a reel. 

Also in Table V are the results of similar 
tests on a fault in the same size wire con- 
sisting of a U-shaped knife cut all the 
way to the conductor. After immersion 


Table Ill. Effect of High Voltage D-C and 
Impulse Tests on Subsequent D-C Strength 


D-C Dielectric Strength 
Volts Per Mil 


Previous Test Highest Lowest Average 


a—None.........-0005 1,450....1,290....1,360 
b—640 volts per mil 

d-c for 30 minutes. ...1,500....1,120....1,340 
c—640 volts per mil 


TIMES. Seine hse vive a als 1,480....1,310....1,360 
d—850 volts per mil 
impulse, 6 times..... 1,580. ...1,860....1,470 


in water for 24 hours under pressure from: 
adjacent rubber insulated wire this fault 
had a d-c strength of 600 volts per mil 
and after the first failure a voltage of 480: 
volts per mil was necessary to cause a 
second failure. 

In addition to these data on artificial 
faults two examples of natural faults are 
offered : 


1. Three thousand feet of number 14 solid 
8/64 inch thickness of natural rubber with- 
stood, without failure, three voltage tests. 
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five minutes each at 340 volts d-c per mil 
during a 12-day water immersion. After six 
months’ additional room temperature im- 
mersion the wire had an insulation resistance 
of less than 10 megohms per 1,000 feet at 
500 volts d-c because of two air pockets in 
the insulation so large that only ten per 
cent of the wall remained in a sound condi- 
tion. 


2. Ten thousand feet of number 12 stand- 
ard, 6/64 inch thickness GR-S rubber with- 
stood, without failure, three voltage tests 
five minutes each at 570 volts d-c per mil 


the only known method of preventing 
damage from the third cause. 

In a total of more than 17,000 voltage 
tests on more than 5,500 factory lengths 
with an insulation thickness in the general 
neighborhood of 6/64 inch and with dif- 
ferent test voltages between 300 and 620 
volts per mil on rubber and between 500 
and 1,000 volts per mil on polyethylene, 
impulse failures have been limited to test 
voltages of 580 volts per mil and higher 


Table IV. Dielectric Strength of Artificial Faults 


a 


D-C Strength in Volts Per Mil Thickness 


Needle diameter, inch.... 0.025 ...... 0.025... 

Type of needle point..... Extra fine... « Fine... 
205» 40ers 2 485 SO eres 
DAT EE ME CET 230) 2a. 
285 **T 


sieve OORS eye osre ORO5O) Be ters OOserietn. 0.042 
taeMedim. jase. Medium,...... WS Itiriierce. * 
et TAZ DR test ZOON) Veer riers GS ences 27 
sere § 8D) 


* Hole-made with 0.042-inch twist drill. 


** Insulation stretched by bending wire before puncturing insulation. Wire then straightened and bound 


to a splint. 


Tt No failure after 40 minutes on 20 kv (5 minutes plus, 5 minutes minus, 15 minutes plus, 15 minutes 


minus). 


during a 12-day immersion. Subsequent 
immersion and high voltage testing finally 
disclosed an iron chip so located within the 
insulation that only one third of the thick- 
ness was left effective. 


These data on both artificial and natu- 
ral faults indicate that under some cir- 
cumstances it is possible for serious faults 
to withstand several applications of d-c 
testing voltage as high as 500 volts per mil 
without failure. 


Damage to Sound Insulation by 
Impulse Voltages Incidental to 
High Voltage D-C Testing 


When factory lengths of insulated wire 
are at the d-c test voltage, abrupt ground- 
ing of the conductor is likely to produce 
momentary voltages that are higher than 
the test voltage. If these voltages exceed 
the impulse strength of the insulation, 
failures will ensue. There are three prin- 
cipal ways in which the conductor may be 
grounded abruptly: 


1. Accidental flashover during test. 


2. Intentional grounding after completion 
of test. 


3. Failure of insulation on test. 


The first way can be prevented by care 
and the second by the use of series resist- 
ance but limitation of the test voltage is 
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on natural or synthetic rubber and to 850 
volts per mil and higher on polyethylene. 

Investigation of these impulse voltages 
with cathode-ray oscillograph at direct 
voltages less than 100 volts indicates that 
such voltages may get as high as 1.8 of the 
applied voltage (test voltage). Applica- 
tion of this ratio to the impulse strengths 
in Table I gives minimum test voltages of 
593, 573, and 835 volt per mil for natu- 
ral rubber, GR-S rubber, and poly- 
ethylene respectively, at which impulse 
failures might be expected. These indi- 
cations admittedly are not conclusive be- 
cause of the low test voltage but it is 
interesting to note the close agreement 
with the testing experience reported in 
the preceding paragraph. 


Conclusions 


High voltage d-c testing has been found 
of considerable value in controlling the 
quality of insulated wire but no implica- 
tion is intended in this paper that such 
testing is essential to the maintenance of 
satisfactory quality. Comparison of high 
voltage d-c testing of factory lengths 
with other kinds of testing is outside the 
paper’s limited scope. If high voltage 
d-c tests are made on factory lengths it 
would be well to consider the following 
voltage limitations that have been in- 
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dicated by experimental study to date. 

If the d-c test voltage used on factory 
lengths is too high there is a possibility of 
developing enough impulse voltage to 
cause failures in sound insulation. 

As a value for the highest d-c test volt= 
age at which there is no danger from 
impulses one of the following is sug- 
gested: 


1. Fifty per cent of the 5-foot impulse 
strength. 


2. Five hundred volts per mil on rubber 
and 750 volts per mil on polyethylene if the 
impulse strength is not known. 


Prolonged or repeated applications of 
d-c test voltage as high as 50 per cent of 
the 5-foot d-c strength do not cause any 
reduction in the dielectric strength of 
sound insulation. This value is above 
the maximum limitation in test voltage 
imposed by the impulse strength of the 
insulation. 

The dielectric strength of some faults is 
surprisingly high and may be increased 
further by pressure from adjacent wire. 
For this reason 25 per cent of the 5-foot 
d-c strength is suggested as the lowest - 
voltage at which such tests should be 
made. The faults described and tested in 


Table V. Effect of Pressure on Strength of 
Artificial Faults 


= ——— ee 


D-C. Strength in 
Volts Per Mil 
After 24 Hours 


Test Specimen in Water © 
Needle fault with no pressure........... 135 
Needle fault squeezed against one 170 
adjacent wire without fault by 
wooden clamp Asse sue cosine ara 310 
Needle fault squeezed in group 340 
with three other wires without 
faults, by binding with cotton 
String sa... «ajo etctee tse tet eee 690 
U-knife cut fault squeezed in 
group with 6 other wires with- 
out foregoing faults. .............. 600 then 480 


the foregoing are not common in well- 
organized factories but it is possible for 
such faults to withstand tests as high as 
33 per cent of the 5-foot d-c strength with- 
out failure. a 

Because of these voltage limitations to 
high voltage d-e testing it is important to 
increase the effectiveness of the testing as 
much as possible, by such means as in- 
crease of the soaking time and decrease of 
the pressure from adjacent wire. 
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Dangerous Electric Currents 


CHARLES F. DALZIEL 


MEMBER AIEE 


Synopsis: This paper discusses lethal elec- 
tric currents and their accompanying physio- 
logical effects, and interprets the data of a 
previous paper! in accordance with an origi- 
nal method of analysis found useful by the 
author in his own investigations of let-go 
currents. The present analysis concerns it- 
self with threshold currents likely to pro- 
duce instantaneous electrocution in one- 
half per cent of a large group of normal men. 
Although the conclusions are derived from 
tests made on animals, it is believed that the 
results may be indicative of what might be 
expected to occur in man. The majority 
of the work is based on experiments made at 
60 cycles with shock durations of 0.03 to 3.0 
seconds. Predictions of lethal currents for 
both direct current and capacitor discharges, 
while more speculative because of the 
limited data available, are included because 


_ of their importance due to the greatly in- 


creased use of direct current and electronic 
equipment. 


ROGRESS in the development of 

electric equipment has brought in- 
creasing demands for additional knowl- 
edge on the effects of electric shock, 
particularly with regard to the maximum 
current that man reasonably might be 
expected to withstand without fatal 
results. Sensations, muscular contrac- 
tions, and the current required to cause 
the victim to freeze to a circuit have been 
covered fairly well in recent papers on 
let-go currents.1?3 The object of this 
paper is to extend the analyses and dis- 
cuss effects at higher currents. 

Any definition of lethal currents must 
consider the following factors: 


Current pathway through the body. 
Physical condition of the victim. 
Magnitude of the current. 
Shock duration. 
Frequency. 
' Wave form. 
. The phase of the heart bycle at the in- 
stant the shock occurs. ; 


Electric shocks produce different effects 
my 


Paper 46-112, recommended by the AIEE commit- 
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depending upon the structure through 
which the current passes. Currents 
flowing in the region of the heart may 
produce a condition of the heart muscle 
known as ventricular fibrillation. This 
condition usually is fatal and commonly is 
referred to as instantaneous electrocu- 
tion. Currents passing through nerve 
centers controlling breathing may pro- 
duce respiratory inhibition, that is, stop- 
page of respiration. Failure of the 
breathing mechanism often is temporary, 
the paralysis lasting from a few minutes 
to a few hours ‘after interruption of the 
current. These victims often may be 
saved by prompt application of artificial 
respiration. Currents passed across the 
head from temple to temple may pro- 
duce unconsciousness and muscular con- 
vulsions. Shocks of this type are used 
currently in electric shock treatment in 
certain types of insanity. If the current 
pathway involves lower nerve centers, 
the shock might produce ejaculation. 
Electric ejaculation and artificial in- 
semination apparently have promise in 
breeding animals. If the pathway in- 
volves only an extremity, such as a hand 
or leg, memory of a disagreeable ex- 
perience might be the only lasting result. 
Because of such variations in the effects of 
electric shock, it is customary to discuss 
lethal currents with respect to the most 
dangerous current pathway likely to be 
experienced in accidents. This is a path- 
way involving the heart, with external 
contacts usually assumed between the 
hands, or between one hand and the 
opposite foot. 

Much attention has been given the 
study of fatal accidents. These studies 
have been very helpful in developing 
practical safety procedures and safety 
codes. From a technical point of view, 
results have been qualitative rather than 
quantitative. This is largely because of 
the difficulty of determining accurately 
the many variables involved. In addi- 
tion to the factors already mentioned, it 
usually is possible only to make rough 
estimates in arriving at values of circuit 
impedance, body and contact resistances, 
and elapsed time between occurrence of 
the accident, rescue, and resuscitation. 

Often these uncertainties have resulted 
in erroneous conclusions and have con- 
fused theissue. Perhaps the most serious 
misconception concerns the effects of 
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voltage versus the effects of current. 
Current and not voltage is the proper 
criterion of shock intensity, The re- 
mainder of this paper will be devoted to a 
discussion of the electric shock hazards, 
caused by currents of various shock dura- 
tions, wave shapes, and frequencies. 


Sixty-cycle currents at the let-go level, 
that is, currents of from 10 to 20 milli- 
amperes from hand to hand, are painful 
and hard to endure for even a short time. 
If long continued, they may lead to col- 
lapse, unconsciousness, and death. The 
physical condition of the victim is of 
prime importance in determining this 
hazard. The muscular contractions and 
accompanying sensations imcrease in 
severity as the current is increased. The 
muscular contractions progress up the 
arm to the chest until they become so 
severe that the victim is unable to 
breathe. Obviously, if the current flows 
for more than a few minutes, death may 
result from asphyxiation. However, if 
the circuit is interrupted in a reasonable 
time, breathing resumes automatically, 
and no serious after-effects result. Cur- 
rents considerably in excess of those re- 
quired to cause a stoppage of breathing 
by excessive muscular contraction of the 
chest muscles may produce a temporary 
paralysis of respiration by action on the 
nerves. It has been known for some time 
that. respiration might be inhibited by 
currents passing through the respiratory 
nerve center located in the base of the 
brain. Observation of temporary mus- 
cular paralysis in human accidents has 
prompted Howard Miller, Southern Cali- 
fornia Edison Company, to suggest that 
respiratory inhibition also might be 
caused by currents affecting the nerve 
centers controlling the diaphragm. The 
suggestion is in agreement with W. EHin- 
thoven, who some 30 years ago demon- 
strated that electric currents applied 
directly to a nerve, insufficient to cause 
permanent damage, could produce com- 
plete blocking of the nerve for periods of 
the order of one-half hour. The res- 
piratory paralysis may last for a con- 
siderable period after interruption of the 
current. In this case, resuscitation must 
be applied immediately to prevent 
asphyxial death. Often the paralysis 
disappears in a few minutes or in a few 
hours, and continued application of arti- 
ficial respiration may save the victim. 
Mere cessation of natural breathing is not 
likely to produce serious aftereffects or 
permanent damage, as evidenced by the 
many persons who have been resuscitated 
successfully. 

Much valuable information on cur- 
rents producing ventricular fibrillation 
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has been obtained from extensive experi- 
ments performed on animals at Columbia 
University by Ferris, King, Spence, and 
Williams.4 These authorities adeptly 
have described the fibrillating condition 
as follows: 


“Currents somewhat greater than those just 
necessary to stop respiration by action on 
the muscles may cause fatalities, even 
though the duration of such shocks is but 
a few seconds or less—far too short to be 
important from the standpoint of inter- 
ruption of respiration, and obviously too 
short to give any opportunity for rescue be- 
forethe end of theshock. Death under such 
conditions is brought about by ventricular 
fibrillation, which is a disruption of normal 
heart action. This condition is an unco- 
ordinated asynchronous contraction of the 
ventricular muscle fibers in contrast to their 
normal co-ordinated and rhythmic contrac- 
tion. It results from an abnormal stimula- 
tion rather than from damage to the heart. 
In the fibrillating condition, the heart seems 
to quiver rather than to beat; no heart- 
sounds can be heard witha stethoscope—the 
pumping action of the heart ceases; failure 
of circulation results in asphyxial death 
within a few minutes.” 


Most of the experiments were made on 
sheep, calves, pigs, and dogs, in which 
chest dimensions, body weights, heart 
weights, and heart rates were comparable 
to those of man, although several species 
of smaller animals, including guinea pigs, 
rabbits, and cats were included to es- 
tablish the general trend of effects with 
weight and other physiological factors. 
Foremost of their findings from the 
practical point of view are: 


1. The susceptibility of the heart to fibril- 
late depends on the phase of the heart cycle 
at the instant the shock is applied. 
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Sixty-cycle sine wave let-go current distribution curves 
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Figure 2. Sixty-cycle sine wave let-go current deviation curve for men 


2. Repeated shocks are not cumulative in 
their effects on the heart, and the heart 
generally returns to normal in about five 
minutes if fibrillation does not occur. 


38. The results on the whole indicated that 
sinusoidal currents in excess of 100 milli- 
amperes at 60 cycles from hand to foot would 
be dangerous for shock durations of three 
seconds or more. 


The statement establishing the thresh- 
old current producing ventricular fibril- 
lation in man at 100 milliamperes for 60- 
cycle sine-wave shocks of three seconds 
or more has been accepted quite generally 
by the profession. Without any thought 
of depreciating the value of this con- 
clusion, it is fair to say that much is 
to be desired yet in the way of additional 
information, with special regard to the 
variation of effects with shock duration, 
wave form, and frequency. 

Before proceeding with the proposed 
analysis of fibrillating currents, it is 
helpful to review briefly certain conclu- 
sions found in the let-go current investi- 
gations.?"3 

Experimental points representing let- 
go currents for 184 men and 28 women are 
shown in Figure 1, in which the ordinate 
gives the percentage of subjects who can 
release their grasp of a conductor carry- 
ing the current shown in the abscissa.?:3 
It is important to emphasize that a suf- 
ficient number of points was obtained to 
determine a normal distribution, as evi- 
denced by the fact that the data closely 
follow a straight line when plotted on 
probability paper. Figure 2 shows the 
results for the 134 men plotted as per cent 
deviations from 15.87 milliamperes, the 
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mean of the group. The straight line 
governed by the majority of the points of 
Figure 2 has been called the deviation 
curve. When points representing the 
women were plotted as per cent deviation 
from the mean of their group, it was 
found that they followed a deviation 
curve having the same slope. Similar 
results were found for composite waves 
consisting of a mixture of alternating 
current and direct current, for rectified 
60-cycle sine waves, and for sine-wave 
alternating currents from 5 to 5,000 
cycles. This finding is important be- 
cause it permits improved accuracy in 
predicting results for large groups based 
on a relatively small number of experi- 
mental points. 

This procedure will be used now to 
study 60-cycle fibrillating currents ob- 
tained by Ferris and his associates. 
Figure 3 shows fibrillating currents 
plotted as per cent deviations from the 
mean of each series, respectively, for 
eight different tests. Although the dis- 
tribution of the points does not line up as. 
well as that found for let-go currents, it 
does establish that a definite trend 
exists. This holds for the four species of 
animals for 3-second shocks, and for 
the sheep for shock durations of 0.03 to 
3.0 seconds. It is possible that the same 
trend also might hold for shocks of vari- 
ous durations for the other animals and 
for man. 

Because of the small number of points 
available for any test, the straight line 
governed by all the points was drawn to 
determine the deviation curve. Ap- 
parent discrepancies of a few of the points 
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from the deviation curve are believed to 
be caused by the small number available 
for any single test, to experimental 
errors in applying the shocks at the most 
susceptible phase of the heart cycle, to 
the rather wide variation in body weights, 
and to other factors which properly are in- 
cluded in the term biological variability. 

The fibrillating current for an animal 
was taken as 1/2 (minimum current caus- 
ing fibrillation + maximum current not 
causing fibrillation). It is believed that 
the value so obtained should be reason- 
ably close to the current just required to 
produce fibrillation during the most sus- 
ceptible phase of the heart cycle, and the 
statistical method of analysis should 
minimize errors. 

The current pathway for these experi- 
ments was between the right foreleg and 
the left hind leg. Experiments also were 
made using four other pathways, namely, 
across the chest, chest to foreleg, head to 


hind leg, and between both hind legs. 


For the current pathway between the two 
hind legs, the portion of current reaching 
the heart was evidently too small to pro- 
duce fibrillation for currents within the 
operating range of the equipment. Dif- 
ferences in values for the other pathways 
did not appear great enough to be sig- 
nificant, and it was concluded that re- 
sults obtained for the pathway between 
the foreleg and the hind leg should be 


* furnished the author. 


sufficiently accurate for most engineering 
purposes. 

Data obtained by the investigators at 
Columbia University‘ for 129 points were 
Of this number, 
111 were used and 18 omitted in the 
statistical analysis. The points re- 
jected represented two different condi- 
tions. Eight high points, designated by 
these investigators as mode A, were 
omitted to give conservative results. 
The remaining ten points were from the 
0.47-second shock test made on sheep. 

The following is submitted as justify- 
ing rejection of the 0.47-second test: 


1. Results of the 0.47-second shock test 
are shown in Figure 4 in which the response 
follows a deviation curve of much smaller 
slope than that found for the other tests. 
Wide differences in the results of two almost 
identical tests suggest the possibility of 
error. The points representing shocks of 
one heartbeat (large open dots, Figure 3) 
are consistent with all the other tests, and 
fall very nicely about the deviation curve. 
The duration of the shocks for this test was 
adjusted to equal as nearly as possible the 
time of the individual’s heartbeat and varied 
from 0.36 to 0.55 second, averaging 0.45 
second. It is untenable that a difference of 
only 0.02 second in the average shock dura- 
tion would be sufficient to cause the differ- 
ence in response indicated by the two devia- 
tion curves. 


2. The accuracy of analyses based on 
statistical procedures depends upon a rep- 
resentative number of points. It was diffi- 


AuGuSsT-SEPTEMBER 1946, VoLumME 65 Dalziel—Dangerous Electric Currents 


cult to establish deviation curves for let-go 
currents for less than about 25 points. The 
apparent inconsistency of a single test in- 
volving only 10 points therefore is not con- 
sidered sufficient to invalidate the analysis. 


Fibrillating currents for three-second 
shocks for seven species of animals versus 
body weight are shown in Figure 5. 
Points representing the larger animals 
total 55, and none were discarded. The 
smaller animals were represented by 
average values only, as data for these 
cases were not furnished the author. 
The 50 per cent line was drawn by in- 
spection through the points representing 
the means of the various tests. The 
author is still in doubt as to where to 
draw the best line, and the analysis was 
carried on from here, using a broken line 
neglecting the points for the pigs, and a 
solid line in which the effect of the pigs 
was weighed by eye. The fact that the 
upper line passes very close to the points 
representing the averages for each of the 
other six tests is believed significant. It 
is unfortunate that only nine pigs were 
used. 

In spite of the wide scattering of in- 
dividual points, it is evident that in 
general the fibrillating current is pro- 
portional to body-weight. Similar varia- 
tions were encountered when studying 
let-go currents, but all efforts to find a 
correlation with age, weight, strength 
of grip, or arm measurements, were with- 
out conclusive results; however, higher 
values were obtained on well-developed 
individuals having the appearance of 
good health. Other things being equal, 
it is believed that both let-go currents and 
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fibrillating currents at least should be 
roughly proportional to size and weight. 

The 991/, and 1/2 per cent lines of 
Figure 5 were computed using equation 1, 
reference 2, and the deviation curve of 
Figure 3. The currents corresponding to 
a given percentile rank = mean of sample 
xX (1 = deviation from mean). The 
deviation from the mean for 99!/. per 
cent and for 1/2 per cent == (163, 
hence: 


I(991/2 per cent and 1/2 per cent) 


=1(50 per cent)(1+0.63) (1) 


Assume that the analysis applies to 
man. Enter the graph at 70 kilograms 
which is the weight of an average man, 
and proceeding vertically indicates that 
60-cycle sine-wave alternating currents 
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Figure 5. Relation of 60-cycle sine wave 
fibrillating current of various animals to body 
weight 


Shock duration 3.0 seconds 


between 95 and 107 milliamperes and 
three seconds duration might produce 
ventricular fibrillation in one half of one 
per cent of a large group of normal men. 
This is in close agreement with the gen- 
erally accepted figure of 100 milliamperes 
proposed by Ferris, King, Spence, and 
Williams.* 

The equation for the lower one half 
per cent line may be written; 


I(}/2 per cent) =1.26W+7.4 milliamperes 
(2) 


in which W denotes body weight in kilo- 
grams. 


Dalziel—Dangerous Electric Currents 


Figure 6 shows the results obtained on 
sheep plotted on log-log graph paper in 
the attempt to determine a relation be- 
tween fibrillating current and shock dura- 
tion. A total of 99 points is shown in 
this figure, including the rejected points, 
mode A and the 0.47-second shocks previ- 
ously discussed. Because of the rather 
wide spread in the body-weight of the 
various animals, calculated points, shown 
as open dots on Figure 6, were corrected 
to 57.4 kilograms to obtain a standard 
reference. The 1/2 per cent and 991/, 
per cent points were calculated using 
equations 1 and 6. The 991/2, 50, and 
1/2 per cent lines were drawn with 
emphasis given the 0.03- and 3.0-second 
tests because of the greater number of 
animals used, and to obtain conservative 
results. Attention is directed to the 
lone point falling below the one half of one 
per cent line for the 0.47-second test. 
This exception must be given serious con- 
sideration in deciding whether or not the 
proposed analysis is acceptable. 

If we assume a straight line may be 
used conservatively to represent the 
general trend, equations for the lines of 
Figure 6 may be expressed: 


P=KT", 
where 


n=slope= —!/2 
T =shock duration in seconds 


Therefore 


K 


eke 

The equation for [(1/2 per cent) for 
57.4-kilogram sheep is found as follows. 
From Figtire 5, when T = 3 seconds, 
I(1/2 per cent) = 89.5 milliamperes. 
Substituting in equation 3, 


K=1/T (3) 


K =89.54/3 =155 milliamperes 


I(‘/2 per cent) sheep 
155 


/T 


The J(1/2 per cent) equation for all 
57.4-kilogram animals is found as follows. 
From Figure5, [(50 percent) sheep = 240.5 
milliamperes, and W=57.4 kilograms. 
The mean fibrillating current for the solid 
line for a weight of 57.4 kilograms=215 
milliamperes. The corresponding 1/2 
percentile value is 89X215/240.5=79.6 
milliamperes. Therefore, 


(4) 


milliamperes 


K =79.6+/3 =188 from equation 3 


Therefore, for all 57.4-kilogram animals 
tested, including sheep, 


138 
I@/2 per cent) = VT milliamperes (5) 
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Equations for 7(1/2 per cent), includ- 
ing effects of shock duration and various 
body-weights, are obtained as follows. 
Let subscripts 1 and 2 be used to represent 
animals 1 and 2, respectively. Equation 
2 then may be written 


I,(4/2 per cent) _1.26Wi+7.4 
I,(*/2 per cent) ~~ 1.26We+7.4 


or 


T,('/. per cent) =I,(1/2 per cent) X 
1.26W,+7.4 


1.26W,474 milliamperes (6) 


Substituting equation 5 in equation 6, 


: 13 

[(*/2 per cent) Saas 

1.26W+7.4 
1.26 X57.4+7.4 

2.18W+12.8 | 

bs FW ES milliamperes 

Inserting W=70 kilograms 

weight for man), 


milliamperes 


(average 


I(4/> per cent) fibrillating current for man 


165 ith (7) 
=——Millamperes 
VT ¢ 


The broken line (neglecting the effect of 
the pigs) of Figure 6 was obtained by 
substituting equation 4 in equation 6 and 

= 70 kilograms. It is interesting to 
note that the uncertainty of the current 
versus weight-lines of Figure 5 produces 
an inappreciable difference in the final 
result, as indicated by the small width of 
the crosshatched area of Figure 6. 

It should be repeated that this analysis 
is based on experiments in which the 
duration of the shock was varied from 
0.03 to 3.0 seconds. Extrapolation for 
larger range of shock durations should be 
made with caution; possibly the rela- 
tions might hold for durations from five 
seconds to one cycle or possibly one 
fourth cycle. No account is taken here 
of inhibition of respiration or of the 
cumulative effects of shocks at intervals 
of the order of seconds. These relations 
are based on the assumption that the 
heart recovers fully from one shock be- 
fore a second shock occurs. In other 
words, the threshold currents are for 
single shocks. No data are available 
regarding the effects of repeated shocks 
such as those produced by intermittent 
electric fence controllers.°® It must be 
stressed that application to man is entirely 
conjectural. 

Relatively large currents (amperes and 
not milliamperes) may produce sufficient 
heat to destroy nerves, protoplasm, 
bone and cause hemorrhages resulting in 
immediate death. Delayed death may 
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Figure 6. Relation of 60-cycle sine wave 
fibrillating current to shock duration 


« Experimental points 

© Calculated points 

A—991/2 per cent line for 57.4-kilogram sheep 

B—50 per cent line for 57.4-kilogram sheep 

C—1/2 per cent line for all 70-kilogram animals 
including man 

D—*/s per cent line for 57.4-kilogram sheep 


be due to burns or other complications. 

For 0.03-second shocks, the hearts of 
sheep seemed to be most susceptible to 
fibrillate at currents of about six amperes, 
and less sensitive as the current was 
either increased or decreased from this 
value. Figure 7 was taken from refer- 
ence 4 to illustrate the point. The ex- 
planation of this phenomenon is that high 
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Figure 7. Effect of 
current on susceptibil- 
ity of sheep hearts to 
ventricular fibrillation 


Shock duration 0.03 
second frequency 60 
cycles. Shocks ap- 
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currents cause complete contraction of 
the entire heart musculature, and fibril- 
lation is prevented. If the shock is of 
appreciable duration, death is inevitable. 
However, if the shock is of short duration, 
when the current is interrupted, relaxation 
may be followed by a spontaneous re- 
sumption of normal rhythmic contrac- 
tions. It is believed that the abdominal 
massage and accompanying stimulation 
of the heart caused by the application of 
artificial respiration may be beneficial in 
assisting the heart to regain its normal 
rhythm. This is offered in explanation 
of infrequent accident cases in which vic- 
tims apparently withstand relatively 
large currents. 

Ventricular fibrillation may be caused 
by mechanical stimulation of the heart 
when it is exposed during surgical proce- 
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dures as well as by electric shock, and 
occasionally the heart goes into fibrilla- 
tion during major operations involving 
thechest. Although severalinvestigators 
have reported a degree of success in using 
counter-electric shocks to arrest fibrilla- 
tion in animals, C. S. Beck’ is the first 
to publish a procedure for human beings. 
He reports two cases in which two large 
electrodes were held directly against the 
heart and an alternating current of 1.5 
amperes successfully defibrillated the ven- 
tricles and saved the patients. Proce- 
dures applicable to the surgeon’s operat- 
ing table are vastly different from those 
encountered in most accidents. The 
brain and nervous systems remain viable 
from three to five minutes after circula- 
tion ceases. This time interval is so 
short that once ventricular fibrillation 
occurs in man, little can be done to save 
the victim. 

The hazard due to direct current is of 
increasing importance due to the greatly 
increased use of d-c welding equipment 
and high-voltage power supplies. The 
ratio of average d-c release to 60-cycle let- 
go currents is about 4.8 to 1. Ferris and 
associates determined the direct current 
required to produce ventricular fibrillation 
in 11 sheep for 3-second shocks. The 
ratio of average d-c to a-c fibrillating cur- 
rent was 5 to 1. This information, al- 
though obtained for only 11 animals, is 
the only quantitative data available on 
fibrillating direct current. It is to be 
expected that the fibrillating current for 
very short shocks would approach the 
60-cycle crest value. This is a ratio of 
V2 to 1. If we assume that the 
lines of Figure 6 apply for durations as 
short as one fourth cycle, that is, 0.0042 
second, a second value may thus be es- 
tablished. A series of straight lines for 
direct current shocks similar to those of 
Figure 6 could be drawn, using the factors 
5 and 1.41 for shock durations of 3.0 and 
0.0042 second, respectively. 

The danger from capacitor discharge is 
of vital importance. It generally is be- 
lieved that the initial current and charge 
are of prime importance in determining 
the hazard. The time constant of the 
circuit and the stored energy also may be 
important, but no data are available on 
this phase of the subject. An idea of 
threshold fibrillating currents may be 
obtained from Figure 6, if we assume that 
the 60-cycle response holds for shocks of 
1/4-cycle duration. The one half of one 
percentile value for man corresponding to 
0.0042 second is 2,600 rms milliamperes. 
Multiplying by +/2 gives 3.7 crest 
amperes, which may be considered as the 
equivalent capacitor initial current. 
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Table I. 


Impulse Tests on Animals 


Capacitor 
Est. Open Charge, Animal Avg. 
No. of Age, Weight, Circuit Milli- Resistance, No. of 
Animals Mos Lbs Voltage coulombs Ohms Shocks Remarks 
Spring lambs. Contacts—metal electrode on lips to rear feet in bucket of salt water 
LON A ciate 4-6..... 72s seatsee WAZOO )S Sievers 1S 52h coer 650-1,750.....6. 3 
LO emis tetais 4-6 eel. LO mpnharsete AGO Ok oegte cts 20). Sisoraretate 550=15 750 ee etes Bebicoas Three sheep stunned 
for 5-15 sec 
Issreuns 4=6ieniee (OSS TOO). csuctele PION en ate 550-1,750...... Saceene One sheep stunned 
for 5-15 sec* 
ercyiocs., 4=6 on aies Maney eae D750 aorwewes PP AEY RR re 550=1 57 O0ls cus eo Die take ais One sheep stunned 
for 5-15 sec* 
Pigs. Contacts—insulated feed trough to rear feet on wet earth 
| BRAC rch perrcreca 180-200..... 1400; ne cee Arve oleh oohd ie Bi exes nee 4 
25s wre oidainaetns lek 180-200.....: L400 nee ere ae (Gr PPE APE CE AD tart 4 
il Sutphen reas eho 215-225..... 10008 Feasts LOO itty atoce Sets anaes eteeenavat oy 1 
PIER CoO BEC AT 215-225..... L200 sea ech 2A Oe estilo ange ta ee sore 1 
Lasenaetiocmeonn 215-225..... L600). ceectetas LGi0.. aise ievietere orate amr aietae 1 
QB Naver cevsheedea hve 215-225..... 1 75O oe sietere VEG Biss Teele wher a aes 1 
Ld ctadisteroerete oaae 215-225..... L 400%. eee erexe LOE8 «5c s-ckete cr seen nvetiee state a 1 
LD Fonte ctietetes 215-225..... EO. cierenars D100 dete s inale Pea ek be One pig stunned f - 


60 sec* 


* Animals were stunned on third or fourth consecutive shock. 


Reference 5 contains an account of 
studies made by the author in the at- 
tempt to determine the hazard due to 
impulse currents. The investigation was 
made to determine the hazard of ca- 
pacitor-discharge electric-fence control- 
lers and included a survey of human ac- 
cidents on lightning generators. A few 
capacitor discharge tests were made on 
male volunteer subjects on voltages up to 
1,750. Impulse tests using larger ca- 
pacitors were made on spring lambs and 
pigs. Table I shows some of the data 
obtained from tests made on the animals. 
No fatalities were experienced and higher 
power was not used because of limitations 
of equipment. No attempt was made to 
co-ordinate the shocks with the sensitive 
phase of the heart-cycle. However, be- 
cause of the large number of shocks ap- 
plied, it is reasonable to assume that they 
were distributed throughout the heart- 
cycle, and probably many occurred dur- 
ing the sensitive phase. It would seem 
that the highest currents given the small- 
est animals might give some idea of 
reasonably safe upper limits. The aver- 
age weight of the spring lambs was 72 
pounds or 32.6 kilograms, maximum volt- 
age 1,750, and maximum charge 22.7 
millicoulombs. Considerable difficulty 
was experienced in measuring the body- 
resistance of the animals because of un- 
avoidable variations in contact resist- 
ances. Best results were obtained using 
a d-c ohmmer, the values ranging from 
550 to 1,750 ohms. Using a conserva- 
tive value of 930 ohms for circuit, animal, 


* The charge or quantity of electricity passing a 
given point in a circuit is given by: 


Q=1073 fi dt millicoulomb (milliampere-seconds) 


For a capacitor of C microfarads charged to E kilo- 
volts, 


Q=CE wmillicoulomb (milliampere-seconds) 
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and contact resistance, equation 6 gives 
an initial current of 3.7 amperes which 
compares with that suggested in the pre- 
ceding paragraph. If we assume that 
equation 6 holds for both current and 
charge, the corresponding value for man is 
45 millicoulombs.* 

The criterion proposed for defining 
dangerous current thresholds is based on 
the current which might produce ventricu- 
lar fibrillation in one half of one per cent 
of a large group of normal adult men. 
The choice of course is arbitrary, and any 
other number could be selected. Thereis 
no intention to be ruthless about the 
remaining one half per cent; however, 
one has to stop somewhere, and the 1/2 
percentile was considered a reasonable 
stopping point. Perhaps the best justi- 
fication for choosing the 1/2 percentile is 
that it was used in estimating reasonably 
safe let-go currents and provoked no ad- 
verse comment.!?3 As previously men- 
tioned, all available experimental data 
were analyzed carefully, and in instances 
which required special judgment (such as 
just where to draw the best line to de- 
termine the general trend of a response), 
an attempt was made to adopt procedures 
which would give a conservative final re- 
sult. Several different attempts were 
made to correlate the data, but the 
method proposed is believed to be the 
best that can be done. It is indeed un- 
fortunate that statistical predictions must 
be expressed numerically, as there is a 
tendency to place too much emphasis on 
mere numbers. Quite aside from the un- 
certainties of the present analysis, there 
remains the important uncertainty of 
transferring results obtained from animal 
experimentation to man. However, data 
from numerous human accidents, al- 
though meager and inconclusive, seem to 


ELECTRICAL ENGINEERING 


a ee 


An Electronic Drive for Windup Reels 
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EELING OPERATIONS impose a 

number of special requirements on 

the reel drive, particularly if the latter 

is of the so-called core type as compared 

to the rather rarely used peripheral type 
drive. 

In a core type drive the reel is driven 
through a center axle on which it is 
mounted. This type is usually pre- 
ferred to the peripheral type drive which 
involves traction along the periphery of 
the reel and thus requires a direct con- 
tact and a sufficiently high tangential 
force exerted upon the material being 
wound. It is apparent that, although the 
peripheral drive usually will represent a 
much simpler electric system since it is 
not influenced by the change in the diam- 
eter of the reel, it is often undesirable 
or even impossible to transmit the driv- 
ing torque directly through the material 
involved in the winding operation. 

The core type drive, on the other hand, 
does not present these disadvantages, 
and is used most commonly, although it 
normally involves other problems and 
the resulting complications of the electric 
system. 


Two basic quantities usually are asso- 
ciated with any reeling operation where a 
continuous strip of material such as 
yarn, fabric, wire, or steel, for example, 
is drawn by the so-called take-up reel 
and wound on it, so that the diameter 
of the reel gradually increases during the 
process. The first quantity is the speed, 
and the second, the tension of the strip. 
Some reel systems impose exacting re- 
quirements as to the automatic regula- 
tion and control of one or both of these 
quantities. 

This paper presents the description of 
a recently developed electronic drive and 
control for a core type take-up reel where 
the speed of the strip is maintained con- 
stant automatically during the entire 
reeling operation. In addition, the speed 
of the strip can be preselected by the 
operator within a wide and stepless 
range. The problem of tension of the 
Paper 46-125, recommended by the AIEE com- 
mittee on industrial control devices for presentation 
at the AIEE summer convention, Detroit, Mich., 
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strip is not considered here. In many of 
the applications, tension of the strip is 
of secondary importance, and proper 
control of speed is a fundamental require- 
ment. Furthermore, tension regulating 
devices always can be added, if so re- 
quired, by proper control of the unwind- 
ing reel. The drive described in this 
paper has been developed for take-up 
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Figure 1. Outline of a windup reel system 


reels in systems where the reel also per- 
forms the drawing of the strip and thus 
determines the speed of the line. 


Principles of Core Type Reeling 


In Figure 1 is shown schematically a 
take-up reel with its minimum and 
maximum diameters. The radius of the 
reel builds up during the reeling opera- 
tion from a minimum value R; to a maxi- 


indicate that the proposed threshold 
values are conservative. It is the au- 
thor’s opinion that currents much in ex- 
cess of the proposed threshold values must 
be considered very dangerous to human 
life. Perhaps, at some future date, suf- 
ficient time and funds may be available 
and a more accurate solution be obtained. 

We are indebted to H. B. Williams for 
the following discussion of effects at high 
frequency. On sinusoidal high-frequency 
alternating currents, or on repeated cur- 
rent pulses of very short duration, ac- 
count must be taken of the fact known to 
physiologists that, as the shock duration 
decreases, its strength must be increased 
in order to produce the same stimulation. 
As the duration becomes very small, this 
increase must be very great, finally be- 
coming so great that destruction of living 
substances may occur before it can re- 
spond. At higher frequencies, large 
currents may pass without causing 
stimulation of muscles or nerves, and 
these may cause deep heating effects. 
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Since the heat-sensitive mechanism is 
located in the skin, there is a possibility 
of damage to internal organs by high- 
frequency currents even though no very 
unpleasant sensations may be apparent. 
The currents necessary to produce this 
effect would be in the order of an ampere 
or more. High-frequency currents of 
several hundred milliamperes are used 
quite commonly by the medical pro- 
fession for deep heating. This form of 
treatment is called medical diathermy. 
In concluding, it should be mentioned 
that, because of the wide variation in the 
physical condition of individuals, an oc- 
casional death is to be expected from 
casual contact involving electric currents 
known as safe for most normal, healthy 
individuals, but these are probably not 
fibrillation deaths. It is gratifying in- 
deed that victims surviving the initial 
shock of an electrical accident seldom 
suffer serious aftereffects or other per- 
manent disability. Since it is impossible 
for the layman to distinguish between 
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respiratory inhibition, ventricular fibril- 
lation, and heart failure, he should begin 
artificial respiration immediately and 
summon medical aid as soon as possible. 
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mum value R;. The speed of thestripmay 
be expressed by the following equation 


v=2nnR feet per minute (1) 
where 


n=motor speed in revolutions per minute 
R=instantaneous radius of the reel in feet 


The torque developed by the motor 
T = FR+Tp> pound-feet (2) 
where 


F=tension of the strip in pounds 
Ty)=torque loss due to friction in the reel, 
gears and windage 


The power developed by the motor may 
be expressed as 


P=21nT 
or, considering equation 2, 


P =2rn(FR+T>) 
P=2nRF+2xrnTy (3) 


The first term of equation 3 obviously 
represents the useful power required to 
draw the strip, and is the product of the 
strip speed v, and strip tension F. The 
second term, which is the product of the 
motor angular speed and the friction 
torque of the reeling system at the motor 
shaft, represents the loss of power of the 
reeling system. Thus, the efficiency of 
the reeling system 


To (4) 


It is apparent from equation 1 that in 
order to maintain constant line speed 2, 
the speed of the driving motor must 
change in inverse proportion to the diam- 
eter of the reel. On the other hand, if 
the friction torque T> is neglected, then 
the power required during the reeling 
operation 


=vF=2rnRF=constant 


Thus, if a constant line speed is to be 
maintained during the reeling from an 
empty reel with a radius Rj, to a full reel 
with radius Ro, the speed of the driving 
motor # corresponding to any inter- 
mediate radius R of the reel should be 


n=n R (5) 
where 7 is the motor speed for an empty 
reel, 

As was mentioned previously, the 
power requirement imposed on the drive 
during reeling remains essentially con- 
stant and, consequently, the most ade- 
quate and economical way of obtaining 
the required speed control is by con- 
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Figure 2... General 
scheme of the elec- 
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trolling the field excitation of a d-c shunt- 
wound motor. 


Another type of speed control is neces- 
sary to provide an adjustable strip 
speed, and it is often required that a 
speed range as wide as ten to one be 
provided by the drive. Here, if an ap- 
proximately constant tension is assumed, 
for any given radius of the reel, the re- 
quired torque is independent of the line 
speed (see equation 2), and the required 
horsepower is directly proportional to the 
line speed v (if the friction torque Tp is 
neglected). Consequently, the armature 
voltage control of a d-c shunt-wound 
reel motor is the most suitable means of 
obtaining the control of the strip speed. 


A clear distinction between the two 
types of the reel-motor speed control 
should be specifically emphasized. For 
any given diameter of the reel, the line 
speed should be adjustable by armature 
voltage control of the driving motor, 
and the speed of the motor should remain 
constant for a given excitation and 
a given speed setting, even if the 
torque is varied within wide limits. This 
speed control should not respond to 
changes in the diameter of the reel. 


The second type of speed control should 
respond automatically to any change in 
the diameter of the reel, so that with 
increasing diameter, the excitation of the 
motor should increase automatically to 
slow the motor down just enough to 
prevent the speed of the strip from being 
increased. The field control of the motor 
should not respond, generally speaking, 
to any change in line speed obtained 
through the armature voltage control. 


Basic Control System 


To maintain a constant strip speed 
with varying diameter of the reel, an 
electronic field regulator is incorporated 
into the system. The term regulator, 
or servomechanism means an automatic 
control system characterized by a closed 
cycle of interdependence of quantities 
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involved, so that a slightest deviation of 
the regulated quantity from the pre- 
determined value results in the appear- 
ance of the so-called restoring force, 
which acts in the direction to oppose 
any change in regulated quantity, or, 
if some change has already occurred, to 
restore the quantity to its original value. 
Actually, the most accurate and sensitive 
regulator is unable to restore the deviated 
quantity to exactly its original value, 
when a definite cause for the deviation 
exists. This is so because the regulator 
creates a restoring force or ‘‘back-to- 
normal” action only in response to some 
existing deviation, and a new balance of 
the system always will be established 
only with the existence of some deviation. 
However, a satisfactory regulating system 
will reduce the deviation to such a mini- 
mum that, depending upon the applica- 
tion, it may be assumed to be negligible. 

Any regulator is characterized by the 
following four basic elements which form 
the links of the previously mentioned 
closed cycle of interdependence of quan- 
tities: 


1. Indicator of the regulated quantity. 
2. Standard reference quantity with which 
the regulated quantity is compared. 


3. Amplifier which originates a sufficiently 
strong restoring force even for minor devia- 
tions of the regulated quantity from the 
prescribed value. 


4. Restoring force which manifests itself 
in an action opposing any deviation of the 
regulated quantity. 


In addition, a regulator may have a 
number of secondary elements such as 
damping (antihunting) and anticipatory 
elements which play a vital part in the 
stability and the time of recovery of the 
regulating system. 

The electronic reel drive is shown 
schematically in Figure 2. A tachom- 
eter generator driven by the strip 
through an idler roll is used as the indi- 
cator of the regulated quantity, that 
is, of the line speed. Since this generator 
is required to deliver only negligible 
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_ power, its size may be small and, conse- 
quently, its WR? and losses equally 
small. The preferable tachometer gener- 
ator is a d-c permanent-magnet type, 
as here there is no need to provide 
separate excitation or, as in the case of 
an a-c type, to amplify and then rectify 
the output to make it a useful indication 
of speed. Besides, the permanent- 
magnet type tachometer generators 
usually have an excellent voltage-speed 
characteristic. The output voltage of 
a de permanent-magnet tachometer 
generator represents a linear function 
of its speed, particularly when the current 
output is negligible. The voltage output 
is relatively high, of the order of 50 volts 
per 1,000 rpm, and for all practical 
intents and purposes, independent of 
temperature changes or any other ex- 
ternal influences. A typical voltage- 
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speed characteristic of a permanent- 
magnet tachometer generator is shown in 
Figure 3. 

The output voltage of the tachometer 
generator (see Figure 2) is introduced 
into the field control portion of the elec- 
tronic drive where it is balanced or com- 
pared with a reference voltage. The 
difference of the two is then fed into an 
amplifier, and after the amplification, is 
used to control the output of a thyratron- 
exciter which supplies the field current 
to the reel motor. As it will be seen 
later, the control circuits are so designed 
that when the line speed tends to increase 
because of the increase in the diameter 
of the reel (see equation 1), the field of 
the motor is strengthened to slow the 
motor down in accordance with equation 
5. This forms the previously mentioned 
closed cycle of interdependence of quan- 
tities, which is represented in Figure 4. 

The armature power supply and arma- 
ture control of the electronic drive is 
obtained by means of a_ controlled 
rectifier consisting of thyratron elements 
and various control circuits. These cir- 
cuits provide a constant-speed charac- 
teristic so that for a given excitation of 
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the field, the speed of the motor remains 
essentially constant for any variation of 
torque within the operating range of 
torque values. The armature control 
circuits are of the voltage regulated, 
IR drop compensated type. They pro- 
vide a properly rising voltage-current 
characteristic and essentially constant 
speed-current characteristic. Current 
limit features also are incorporated in 
the armature control circuits, to take 
care of the starting and overload condi- 
tions of the drive. 

In addition to a constant speed—torque 
characteristic, the armature control cir- 
cuits provide means for adjustment of 
the motor speed by voltage control, and 
in that manner the strip speed can be 
changed. Each setting of the speed 
control dial corresponds to a different 
but strictly determined line speed, auto- 
matically regulated to stay constant and 
independent of the changes in the diam- 
eter of the reel. Usually, the line 
speed control dial is a small 11/, inch 
in diameter potentiometer, assembled as 
a part of a separately mounted control 
station, which also includes other opera- 
tor’s controls such as start and stop 
push buttons and threading speed push 
button. The operator’s control station 
usually is mounted remotely from the 
cabinet housing all the electronic con- 
trols and at a location most convenient 
for the operator. The armature control 
portion of the drive as well as the opera- 
tor’s control station is shown schemati- 
cally in Figure 2. 


Special Problems 


Outside of system stability problems 
which are, of course, present in any 
regulating system and require special 
stabilizing means, the following two 
problems are of particular importance: 


1. Field control during the acceleration. 


2. Field regulator response to a change in 
line speed resulting from the readjustment 
of that speed by the operator. 


Although these problems will be dis- 
cussed in more detail later, in connection 
with the description of circuits, it seems 
appropriate to mention their nature in 
advance. 

Referring to the acceleration problem, 
it should be noted that at the instant of 
starting the reel drive, the voltage output 
of the tachometer generator is zero. 
Furthermore, at the start of the reeling 
operation the reelis empty and, obviously, 
the driving motor and reel should acceler- 
ate to a maximum operating speed, 
corresponding to the lowest operating 
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value of the motor field. Consequently, 
it follows that on starting of the drive, 
when the speed of the line is zero, the 
regulator, responding to a low speed signal 
of the tachometer, will naturally tend to 
decrease the field excitation of the motor 
toa minimum. Considering a relatively 
low value of starting current limited by 
the current limit circuit (see section on 
armature control) to about 200 per cent 
of rated armature current, it will become 
apparent that a very low starting torque 
will be developed by the reel motor so 
that the latter may not accelerate at all. 
To prevent this, a special electronic 
accelerating circuit is added to the field 
regulator. When the reel motor is not 
running, this field accelerating circuit 
maintains full field current, and when the 
motor is started, the field still is main- 
tained during the initial portion of the 
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strip speed regulator 


accelerating period. Then the field cur- 
rent gradually is decreased exponentially 
with time, but, owing to a_ special 
electrical coupling between the armature 
and field control circuits, it never is 
allowed to decrease below a certain 
minimum value, as long as the armature 
current exceeds the rated value more 
than by about 50 per cent. As soon as 
the armature current drops to its normal 
operating value, indicating that the 
acceleration of the motor is completed, 
the action of the field accelerating circuit 
disappears, and the field current of the 
motor is controlled by the regulator 
through the tachometer generator which 
has by that time accelerated to its operat- 
ing speed. From now on the regulation 
of the line speed proceeds as described 
previously. 

The problem of the field regulator re- 
sponse to a change in tachometer gener- 
ator signal, when caused by the readjust- 
ment of the line speed by the operator, 
deserves special attention. As pointed 
out before, the slightest change in the 
tachometer generator output voltage, 
indicating a change in line speed, normally 
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will result in the action of the regulator 
to properly change the motor excitation 
and its speed in such a way as to oppose 
any change in the tachometer generator 
signal voltage. However, if the change 
of the tachometer generator voltage is 
caused by the line speed change through 
armature voltage control, the regulator 
obviously should not respond to that 
change. Inother words, when the change 
in the tachometer generator voltage is 
a result of the change in diameter of the 
reel, the regulator should respond and 
control the motor field, but for any given 
diameter of the reel, the field current of 
the motor should remain essentially the 
same for different line speeds. 


This requirement is fulfilled by using 
two potentiometer units mounted in 
tandem as operator’s line speed control. 
One of the potentiometer units is used 
in a regular manner as the armature 
speed control, the other properly 
changes the field regulator reference 
voltage. Thus, for example, when the 
knob of the speed control is operated 
to call for a higher line speed, the tachom- 
eter generator signal voltage will be- 
come higher, and this normally would 
cause the regulator to increase the excita- 
tion of the motor. However, the opera- 
tion of the control knob in the direction 
to increase the line speed also will in- 
crease the reference voltage of the field 
regulator in such a manner that the 
difference between the two voltages will 
remain the same, and the field current 
will not be changed. 


The voltage across the reference 
potentiometer of the regulator can be 
easily adjusted so that a change in line 
speed and in armature voltage is accom- 
panied by a proper change in reference 
voltage of the regulator. In fact, this 
adjustment by no means is critical, and 
some small changes in the field current 
for different operating line speeds can be 
tolerated, since this will not produce any 
adverse effect on the operating or regu- 
lating properties of the drive. 


Electronic Circuits of the Drive 


A simplified schematic diagram of the 
electronic drive is shown in Figure 5. 
It includes all the elements necessary for 
the proper explanation of the principles 
of operation of the system. For the 
sake of simplification, details of various 
auxiliary d-c power supplies have been 
replaced by batteries. Heater circuits 
for all the electronic tubes have been 
omitted, and all the grid controlled tubes, 
both of the thyratron and high vacuum 
type, are represented as triodes. All 


588 TRANSACTIONS 


the by-pass and filtering capacitors also 
have been omitted. The diagram covers 
the entire electric system of the reel 
drive and is divided distinctly into the 
armature control and the field control 
portions. 


Armature Control Circuits 


The armature control circuits are 
similar to those described and analyzed 
in detail in a previous paper. They 
consist, as shown in Figure 5, of four 
major groups: the controlled power 
rectifier, master regulating and control 
circuits, TR drop compensating circuits 
and the current-limit circuits. The 
power rectifier circuit is shown as a 
symmetrical 2-phase rectifier (often called 
single-phase full-wave rectifier) although 
it may be also a 3-, 4-, or 6-phase unit, 
depending upon the horsepower rating 
of the drive. The rectifier consists of a 
center-tapped winding of the main trans- 
former T1, two thyratron tubes 1 and 2, 
contacts FCR of the main contactor, 
fuses in the anode circuits, grid trans- 
former 73, and current transformer T2. 
A phase-shift circuit consisting of a center- 
tapped winding of transformer T1, re- 
sistor R14, and capacitor Cl provides a 
voltage which lags the rectifier anode 
supply voltage by about 90 to 100 de- 
grees. This lagging voltage is applied 
to the primary winding of the grid trans- 
former T3. The grid control voltage of 
the thyratrons consists of an a-c com- 
ponent supplied by transformer .7T3 and 
a d-c component. The latter is ap- 
plied between the cathodes of tubes 1 
and 2, and the center tap of the grid 
transformer 73. During the control 
process the angle of ignition of the thy- 
ratrons is changed either automatically 
or manually by proper changes in the 
d-c component which may assume both 
negative and positive values so that the 
constant a-c component of the grid 
voltage, superimposed upon the variable 
d-c component, can be moved up or down 
and control the angle of ignition in a 
well-known manner. 

Control of the d-c component of the 
thyratron grid voltage is obtained through 
the variable voltage across the load 
resistor R10 of the main control tube 5. 
If tubes 3, 4, and 6 are disregarded tem- 
porarily, it will be easy to notice that 


the armature system is an adjustable 


voltage regulator. Thus, the voltage 
across R2 is the indicator of the regu- 
lated quantity, being proportional to 
the armature voltage. The adjustable 
portion of the potentiometer PA repre- 
sents the reference voltage. The PA 
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voltage is negative with respect to the 
grid of tube 5 and the R2 voltage is 
positive. Since the voltage across the 
adjustable portion of PA always is higher 
by several volts than the voltage across 
R2, their difference applied to the grid 
of the master control tube represents a 
negative voltage of several volts. 


The grid circuit of the thyratrons is 
completed from the cathodes through 
R2, PA, R12, R10, and R6 to the center 
tap of transformer T3. All the d-c 
components in that portion of the circuit 
essentially are constant except the voltage 
across R10 which changes with the plate 
current of tube 5, and performs the 
actual control of the angle of ignition of 
the power thyratrons. It is important 
to note that the direct voltage across 
R10 has a negative polarity with respect 
to the grids of thyratron tubes. Thus, 
when the plate current of tube 5 is high, 
the angle of ignition of the thyratrons is 
delayed greatly, and if the current of 
tube 5 still will increase, the thyratrons 
will be cut off altogether. Conversely, 
when the plate current of tube 5 is de- 
creasing, the negative voltage component 
across R10 will decrease, and the angle 
of ignition of the power thyratrons will 
be advanced, increasing either the voltage 
or the current output of the armature 
rectifier, or both. 


It is apparent that the voltage across 
R10 together with the grid control of 
the thyratrons represents the restoring 
force of the armature voltage regulating 
system, since any deviation of this 
voltage from the prescribed value will 
result in a response of the amplifier 5 
and a change in voltage across R10 in 
the direction to oppose the deviation of 
the armature voltage. Furthermore, a 
change in the reference voltage obtained 
by the readjustment of PA will result in 
a change in rectifier voltage output so 
that a new balance of the system will be 
obtained at a different armature voltage, 
that is, a different speed of the motor. 
The difference between the reference and 
the indicating voltages, however, will not 
be changed appreciably because of the 
strong amplifying action of the regulating 
tube 5. 

It is well known that if the armature 
voltage remains constant, for a constant 
excitation, the speed of the motor usually 
will drop with increasing torque, as is 
normally the case for shunt-wound 
motors. This drop is caused mainly by 
the JR drop in the armature circuit. 
Although this drooping speed—-torque 
characteristic is usually not objection- 
able at rated motor speed, at lower speeds 
such as one-tenth of the base speed, a 
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normally drooping characteristic of about 
10 per cent will mean a very poor speed 
regulation and even the inability of the 
drive to develop full torque. 

In order to correct this objectionable 
droop, an JR drop compensating circuit 
is provided. The main element of the 
compensating circuit is tube 4, which is 
controlled automatically by. a_ grid 
voltage proportional to the armature 
current. The indication of the latter is 
obtained through a special current trans- 
former T2 whose two primary current 
windings J2P are connected in series 
with the anodes of the power thyratrons 
land 2. Although each of the windings 
conducts unidirectional current pulses, 
connections are such that the resultant 
magnetic effect is the same as if an 
alternating current were flowing in the 
current windings. This prevents the 
saturation of the current transformer. 
The voltage generated in the voltage 
winding 72S, generally speaking, is 
proportional to the motor current. This 
voltage is rectified by means of tube 6 
and then filtered out (the filter is not 
shown in Figure 5) so that the direct 
voltage across R13 may be used as an 
indication of the armature current. 

There are two main voltage components 
in the grid circuit of tube 4: the negative 
bias voltage obtained from P2, necessary 
to determine the proper operating point 
of tube 4, and the positive current- 
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Figure 5. Schematic diagram of the electronic 
drive for windup reels 


indicating voltage, described in the pre- 
ceding paragraph. Thus, an increase 
in motor torque and motor armature 
current will cause an increase in plate 
current of tube 4 and an increase in 
magnitude of the voltage across P3. 
It will be noted that P3, which repre- 
sents the JR drop compensating adjust- 
ment, forms part of the grid circuit of 
the master control tube 5. The voltage 
across the adjustable portion of P3 forms 
an additional negative component of the 
grid voltage of tube 5, and with increasing 
load current of the motor, the grid of 
tube 5 becomes more negative, the plate 
current decreases, and the firing point 
of the power thyratrons is advanced 
just enough to compensate for increasing 
IR drop of the motor. Conversely, the 
opposite will occur with decreasing load 
of the motor. 

Tube 3 acts as a current-limiting ele- 
ment of the armature control system. 
This tube, which is characterized by a 
sharp cut-off, is biased off by an adjust- 
able negative voltage obtained from Pl 
and does not conduct any current for all 
the normal loads of the motor. However, 
when the load current of the motor ex- 
ceeds a certain critical value, the voltage 
across R13 becomes so high that tube 3 
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will start to conduct. It will be noted 
that the load resistor of tube 3 designated 
as R5 is in the grid circuit of the master 
control tube 5. As soon as tube 8 starts 
to conduct, a voltage appears across the 
resistor R5, and the polarity of this 
voltage is positive with respect to the 
grid of tube 5. Since tube 3 itself pro- 
vides a considerable amplification, a very 
small increase of the voltage across R13 
beyond its critical value results in ap- 
pearance of a much higher voltage across 
R5. As a result, the plate current of 
tube 5 is increased, the firing point of the 
thyratrons delayed, and the armature 
voltage lowered. 

If the motor current continues to rise, 
the delay of firing point of the rectifiers 
will soon become so great and the arma- 
ture voltage so low that the motor will 
stall with the armature current reaching 
its limit value. This limit is normally of 
the order of 200 per cent of the motor 
rated current, although it may be ad- 
justed by means of the potentiometer 
Pi. The current limit which, for a 
given excitation of the motor, may be 
called torque limit, plays an obviously 
important part during the acceleration 
and overload of the drive. 

Capacitor C2 connected in parallel 
with the current limit control potentiom- 
eter P1, as well as contacts 1CR and 
FCR in series with P1, have an important 
function during the starting and stopping 
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of the drive. On stopping of the drive, 
contact 1CR in series with P1 opens 
first and causes an immediate disap- 
pearance of the negative bias voltage 
for tube 3, so that the latter will conduct 
its full current. This, of course, will 
cause the tube 5 also to conduct full 
current, and the thyratron tubes will be 
cut off, even before the FCR contacts 
will have time to open completely. Asa 
result, no arcing across main FCR con- 
tacts will occur. 

When the motor is stopped, capacitor 
C2 is discharged by a parallel contact of 
1CR. On starting the motor, the thyra- 
trons are cut off by grid control as 
initially there is no voltage across P1. 
After the closure of the relay 1CR and 
contactor FCR, the voltage across Pl 
appears gradually since it has to follow 
the voltage across capacitor C2 which 
is charged from the source B4 through 
the resistor R13A. Consequently, the 
firing angle of the thyratrons is advanced 
smoothly until the current limit circuit 
takes over the control of the acceleration. 
Thus, during the starting of the drive, 
no objectionable current surges may 
occur in thyratrons 1 and 2, and no 
sparking on the main contacts of FCR 
ever takes place. 


Field Control Circuits 


A general outline of the strip speed 
regulator operating through the field 
control of the motor was given in one of 
the previous sections of the paper. A 
simplified schematic diagram of the strip 
speed regulating system is shown in 
Figure 5. It must be noted that the 
power rectifier portion of the electronic 
field exciter is fundamentally the same as 
the power rectifier for armature control, 
described in the previous section. It 
consists of two thyratron rectifiers 7 and 
8, a center-tapped transformer winding, 
a grid transformer T5, and a phase-shift 
circuit which provides the constant a-c 
component of the thyratron grid voltage. 
The current transformer 74, however, 
has a function different from that of 
transformer 72. 

The variable d-c component of the thy- 
ratron grid voltage is developed between 
the cathodes of the thyratrons and the 
center tap of the grid transformer. It 
consists of two voltages: a constant 
negative voltage across R25 and a variable 
positive voltage across R24, The voltage 
across resistor R24 is changing with the 
plate current of either tube 10 or 9, or 
both. 

Tube 10 is the field regulating tube 
and represents the amplifier of the strip 
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speed regulator. The grid circuit of 
tube 10 includes the negative reference 
voltage across R27 and a portion of PR, 
and the positive strip-speed indicating 
voltage across R22 obtained from the 
tachometer generator. The reference 
voltage always is higher by several volts 
than the indicating voltage, and the 
difference of the two represents a negative 
voltage of several volts applied to the 
grid of tube 10. 

It should be noted that the reference 
voltage in Figure 5 is obtained as part 
of the main voltage divider which also 
includes resistors R25 and R26 and is 
supplied from the d-c source B6. Al- 
though the plate current of tube 10 will 
flow through R27 and PR and will change 
the reference voltage, such a simplified 
arrangement is permissible if the re- 
sistance of R27 and PR is relatively low 
so that the voltage drop in these resistive 
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Figure 6. Typical operating characteristics of 
the electronic drive 


elements caused by the plate current of 
tube 10is small. Furthermore, one must 
remember that during the operation of the 
regulator the plate current of tube 10 
changes only slightly because of the 
general amplification of the system, so 
that the actual change in reference voltage 
caused by the change in plate current of 
tube 10 is negligible. 

As an example, with total reference 
voltage of 25 volts, the resistance of 
R27 and PR equal to 1,000 ohms and the 
change in the operating plate current of 
tube 10 of 0.1 milliampere for the entire 
reel-diameter build-up of two to one, 
the resulting change in reference voltage 
will be equal to 0.1 of one volt. Thus, 
the error caused by the change in the 
reference voltage will amount to 0.4 
of one per cent. 

Although the figures cited in the pre- 
vious paragraph are based on actual 
test records, they may vary for different 
motors and different reel-diameter ratios, 
and in some cases it may be advisable 
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to provide a separate d-c supply for the 
reference voltage of the regulator, par- 
ticularly if extreme accuracy of the regu- 
lator is required. 

The general principles of operation of 
the regulator were described in one of the 
previous sections. With reference to 
Figure 5, it is apparent that when the 
speed and the signal voltage of the 
tachometer generator tends to increase 
because of the increasing radius of the 
reel, a slight increase in voltage across 
R22 will cause the grid of tube 10 to | 
become less negative, and the plate cur- 
rent of this tube will increase. This 
will cause the appearance of a restoring 
force which will manifest itself through 
an increase in voltage across R24, the 
advancement of the firing point of the 
thyratron tubes 7 and 8, and the resulting 
increase in the excitation current of the 
reel motor. 

If the strip speed is increased by a 
clockwise turn of sliders of the combina- 
tion unit PA—PR, the tachometer gener- 
ator voltage as well as the voltage across 
R22 will increase in proportion with the 
strip speed, but if properly adjusted, the 
reference voltage across the active por- 
tion of PR willincrease likewise. In that 
manner, the difference of the two voltages 
in the grid circuit of tube 10 will remain 
the same and the field current of the reel 
motor will not change. 


Under normal operating conditions, 
during the regulating process, the acceler- 
ating tube 9 does not conduct any cur- 
rent being biased off by the negative 
grid voltage across R19. It will be 
noticed that in addition to resistor R19 
the grid circuit of the accelerating tube 9 
also includes the resistor R5 whose signifi- 
cance in the armature control circuits 
was described previously. This resistor, 
however, plays a very important part in 
the field control circuits as well. 

Before the drive is started the relay 
1CR is de-energized, and there is no 
voltage across the resistor R19. Conse- 
quently, the accelerating tube 9 conducts 
full current resulting in full voltage across 
R24 and full exciting current of the reel 
motor. After the start pushbutton is 
depressed both 1CR and FCR pick up 
and the negative bias of tube 9 gradually 
appears across the resistor R19. The 
increase of the voltage across R19 is 
gradual because of the charging of ca- 
pacitor C6 through resistor R20. As a 
result, the plate current of tube 9 and 
the voltage across R24 will decrease 
slowly and so will the excitation current 
of the motor. In the meantime, however, 
the motor and the tachometer generator 
will continue to accelerate, so that at a 
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certain moment when the tachometer 


generator voltage becomes high enough, 
the regulating tube will start to conduct 
current and will take over the control of 
the motor excitation in the manner as 
described previously. If, however, the 


motor does not have enough time to 
accelerate to its operating speed before 
the capacitor C6 is charged completely, 


the presence of the positive voltage 
across R5 will prevent both the plate 
current of tube 9 and the field current 
of the motor to decrease below a certain 
minimum value, so that an adequate 
accelerating torque will be maintained. 
As soon as the acceleration of the reel 
system is completed, the armature current 
will drop to a normal operating value, 
the voltage across R5 will disappear, and, 
if the charging of capacitor C6 was com- 
pleted before, the plate current of tube 9 
will disappear also. 

The antihunting circuit of the regu- 
lator consists of transformer 74, tube 11, 
capacitor C5 and potentiometer P4. 
Transformer 74 is basically of the same 
type as transformer T2 which was de- 
scribed previously. The voltage ob- 
tained in winding 74S of this transformer 
is rectified by means of tube 11, but the 
d-c component of the rectified voltage 
does not appear across P4, being blocked 
by capacitor C5. However, if the field 
current will tend to change abruptly, a 
transient current caused by charging or 
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discharging of capacitor C5 will flow 
through P4. Thus, a transient voltage 
will appear across P4 and this voltage 
always will be of such polarity with re- 
spect to the grid of tube 10 that an action 
opposing a fast change in the restoring 
force will occur. It should be noted 
that this damping action will take place 
in response to the rate of change of the 


Figure 7. Main ele- 

ments of a 3-horse- 

power drive for wind- 
up reels 


average field current and not to the 
change itself. Thus, if the average field 
current tends to increase abruptly, a 
high charging current of capacitor C5 
will cause the appearance of a transient 
negative voltage in the grid circuit of 
tube 10. This voltage will tend to de- 
crease the plate current of the regulating 
tube, and, consequently, oppose the pre- 
viously mentioned rise of the field cur- 
rent. 


Performance and Conclusions 


Typical operating characteristics of the 
electronic drive are shown in Figure 6. 
They represent the strip speed in feet 
per minute as a function of the reel-radius 
ratio for two different strip speed set- 
tings. 

The corresponding change in the field 
current of a 3/4-horsepower reel mo- 
tor is also shown in Figure 6. 

It will be noted that in the particular 
case represented in Figure 6 the radius 
of the reel increased 2.3 times during the 
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entire reeling operation. Theoretically, 
if a constant speed motor were used (an 
induction motor for example) the strip 
speed during the reeling would increase 
in proportion, that is, the speed at the 
end of the reeling operation would con- 
stitute 230 per cent of the speed at the 
start of reeling. 

With the electronic drive the strip 
speed changed from 48.8 feet per minute 
for empty reel to 50.0 feet per minute for 
a full reel, that is, increased by 2.46 
per cent. The accuracy of the regulator 
is related closely to the general stability 
of the whole system and depends upon 
the type of the motor, the reel-diameter 
ratio, the behavior of the back-tension 
during the reeling operation and other 
similar factors. For many systems of the 
more stable character, the accuracy of 
regulation can be easily improved to 
one or even one-half of one per cent at 
full strip speed. For lower strip speeds 
the amplification of the-system will be 
lower, and the percentage of regulation 
will be increased correspondingly. Thus, 
for a strip speed set at 30 feet per minute 
(see Figure 6), the speed will change from 
28.8 feet per minute to 30.0 feet per min- 
ute or by 4.16 per cent. 

An important condition for a satis- 
factory operation of the drive is the 
selection of a proper operating range of 
the motor field current. The portion 
of the motor magnetic characteristic 
which represents the range of appreciable 
saturation should not be used, since over 
that range the overall amplification of 
the system is reduced considerably. It 
may be noticed from the field current 
graph in Figure 6 that the range of high 
saturation of the motor has been left 
outside the operating range of the system. 
In other words, if the motor is designed so 
that its full field current corresponds to 
an appreciable saturation of its magnetic 
characteristic, the operating full field 
current should be sufficiently below the 
rated full field current of the motor. 

A typical 3-horsepower electronic drive 
for a windup reel is shown in Figure 7. 
It includes the complete electronic recti- 
fier and control system enclosed in the 
cabinet, the reel motor, the tachometer 
generator and the operator’s control 
stations. In addition to the parts shown 
in Figure 7, a complete system also 
includes a power transformer, not shown 
in the figure. 
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Synopsis: Experience has shown that mul- 
tiple electrical failures may occur simulta- 
neously in an industrial plant as the result of 
an initial breakdown of insulation causing 
high transient voltages. Available methods 
of surge protection to guard against insula- 
tion breakdown and neutral grounding to 
prevent high transient voltages are pre- 
sented. Consideration is given to the merits 
and limitations of these methods when ap- 
plied to industrial plants. 


ROTECTION against insulation 

breakdown and its consequential dam- 
ages long since has been considered 
paramount by utility engineers. Their 
experiences in supplying dependable 
power at low cost have proved that in 
the electrical industry there is much 
wisdom in the old adage, ‘‘An ounce of 
prevention is worth a pound of cure.”’ 
As industrial plants become more and 
more electrified, and they are doing so 
rapidly, industrial engineers likewise must 
pay more heed to this very important 
problem. It is the purpose of this paper, 
therefore, to review some of the factors 
involved and to outline modern methods 
of protection that have proved beneficial 
in industrial plants. 


Fundamental Considerations 


Electricity under control is mankind’s 
most submissive form of power and func- 
tions with almost magic imperceptibility. 
However, it is ever on the alert to escape 
its fetters and, once on the loose, it be- 
comes a violently destructive force that 
defies submission. It is imperative, 
therefore, that great care be taken to 
keep it under control, that its path of 
destruction be limited. in case it gets 
out of control, and that it be brought 
back under control as quickly as possible. 
In the language of the protection engineer, 
these fundamental requirements are: 


1. Guard against insulation breakdown or 
flashover by adequate surge protection. 


2. Prevent high transient voltages or 
severe burning as a result of insulation fail- 
ure by proper neutral grounding. 


3. Clear faults rapidly by fast and well- 
co-ordinated relaying. 
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It is intended that this paper deal 
mainly with the first two requirements. 


Protection Against Insulation 
Breakdown 


The insulation of a circuit or piece of 
apparatus will withstand safely the nor- 
mal operating voltage for which it is 
intended unless it has become defective 
as a result of moisture, overheating, or 
mechanical damage. Trouble from these 
causes can be minimized by proper main- 
tenance, careful handling, and periodic 
maintenance. However, it is not prac- 
tical to build enough insulation into dis- 
tribution circuits or apparatus windings 
to withstand surge voltages to which they 
may be subjected. Protection against 
these surges, therefore, must be provided 
commensurate with the severity of surges 
to be expected and the type of insulation 
involved. 

Industrial plants that receive their 
power from distant sources usually are 
supplied over one or more high voltage 
circuits, 33 kv or higher, into transformers 
that step down the voltage to 13.8 kv or 
less for distribution in the plant. If the 
source is close by or within the plant, 
power generally is supplied directly at 
distribution voltage. The circuits may 
be underground, overhead, or a combina- 
tion of the two. If they are entirely 
underground they are free from lightning 
and require no surge protection. If over- 
head and exposed, they are subject to 
lightning surges that may flash them over, 
break down the insulation of apparatus 
connected to them, or both. Where 
combination overhead and underground 
is used, it is possible for dangerous surge 
voltages to build up at the junction points 
between the overhead and underground 
circuits. Surge voltages also may pass on 
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into the cable and reflect to high values 
at the far end. The type of circuits and 
methods of apparatus connection, there- 
fore, have a direct bearing upon the over- 
all scheme of protection which should in- 
clude protection against both line flash- 
over and breakdown of apparatus insula- 
tion. 


. LINE FLASHOVER 


Overhead lines can be insulated and 
shielded to be practically free from light- 
ning flashover.1. While this commonly is 
done with high voltage circuits, 69 kv and 
above, where the insulation and clear- 
ances are inherently high, it usually is 
not considered practical for the lower 
voltages because of the extra insulation 
and conductor spacings required. There 
are exceptions, however, where shielding 
of low voltage lines can be justified to 
provide protection to important appara- 
tus connected to the line. Such circuits 
often are shielded partially by near-by 
buildings, trees, and so forth. 

Low voltage lines, 13.8 kv and below, 
may flashover from induced surges as 
well as direct strokes. If wood construc- 
tion is used as it generally is, some of these 
flashovers do not result in trip-outs, al- 
though many do. 

It is quite common practice to minimize 
the disturbance caused by trip-outs by 
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Surge protection of distribution 
circuits 


Figure 1. 


A—AIl cable, no protection required 

B—Overhead, terminal protection only 

C—Overhead, lightningproof protection by 

either shield wire or spaced lightning arresters 

D—Combination overhead, underground. 

Arresters not required at load end if cable 
length is less than 100 feet 
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rapid reclosing of the feeder breaker. 
In some cases, where trip-outs are ex- 
tremely undesirable, line flashovers can 


be prevented by spacing line-type light- | 


ning arresters along the line at 500- to 
1,000-foot intervals. 

Lightning arresters should be provided 
at junctions between overhead and under- 
ground circuits to protect against high 
voltages at those points caused by re- 
flected traveling waves. The arresters 
should be connected directly between the 
conductors and the cable sheath, and 
grounded. If the cable is over 100 feet in 
length, arresters also should be provided 
at the far end, particularly if the cable 
feeds into an exposed line or has important 
apparatus with low surge strength, such 
as rotating machines, connected to it. 

The recommended methods of protect- 
ing the different types of distribution 
circuits that might be involved in an 
industrial plant are shown schematically 
in Figure 1, 


APPARATUS PROTECTION 


There are two general classes of electric 
apparatus that must be considered in the 
over-all scheme of protecting an industrial 
plant. One of these includes that equip- 
ment, such as oil-insulated transformers, 
that has surge strengths equivalent to 
basic insulation levels that have been es- 
tablished for the different voltage classi- 
fications.?. This class of equipment can 
be protected adequately by standard 
lightning arresters of the proper voltage 
rating connected between the exposed 
line leads and ground. The arresters 
should be located as close as possible to 
the apparatus frame or tank as shown in 
Figure 2. 

The second class includes apparatus 
such as air-cooled transformers and rotat- 
ing machines that have impulse levels 
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Figure 2. Surge protection of apparatus meet- 
ing basic insulation levels 


lower than the basic insulation levels. A 
comparison of the impulse levels of oil- 
insulated and air-cooled transformers from 
1.2 kv to 15 kv classification is given in 
Table I. The surge strength of rotating 
machines are normally somewhat less than 
the values shown for air-cooled transfor- 
mers. Because of its lower impulse level, 


Table |. Comparison of Impulse Insulation 
Levels 
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this second class of apparatus requires 
special protection, particularly when con- 
nected directly to overhead lines that 
are exposed to lightning surges. 
Air-cooled transformers that are sub- 
ject to surge voltages should be protected 
by special arresters, similar to those used 
for rotating machine protection, at the 
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Figure 3. Surge protection of dry-type trans- 
formers 


transformer terminals,® (Figure 8). If 
the transformer is connected directly to 
an overhead line, a set of standard ar- 
resters, either valve or tube type, also 
should be connected about 500 feet ahead 
of the transformer. Tube-type arresters 
are influenced somewhat less by arrester 
ground resistance. Liquid-filled trans- 
formers should be used in preference to 
air-cooled transformers where the circuit 
is exposed highly to severe surges. 
Recommended methods of protecting 
rotating machines are given in a paper by 
by McCann, Beck, and Finzi.’ The es- 
sential requirements are to limit the mag- 
nitude of surge voltage at the machine 
terminals to protect the insulation to 
ground, and to slope the front of the surge 
wave so that it will not pile up across a 
few turns of the machine winding and 
overstress the turn-to-turn insulation. 
The first of these requirements is ac- 
complished by special lightning arresters 
having low sparkover characteristics, and 
the second by shunt capacitors and series 
inductance. These fundamental com- 
ponents of the protective scheme are il- 
lustrated in Figure 4A. Actually, the 
series inductance may be a section of the 
incoming line, 500 feet in length, imme- 
diately ahead of the machine (see Figure 
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4B). A standard line-type arrester is re- 
quired ahead of the series inductance to 
limit the magnitude of surge voltage that 
can pass in to the inductance and shunt 
capacitor combination. This arrester 
preferably should be a tube type if the 
ground resistance is more than two or 
three ohms, because the discharge voltage 
across the tube collapses to near zero for a 
half cycle, thus resulting in only a small 
amount of surge energy being transmitted 
into the protective devices at the machine 
terminals. Where the line is exposed to 
severe surges, or where the arrester 
ground resistance is higher than about 
five ohms, one or more additional sets of 
arresters should be placed out on the line 
at about 500-foot spacings. The first 500- 
foot line section ahead of the machine 
should be shielded (see Figure 4C) if there 
is danger of a direct stroke of lightning in 
that section. 

The special arresters at the machine 
terminals should be valve type because 
of its lower sparkover voltage. The best 
protection is provided by station-type 
arresters which are recommended where 
the kilovolt-ampere rating of the machine 
or machines protected exceeds 1,000. The 
special line type generally is considered 
adequate for smaller sized machines. 

Where several rotating machines are 
connected to a common bus, adequate 
protection can be provided by means of 
a single set of special arresters and capaci- 
tors connected to the bus, if each machine 
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Figure 4. Surge protection of rotating ma- 


chines 


A—Fundamental scheme 

B—Equivalent scheme 

C—Protection against severe surges including 
line shielding and spaced lightning arresters 
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is connected to the bus by an unexposed 
circuit not over 200 feet in length. Other- 
wise, each machine should be provided 
with a set of capacitors and special ar- 
resters mounted near its terminals. If 
there is enough cable connected to the 
bus (see Table II) to provide the required 
shunt capacitance, no capacitors are 
necessary. 

In some industrial plants, there may be 
individual motor loads, such as pump 
motors, tapped off a common overhead 
circuit at intervals along the line. For 
the best protection to all the motors the 
line should be shielded against direct 
strokes and special rotating machine 
protection provided at each motor. If 
shielding is not feasible, each motor should 
be provided with a series choke coil, 
special valve-type arresters and wave 
sloping capacitors at the motor terminals, 
and a standard line-type arrester ahead 
of the choke coil. 

Rotating machines connected to the 
secondary windings of transformers whose 
primary windings are connected to over- 
head lines may not need rotating machine 
protection if the primary winding of the 
transformer is protected adequately. 
However, if large or important machines 
are involved, and are located close to the 
transformer, the risk of failure from 
surges passing through the transformer 
justifies the provision of special arresters 
and wave sloping capacitors at the ma- 
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Figure 5. Approximate maximum sizes of 

transformer bank that can be grounded solidly 

without exceeding 2,500 amperes ground 
fault current 


chine terminals. Reference 5 includes a 
method of analyzing the need for such 
protection. 


Protection Against Fault Damage 


Even with good maintenance and surge 
protection there will be occasional faults, 
most of which will start as short circuits 
between one phase and ground. Such a 
fault may result in considerable damage 
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by causing either severe arcing or high 
transient voltages, depending on whether 
the system neutral is grounded, and if so, 
how.’ —¢ 


NEUTRAL POINT AVAILABLE 


If the neutral of the source of power to 
the distribution system, either generator 
or transformer bank, is grounded solidly, 
there will be no transient voltages of 
dangerous magnitude produced by a 
phase-to-ground fault. However, the 
ground current will be high, particularly 
if the grounded neutral machine is a 
steam-turbine-type generator supplying 
power directly to the distribution system. 
It will produce a noticeable dip in voltage 
and result in severe burning at the fault, 
unless the fault is cleared rapidly. It 
also may distort the windings of the 
grounded neutral generator which nor- 
mally is designed to withstand short- 
circuit current no greater in magnitude 
than that resulting from a 3-phase short- 
circuit. The line-to-ground short-circuit 
current from a solidly grounded neutral 
generator usually will be greater than 
the 3-phase value. 

If the source of distribution power is a 
transformer bank supplied from a high 
voltage line, grounding the neutral 
solidly will prevent dangerously high 
transient voltages resulting from ground 
faults. The magnitude of ground fault 
current will depend on the distribution 
voltage and the size of the bank. It will 
not cause excessive arc burning with 
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Figure 6. Low resistance neutral grounding 
A—Generator neutral resistor 


B—Grounding transformer with neutral resistor 
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moderate speed relaying if it does not 
exceed about 2,500 amperes. The ap- 
proximate maximum sizes of transformer 
bank that can be grounded solidly with- 
out exceeding 2,500 amperes ground cur- 
rent are givenin Figure 5. Higher ground 
currents are permissible if high speed 
relaying is provided. 

If the neutral of the supply source is 
left ungrounded there will be no fault 
current when one phase becomes grounded 
except a few amperes of charging current 
through the circuit capacitance to ground. 
The extinction and restriking of this 
charging current may cause transient 
voltages between the unfaulted phases 
and ground high enough to destroy pro- 
tective devices or to break down equip- 
ment insulation, thus causing one or both 
of the other phases to become grounded. 
A compromise between the high ground 
current and no transient voltages on the 
one hand and the high transient voltages 
and no ground current on the other hand 
is usually the best practical solution. 


NEUTRAL IMPEDANCE 


The magnitude of ground fault current 
can be reduced by inserting impedance in 
the neutral ground circuit. However, 
care must be exercised in fixing the make- 
up of this impedance. If it is resistance 
only, there is a wide range in the value of 
resistance that may be used to eliminate 
the high transient voltages. It may be 
classed as either ‘‘low’’ or “‘high”’ resist- 
ance grounding (Figure 6) depending on 
the resultant magnitude of ground fault 
current. The lower limit of ground fault 
current for ‘‘low resistance” grounding is 
the minimum value that will assure de- 
pendable relaying with ground relays, 
about rated full load current with mini- 
mum generating capacity. The upper 
limit is dictated by the amount of energy 
that can be dissipated in the resistor dur- 
ing fault, both from the standpoint of 
practical resistor size and shock to the 
supply generators. A reasonable value to 
use for the upper limit is 150 per cent of 
the rated load current of the minimum 
generating capacity, or 2,500 amperes, 
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Figure 7. Approximate maximum values of 
ground fault current with neutral resistor 
grounding 


whichever is the smaller. It usually will 
be desirable to approach this upper limit 
to assure prompt operation of ground re- 
lays under maximum fault resistance con- 
ditions. The curves of Figure 7 show val- 
ues of ground fault current limited to 150 
per cent of rated full load current for the 
voltages commonly used in industrial 
plant distribution systems. The mini- 
mum value of neutral resistance in ohms 
that should be used is equal to the line-to- 
neutral voltage divided by the value of 
fault current given by the curves. 

From the standpoint of limiting the 
transient voltages, it is only necessary to 
use a neutral resistor of low enough re- 
sistance to dissipate energy equal in kilo- 
watts to the charging kilovolt-amperes 
supplied the system at the time of a 
ground fault. This depends upon the 
maximum amount of circuit, particularly 
cable circuit, and the number and size 
of machines connected at any one time. 
With this value of neutral resistance, 
classed as “‘high”’ resistance, the current 
in the fault would be only about 50 
per cent more than the charging current 
which would be but a few amperes at the 
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most. The faulted circuit, therefore, 
could be left in service without danger 
from transient voltages or are burning 
until convenient to remove it. In prac- 
tice, an alarm actuated from a voltage 
relay connected to measure voltage be- 
tween neutral and ground would be used 
to indicate when a grounded conductor 
existed. The circuit relaying, initially 
set up on the basis of ungrounded neu- 
tral service, would not be affected. 

The effect of such a high resistance, 
neutral ground (Figure 8), can be pro- 
vided more practically for 2,300 volts 
and higher by using a standard distribu- 
tion transformer with a low voltage re- 
sistor connected across its secondary 
winding. The primary winding should 
have a voltage rating equal to the circuit 
voltage. It should be connected between 
the generator neutral and ground. The 
secondary winding may be 120, 240, or 480 
volts, depending on the rating of the most 
applicable resistor which should be chosen 
to dissipate power during a line-to-ground 
fault equal in kilowatts to at least the 
maximum charging kilovolt-amperes 
drawn by the system during a ground 
fault. A voltage relay generally is con- 
nected across the resistor to serve as a 
fault detector. 

When resistance grounding is used, the 
system neutral becomes displaced almost 
fully during a ground fault. This re- 
quires that lightning arresters connected 
to the system have a voltage rating not 
less than line-to-line voltage as is neces- 
sary with ungrounded neutral operation. 

If the neutral impedance is reactance 
(Figure 9) there is a limit to how far the 
ground fault current can be reduced with- 
out causing high transient voltages. To 
be safe, this minimum value should not 
be less than about 50 per cent of the mag- 
nitude of the 3-phase fault current. The 
curves in Figure 10 show the minimum 
safe ground fault currents with reactance 
grounding for the different distribution 
voltages. 

A combination reactor and resistor in 
parallel will permit high transient volt- 
ages unless the resistance is low com- 


BUS 


422-6 


Figure 8. High resistance 
neutral grounding 


A—Generator neutral resis- 
tor 
B—Distribution transformer 
in generator neutral with sec- 
ondary resistor 


3 : C—Bank of — distribution 
transformers with secondary 
(c) resistor 


AUGUST-SEPTEMBER 1946, VOLUME 65 Vaughan—Industrial Plant Protection 


| 


[ (A) (B) fe 


Figure 9. Reactance grounding 


A—Generator neutral reactor 
B—Transformer with or without neutral reactor 


pared to the reactance. Therefore, the 
two in parallel offer very little, if any, 
advantage over a resistor only. 

Any neutral ground scheme that per- 
mits enough ground fault current to 
cause are damage requires ground relays. 
If the neutral is grounded solidly, the 
ground fault current would in most cases 
be high enough to operate phase relays. 
However, there may be occasional high 
resistance ground faults that would not 
draw enough current to operate phase 
relays in which case considerable damage 
from burning might result if ground relays 
were not provided. 


NEUTRAL Point Not AVAILABLE 


Many industrial plant distribution 
systems do not have a neutral point avail- 
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ie} 40 so = /20 160 200 240 280 
THREE-PHASE SHORT-CIRCUIT—MVA 


Figure 10. Approximate minimum values of 
ground fault current with reactance grounding 


able for grounding, particularly those that 
operate at 2,300 or 6,900 volts, delta. 
As previously pointed out, such systems 
are conducive to high transient voltages 
during ground faults. Experience has 
shown that a failure of a machine winding 
or cable circuit to ground often results in 
the simultaneous failure of other machines 
or cables. The remedy is to supply one or 
more supplementary neutral grounds to 
assure that all feeder sources are grounded 
adequately at all times. 
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If the distribution system draws only a 
few amperes charging current and is rela- 
tively simple in make-up so that a 
grounded conductor can be located with- 
out too much difficulty, a high resistance 
neutral ground may be established with a 
small bank of distribution transformers 
and secondary resistor as shown in Figure 
8C. The star-connected primary wind- 
ings should be connected to the distribu- 
tion bus with neutral grounded. The re- 
sistor should be connected inside the delta 
of the low voltage winding. The resist- 
ance should be chosen to dissipate energy 
equal in kilowatts to at least the charging 
kilovolt-amperes of the system during a 
ground fault. This scheme of grounding 
is similar to the distribution transformer— 
secondary resistance scheme described 
previously, in that it serves only to limit 
the transient voltages and to indicate a 
ground fault. The fault current is too 
low to cause arc burning so that ground 
relays are not necessary. 

The other method of providing a sup- 
plemental neutral ground is to use a 
grounding transformer, either zig-zag or 
star delta connected with the neutral 
grounded. If grounded solidly it is 
classified as reactance grounding and car- 
ries the same limitation as described pre- 
viously, that is, that the ground current 
should not be less than about 50 per cent 
of the 3-phase fault current. If grounded 
through a resistor (Figure 6B) the ground 
current can be reduced to the minimum 
permissible for satisfactory ground re- 
laying. If a “low resistance’ neutral 
resistor is used, the reactance of the 
grounding transformer should be such 
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that if the transformer were grounded 
solidly, the ground fault current would 
not be less than about 50 per cent of the 
3-phase value. Relays that will clear 
ground faults promptly are necessary to 
prevent excessive arc burning. 


PREFERRED METHOD OF NEUTRAL 
GROUNDING 


The essential requirement of a neutral 
ground is that it will suppress high tran- 
sient voltages during ground faults. The 
scheme best suited to any particular in- 
dustrial plant depends on a number of 
factors, such as the surge protection re- 
quired, the magnitude of the power source, 
whether a neutral point is available or not, 
the number and complexity of circuits 
involved, and the type of relaying that is 
or can be provided. From the standpoint 
of surge protection, either solid neutral 
or reactance grounding that limits the 
ground fault current to not less than 60 
per cent of the 3-phase fault current is 
preferable, because either one makes it 
possible to apply reduced rating (80 per 
cent) arresters. If the insulation is ques- 
tionable, this may be the deciding factor. 
However, either of these types of ground- 
ing produces high ground fault currents 
if the distribution system is supplied at 
generator voltage and the generating 
capacity is large. When those conditions 
exist, resistance grounding generally will 
be suited better. The distribution trans- 
former-secondary resistor scheme often 
works out advantageously where the dis- 
tribution system is not too complex and 
where it is not feasible to add ground re- 
lays. 
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Conclusions 


There are methods available for surge 
protecting almost any combination of 
circuits and apparatus that may be en- 
countered in industrial plants. Conse- 
quential damages due to high transient 
voltages resulting from unavoidable 
ground faults can be prevented by proper 
neutral grounding. Experience has shown 
that, where these precautions are taken, 
trouble from electrical failures has been 
reduced to a minimum. 
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Fundamental Properties of the 
Vacuum Switch 


R. KOLLER 
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Synopsis: The main results of a study of 
the various phenomena which take place 
during the interruption of currents in high 
vacuum are given. The experimental re- 
sults obtained lead to a theory of the basic 
mechanism affecting switching in high 
vacuum. With a proper design of the 
switch, a constant working pressure can be 
obtained which represents an equilibrium 
between gases and vapors evolving from 
the electrodes and a pumping action based 
on the sputtering of cathode material. A 
detailed study is made of the factors de- 
termining the loss of electrode material 
because of switching. The most essential 
design features of a vacuum switch are 
discussed briefly. 


WITCHING is one of the most fre- 

quently performed operations in 
electrical circuits. Even though switch- 
ing plays a very important role, the 
equipment performing this operation, the 
switches and circuit breakers, have by 
no means reached the last degree of per- 
fection. 

No satisfactory d-c breaker has been 
developed yet for the interruption of 
medium or heavy loads at high voltage. 

The interruption of alternating current 
is made much easier by the periodical 
occurrence of the current zero which 
represents a natural means of deioniza- 
tion. The difficulty here lies in the fact 
that severe requirements are made with 
respect to the time of interruption. 

System stability studies indicate that 
faults on transmission lines, particularly 
of large interconnected systems, should 
be cleared in a minimum of time. This 
is the main reason why the increase in 
load of the past 15 years gradually has 
placed stronger requirements on the open- 
ing time of breakers. Whereas in 1930 
Paper 46-126, recommended by the AIEE com- 
mittees on electronics and industrial control de- 
vices for presentation at the AIEE summer con- 
vention, Detroit, Mich., June 24-28, 1946. Manu- 
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a 10- to 15-cycle breaker was found to 
be satisfactory, today the tendency is 
to clean faults in three cycles. It is 
to be expected that in the near future 
still more severe specifications will have 
to be made on the interruption time. 

In some cases no restrikes after the 
first current zero are permissible, as for 
example in the interruption of charging 
current. Restrikes would result in high 
overvoltages, exceeding the normal line 
voltage several times.'? This is par- 


ticularly dangerous on power lines where _ 


sections of cable are incorporated. 

With the present designs of circuit 
breakers, it is very difficult to meet re- 
quirements of the type mentioned above. 
The main difficulty encountered by the 
present methods of are extinction lies in 
the small dielectric strength of the in- 
terrupting medium. The rate of recovery 
of dielectric strength is small, even when 
large opening speeds are used. 

It was recognized early that the use of 
high vacuum as an interrupting medium 
is expected to have two features which 
are of great importance for the rapid 
interruption of currents: 


1. The dielectric strength of high 
vacuum',*5 is greater by far than that of 
any other interrupting medium in use. 


2. Once an are has been formed in a high 
vacuum, a fast radial diffusion of the current 
carrying particles takes place and provides 
a most ideal means of deionization. 


A great deal of research and develop- 
ment has been done on vacuum switches. 
In 1921 the first small vacuum switch 
was built commercially by the Swedish 


Birka Company.® From 1923 to 1926, 
Sorensen and Mendenhall’ performed 
extensive tests with larger vacuum 
switches at the California Institute of 
Technology. Around 1932 interesting 
investigations were carried out by Seitz® 
and Jubitz® in Germany. 

As a result of these efforts, excellent 
small current capacity vacuum switches 
are commercially available and are find- 
ing a steadily increasing field of applica- 
tion. 

Today, however, the vacuum switch 
is not able to compete in power circuits. 
No explanation for this fact can be found 
in the literature. There is also no theory 
given explaining the various processes 
affecting the interruption in high vacuum. 

The aim of the investigation described 
in this paper was to clarify some of the 
important and basic points involved in 
this problem. 


Experimental Setup 


The investigation was carried out 
entirely on direct current. The inter- 
ruption of alternating current only would 
have complicated the analysis greatly 
without giving any new information about 
the basic mechanism of the interruption. 

The two switches shown in Figures 1 
and 2 were built for this study. The 
switch of Figure 1 is completely glass- 
sealed, allowing studies to be made at 
very low pressures of 107° millimeter 
of mercury or less. This switch is 
actuated magnetically by means of a 
nickel plunger and a trip coil. The 
second switch, shown in Figure 2, was 
developed after it had been established 
that pressures below 10~‘ millimeters of 
mercury were not required for a successful 
operation. Two main improvements 
were incorporated in this switch. First, 
it provides a simple and quick way of 
opening and resealing. Picein was used 
as a sealing wax around the steel base 
and the ground bottom of the glass jar. 


Figure 1. Glass-sealed vacuum switch, 
magnetically operated 
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The second improvement consisted of an 
accurate and easily changeable speed of 
separation of the electrodes, which is a 
significant variable. A spring located 
in the socket of the lower electrode pro- 
vided the desired contact pressure. 
When the switch was tripped, the lower 
electrode followed the parting upper 
electrode until a stop in the socket ,was 
reached. At this point the lower elec- 
trode was arrested and the electrodes 
separated. 

The switch is actuated by an outside 
mechanism shown in Figure 3. The 
motion is transmitted to the switch by 
means of a metal bellows located at the 
top of the switch. 

The disk D of Figure 3 is rotated at 
synchronous speed. The opening spring 
Sp is expanded by means of a pin A 
mounted eccentrically on the disk B. 
A short time before the maximum stretch- 
ing of the spring is reached, the cam 
switch SW closes and energizes the coil 
and the magnet M. This locks the 
tripping toggle T by means of the latch 
L. The tripping coil TC releases the 
tripping toggle. This results in a rapid 
opening of the switch. The trip coil 
can be energized by closing the switch S 
or through the cam switch CS. This 
cam switch permits the automatic opera- 


Figure 2. Demount- 
able externally oper- 
ated vacuum switch 
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tion of the vacuum switch. This is 
important because thousands of opera- 
tions are required to determine accurately 
the average loss of electrode material per 
interruption, which is very small. 

The vacuum system used is illustrated 
by Figure 4. The vacuum is created by 
a forepump F and a 2-jet mercury diffu- 
sion pump J. Another forepump M 
was used to reduce the time required for 
the complete evacuation of the vessel. 
The use of this pump for the first part 
of the evacuation also helped greatly to 
keep the two liquid air traps clear of 
ice formation. 

The pressure in the vessel was measured 
with a cold cathode ionization gauge J of 
the Penning!°type. The McLeod gauge 
G was used for checking purposes only. 

The speed of separation of the elec- 
trodes of the spring operated switch was 
measured with a mechanical speedograph. 

Another method had to be devised for 


’ the measurement of the opening speed 


of the magnetically operated switch. 
There the force available from the mag- 
netic plunger was too small for the use 
of a speedograph. An optical method 
illustrated in Figure 5 was used instead. 

A narrow vertical beam of light is 
obtained by means of the condenser lens 
I, and the slit S. In the closed position 
of the switch, this parallel beam of light 
is obstructed completely by the elec- 
trodes. During the separation, a beam 
of light which is proportional to the width 
of the gap reaches the lens L, and is 
focussed on the phototube. The result- 
ing phototube current then is amplified 
in order to give a satisfactory deflection 
on the screen of a cathode ray oscillo- 
graph. 


WO VOLTS 
D-C 


Figure 3. 


A curve can thus be obtained on the 
screen, giving the separation of the 
electrodes as a function of time. Such 
curves used in conjunction with recovery 
voltage oscillograms allow one to de- 
termine the electrical field strengths 
present during interruption. 


The Mechanism of Interruption 


In what follows, a detailed analysis of 
the mechanism of interruption is given. 
This analysis is based on the various 
observations made by means of different 
methods, such as cathode ray oscillo- 
grams, fast movie films, microscopic 
studies of the electrode surface, and so 
forth. 

At the beginning of the separation of the 
electrodes, the contact area is decreased 
rapidly. This results in a fast increase 
in current density, leading eventually to 
melting and evaporation of the electrode 
material. A vapor are thus is created 
which rapidly blows itself out because of 
the rapid radial gaseous diffusion active 
in the evacuated space. The loss of cur- 
rent carriers because of this radial diffu- 
sion is large enough to disrupt quickly 
the self-sustaining discharge. 

The average velocity of diffusion is 
given by (C= WV 4kT/m, where k = 
Boltzmann constant, T = absolute tem- 
perature, and m = mass of a gas molecule. 
At a temperature of a few thousand 
degrees Kelvin, the diffusion velocity is 
of the order of 10° centimeters per second, 
which is about 1,000 times greater than 
the speed of separation of the electrodes. 

As soon as this first are is blown out, 
a recovery voltage builds up across the 
gap, which is by now only about 10- 


Opening mechanism of externally 


operated switch 
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Under this condition 
small recovery voltage 
creates a field strength of sufficient 
magnitude to break down the gap in 
the form of a special kind of spark arc 


mechanism to be discussed later. The 
initiating spark preferably will take place 
along a path where a small density of gas 
and vapors is left, that. is, about one 
millimeter away from the former point 
of contact, owing to the diffusion in the 
microsecond of the first arc. The arc 
following the initiating spark is blown 
out again, and another recovery voltage 
E, leading to a new breakdown builds 
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Figure 4. Vacuum system 
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Figure 5. Optical 
method for measur- 
ing the speed of 
separation of the 
electrodes 


Figure 6. Voltage 
oscillograms — with 
one megacycle tim- 
ing wave—copper 
electrodes 


up across the gap. 


Recovery voltages 
E, of this type are well resolved in the 


oscillograms of Figure 6. It can be seen 
that the mechanism consists of a series 


Figure 7. Schematic 
representation of the 
spreading of the dis- 
charge on a cathode 
plate along a single 
ie radial path 
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of arc bursts of microsecond” duration, 
interspersed with periods of extinction 
of even shorter duration. It is significant 
that the random character of this process 
is found by experiment not to be affected 
by the circuit constants. 

For the case of a plate-cathode and a 
spherical anode, fast movie films show 
that the spark-are mechanism moves 
away from the center of contact along a 
single radial line. This situation is 
represented schematically in Figure 7. 
It can be seen that the radial diffusion 
of the gas and vapors originated during 
each single arcing episode A;, A», A3... 
creates ring-shaped zones of greatest gas 
vapor and ion density. The successive 
breakdowns B,, B,, B3...following the 
recovery voltages E,, Es, E;...take place 
in the regions where the ring-shaped 


zones ovetlap, that is, along a single 
radial line. 

In the case of large currents, spark-are 
mechanisms will occur along many sepa- 
rate radial lines. Theseparate arcs occur- 
ring simultaneously at a given time all will 
be located on a concentric circle around 
the former point of contact. This form 
of discharge along-an are of a circle is 
found to take place for currents exceed- 
ing about 30°amperes. 

The interruption is completed when 
such a series of arcing episodes ceases. 
This happens once the path along the 
greatest gas density is too long, that is, 
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when its dielectric strength prevents a 
further breakdown. At the end of such 
a series of arcing episodes, the electrodes 
are still close together. If the circuit 
conditions create a high recovery voltage, 
the gap will break down near the center 
by field emission. This usually starts 
another succession of radial spark-arcs. 
Fast movie films were able to give evi- 
dence of repeated breakdowns near the 
center of the gap. The field strengths 
corresponding to such breakdowns exceed 
108 volts per centimeter. It is therefore 
clear that this type of breakdown is ini- 
tiated by field emission.!? 

Figure 8 shows a typical voltage 
oscillogram where a high recovery voltage 
occurred at point A, 3 X 1075 second 
after the start of the interruption at point 
B. The total time of interruption (B 
to C) amounted to 3.2 X 10-4 second. 
The recovery voltage at point A was 552 
volts, corresponding to a field strength 
of 2.76 X 10° volts per centimeter. The 
succeeding large recovery voltage which 
is clearly resolved occurred at point C 
and amounts to 1,380 volts, giving a 
field strength of 1.26 X 108 volts per 
centimeter. Large recovery voltages are 
always present at the end of the inter- 
ruption of an inductive d-c circuit. The 
resulting field strengths are, however, 
no longer able to restrike. Figure 9 
shows an interesting case where a field 
emission breakdown occurred at point A 
which was not able to reignite a new series 
of arcing episodes. 

The fact that the mechanism of inter- 
ruption is affected by field emission ex- 
plains the observed great variations of 
the time of interruption. The determi- 
nation of the statistical average time of 
interruption requires, therefore, the data 
of a large number of interruptions. 

The study of electrode surfaces with 
the microscope revealed another interest- 
ing phase of the mechanism of interrup- 
tion. Figure 10 shows the many micro- 
scopic craters of about 10-3 centimeter 
diameter which have been created on a 
tungsten cathode. The cathode also 
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Figure 8. Voltage 
oscillogram—molyb- 
denum electrodes 


Figure 9. 


shows cracking and peeling of the surface 
which was caused by the heat resulting 
from the intense positive ion bombard- 
ment. The anode shows many fused 
spots; the rest of the surface is covered 
with sputtered material from the cathode. 
Carbon ‘electrodes show even more dis- 
tinctly the difference between cathode 
and anode surfaces. Figure 11 shows 
how the cathode surface is broken up to 
a great depth by the combined action of 
the positive ion bombardment and the 
explosive action of the suddenly liberated 
gas. 

The anode has a smooth surface covered 
with sputtered carbon from the cathode. 
The microscopic craters observed on all 
cathodes reveal the presence of a focusing 
action. The conditions present during 
the periods of recovery voltage Ej, F:, 
3... (see Figure 7) as well as during 
cold emission restrikes are leading to the 
conclusion that a magnetic self-focusing 
action of the Bennett! type takes place. 
This magnetic self-focusing concentrates 
the positive ion bombardment on small 
areas on the cathode, resulting in local 
fusion and evaporation. This creates 
microscopic craters of the type indicated 
by arrows in Figure 10. The self-focus- 
ing action lasts only about one micro- 
second. After this interval of time, the 
conducting streams are no longer self- 
focusing because the density of matter 
near the cathode leads to frequent col- 
lisions between current carriers and 
neutral atoms. The conditions for self- 
focusing hold, however, only as long as 
the energy loss caused by such collisions 
is negligible. As soon as the focusing 
action ceases, a transient are of short 
duration is established. This arc is 
quickly deionized by the fast radial 
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Voltage oscillogram—molybdenum electrodes 


gaseous diffusion. This then is followed 
again by a series of arcing episodes as 
described earlier. 


Variations of Pressure Produced 
by Switching 


Contrary to previous statements, it 
has been found that the vacuum switch 
normally operates at a vessel-pressure 
of 10-4 millimeter of mercury or less, 
provided that the electrodes are well 
outgassed. 

Throughout this investigation, stock- 
material was used for the electrodes. 
The outgassing or conditioning of such 
electrodes was achieved in interrupting 
frequently with gradually increasing 
currents. The heat created by radiation 
and particularly by the positive ion 
bombardment of the cathode was suffi- 
cient to free the electrodes from adsorbed 
gases. A satisfactory conditioning of 
the electrodes required about 100 
operations. All interruptions have to 
be started at a vacuum in the vessel of 
10~4 millimeter of mercury or better. 
The use of vacuum-melted material, 
of course, would shorten considerably 
the time required for the conditioning. 

Once the eleotrodes are conditioned 
properly, it was found to be of no ad- 
vantage to operate the switch at pressures 
below 10~4 millimeter of mercury. Higher 
pressures result in a considerably longer 
time of interruption, as will be shown 
later. 

An important property of the vacuum 
switch is the fact that the pressure in 
the vessel does not necessarily increase 
as a result of switching. With the vessel 
disconnected from the pumping system, a 
definite constant working pressure estab- 
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lishes itself in the vessel as a result of 
frequent switching. In the course of 
the experiments, the vacuum switches 
often were disconnected from the pump 
for hours, performing thousands of iden- 
tical operations, without resulting in a 
change of the vessel pressure. 

The working pressure was found to vary 
with the vessel diameter, the current, 
and the electrode material. The work- 
ing pressure even can become appreciably 
lower than the pressure which is present 
in the vessel before the interruptions of 
currents. This behavior indicates that 
a strong pumping action is initiated by 
the interruption of currents. The ob- 
served constant working pressure thus 
represents an equilibrium between this 
pumping action and the gases and vapors 


Anode 
Figure 10 (above). 


which necessarily evolve from the elec- 
trodes. Real and virtual leaks, of course, 
also will affect this equilibrium. The 
pumping action is based on two distinct 
processes, both of which result from the 
sputtering of the cathode material. One 
process acts like a diffusion pump, whereas 
the other is based on the getter action 
which some materials like molybdenum 
display very strongly. The mechanism 
of the diffusion pump like process is as 
follows: The sputtered cathode material 
diffuses at high speed to the walls. Gas 
molecules present between the discharge 
region and the walls then are caught by 
the diffusing metal atoms and are plas- 
tered on the walls. These gas molecules 
are bound firmly to the walls and can be 
freed only when the walls are heated 
above 300 degrees centigrade, as is well 
known from the case of glow discharge 
tubes. Pumping in the manner described 
will occur when the distance from an 
active spot on the cathode to the nearest 
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section of the wall is of the order of the 
mean free path of the gas in that region. 
This mean free path is a measure for the 
collision probability between the gas 
molecules and the sputtered particles. 
Under the conditions of the experiment, 
it always was found that the mean free 
path corresponding to the pressure in 
the vessel (measured with the ionization 
gauge) was several times larger than the 
average distance S of the active spots to 
the wall. This can be explained by the 
fact that as a rule the evaporating metal 
atoms greatly outnumber the gas mole- 
cules in the volume exposed to the blast 
of sputtered material. For example, 
during an interruption of 25 amperes 
with copper electrodes, the evaporated 
copper atoms outnumbered the gas mole- 


Anode 


Cathode 
Molybdenum electrodes (< 90) 


cules by a factor of fifty. The fact that 
the mean free path is larger than the 
distance S means that only a fraction of 
the metal atoms succeed in plastering 
gas molecules to the walls. The actually 
resulting reduction of gas molecules, 
partially balanced by the evolution of 
gases from the electrodes, thus will main- 
tain a lower gauge pressure than that 
corresponding to a mean free path equal 
to the distance S. 

It was found that the working pressure 
p, as measured by the gauge, varies 
inversely with the baffle or vessel diameter 
d, as Di/ pr2=de/d). 

This relation holds well for materials 
like copper and aluminum which do not 
display a strong getter action. Thus 
the judicious use of baffles may be of 
value in the switch design. 

The current does not affect greatly 
the working pressure since it equally 
affects two opposing processes: the 
liberation of gas from the electrodes and 
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the amount of sputtered material. The 
electrode material has a similar effect 
on the working pressure in affecting the 
evolution of gas as well as the sputtering. 
Materials which sputter very little 
(molybdenum, tungsten) require larger 
currents in order to display a strong 
pumping action. 

The getter action also can contribute 
to an appreciable reduction in pressure. 
The fine film of sputtered material which 
collects on the walls is very efficient in 
absorbing gas molecules. Molybdenum 
displays a particularly strong getter 
action which was observed to last with 
diminishing intensity for 30 minutes or 
longer. 

The reduction in pressure resulting 
from the two combined pumping actions 


Figure 11 (below), Carbon electrodes ( 70) 
Cathode 


canbe considerable and is in part re- 
sponsible for the fact that a current can 
be interrupted repeatedly in vacuum. 


Factors Determining the Loss of 
Electrode Material 


From the knowledge of the mechanism 
of interruption, it follows that the loss 
of electrode material caused by the inter- 
ruption of currents will depend on the 
mass of material sputtered or evaporated 
at each striking of the arc and on the 
number of individual arcing episodes 
occurring during the time required for 
the interruption of the circuit. The 
mass of material sputtered at each strik- 
ing of the are is probably proportional 
to the energy dissipated in such an are. 
The amount of mass sputtered per watt- 
second, however, will depend particularly 
on various physical constants of the 
electrode material and therefore will 
differ a great deal among various ma- 
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terials. For a given material the losses 
must thus depend on the over-all time 
to terminate the interruption and on the 
currents and potentials involved. 

From the mechanism of interruption 
described earlier, it follows that the 
primary loss of material comes from the 
cathode. According to observations of 
the electrode surface, it is to be expected 
that the anode gains in mass by the 
sputtering of cathode material onto it. 

Unfortunately, too little is known 
today about the mechanism of sputtering 
to enable one to make a thorough quan- 
titative analysis of the various factors 
influencing the loss of electrode material. 
Two distinctly different types of sputter- 
ing have been observed in the course of 
the experiments. One is the atomic 
sputtering resulting from the evaporation 
of electrode material. The other type 
of sputtering is caused by occluded gases 
in the electrode material. The positive 
ion bombardment produces a fast local 
heating of the cathode surface which 
results in an explosive gas evolution 
and in the blasting out of chunks of ma- 
terial from the cathode. There has been 
visible evidence of such incandescent 
tiny chunks streaking from the arc region 
toward the walls and often rebounding 
from them. Carbon contains great 
amounts of absorbed gases and therefore 
displays with great intensity this second 
type of sputtering. The diffusion pump 


Figure 12. Average cathode loss versus 
average time of interruption of a d-c circuit 


Cathode: 2-inch diameter plate 
_ Anode: 1-inch diameter sphere 
Opening speed 75 centimeters per second 


1000 


like action, described in an earlier part 
of this paper, is caused entirely by the 
atomic type of sputtering. 

In what follows, the experimental 
results of the investigation on electrode 
material losses are given. 


DISTRIBUTION OF SPUTTERED MATERIAL 


All switching experiments resulted in 
a gain in mass of the anode and in a loss 
in mass of the cathode. The material 
sputtered from the cathode deposits on 
the anode, on the walls of the switch, 
and is reflected partially to the cathode. 
The loss of anode material which is known 
to occur from electron streams is over- 
compensated largely by the cathode 
material collecting on the anode surface. 

The distribution of the sputtered ma- 
terial is determined chiefly by the design 
of the switch and particularly by the size 
and the shape of the electrodes. How- 
ever, it also is affected slightly by the 
current, the recovery voltage, and the 
speed of separation of the electrodes. 


INFLUENCE OF THE GAS PRESSURE 


During this investigation, the pressure 
in the vessel was brought to a definite 
value before each interruption. In- 
significant changes in losses were observed 
in interrupting at pressures ranging from 
10~® to 1074 millimeter of mercury. 
At pressures above 107‘ millimeter of 
mercury, the losses increase rapidly 
because of a lengthening of the time of 
interruption. 

If the pressure becomes too high, a 
permanent arc was able to maintain itself 
and switching action ceased. The length- 
ening of the time of interruption with 
increasing pressure obviously is caused 
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by a corresponding decrease of the 
velocity of the radial gaseous diffusion. 


INFLUENCE OF THE SHAPE OF THE 
ELECTRODES 


The size of the anode was found to 
have no noticeable effect within the range 
investigated, that is, from 0.5 centimeter 
to 50 centimeters diameter. The curva- 
ture of the cathode has a pronounced 
effect, in increasing the loss and the time 
of interruption for a smaller radius of 
curvature. With a small radius of 
curvature, the radial travel of successive 
arcing episodes leading to extinction is 
no longer possible as it was in the case 
of a plate cathode. The restrikes, 
therefore, will be confined to a limited 
area around the former point of contact 
until the separation of the electrodes is 
too great to restrike the arc. This 
localization of the interruption process 
results in more continuous arcing epi- 
sodes with a deeper localized heating of 
the area. This yields more gas evolution 
and evaporation and consequently heavier 
instantaneous arcing-currents result. 


INFLUENCE OF THE VESSEL DIAMETER 


It was found that the loss of cathode 
material was slightly higher for smaller 
vessel- or baffle-diameters. The effect 
is very small and can be explained by the 
increase of the working pressure, resulting 
from the smaller diameter. 


Figure 13. Average cathode loss versus line 
current I and I? of a d-c circuit 


Cathode: 92-inch diameter plate 
Anode: 1-inch diameter sphere 
Opening speed 75 centimeters per second 
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INFLUENCE OF THE LINE VOLTAGE 


The line voltage had no effect on the 
losses within the range investigated, 
that is, from 50 to 500 volts direct cur- 
rent. This is also in accordance with the 
findings of Sorensen and Jubitz. The 
line voltage is not of great significance 
in any such phenomena inasmuch as the 
recovery voltage is usually much higher. 
The recovery voltage is a much more 
significant variable and acts in two ways. 
One of these is to increase the chance of 
restriking and to increase the number 
of arcing episodes, thus lengthening the 
time of interruption. The other is di- 
tectly to affect the sputtering. In the 
operation of glow discharge tubes, it is 
well known that sputtering increases 
materially once one enters the region of 
abnormal cathode fall, where the voltage 
increases with increasing current. 


INFLUENCE OF THE SPEED OF SEPARATION 
OF THE ELECTRODES 


A few simplified considerations have 
to be introduced in order to understand 
the effect which the opening speed has 
on the loss of electrode material. 

The energy equation® of a circuit hav- 
ing capacity C and inductance IJ is as 
follows: 


1/2LP°=1/2CE?+A 


where J=line current, H,=recovery 
voltage, and A=loss of energy in the 
circuit and in the switch because of heat 
and radiation. The term on the left 
side of the equation represents the 
magnetic energy stored in the system 
at the time of interruption. It is a con- 
stant for a given current. Referring to 
Figure 12, it is seen that except for small 
currents the loss of cathode material is 
directly proportional to the time of 
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interruption T. Therefore the loss of 
energy A in the circuit is also closely 
proportional to JT. For a given current 
and a given set of electrodes, a definite 
separation d of the electrodes is necessary 
for the interruption of the circuit. Hence 
d=vT, where v is the speed of separation 
of the electrodes. 

If d would remain constant, then T 
would be inversely proportional to ». 
The experiments, however, have shown 
that the mass-losses of the cathode are 
always less than proportional to 1/v. 
The reason for this is that an increase 
in the opening speed v tends to reduce 
A in making T shorter. Since the right 
hand side of the above equation is con- 
stant, it follows that the recovery voltage 
E, has to increase. This actually has 
been observed. A greater separation d 
of the electrodes therefore is required for 
the interruption of the circuit. 

Since d is not a constant, it follows 
that an increase in velocity will always 
result in a decrease in mass loss which is 
less than proportional to 1/v. 


INFLUENCE OF LINE CURRENT AND 
ELECTRODE MATERIAL 


Figure 13 shows the average cathode 
material loss for various electrodes and 
different values of current flowing in the 
line prior to interruption. 

In the same figure the broken-line 
curves show the relationship between 
cathode losses and J?. This is a measure 
of the magnetic energy 1/2LIJ stored in 
the circuit before the time of interruption. 
Figure 14 shows the relation between 
the average time of interruption T and 
I as well as TI”. 

The electrodes used for all the data 
given in Figures 12, 13, and 14 consisted 
of a 2-inch-diameter plate cathode and 
of a 1-inch-diameter spherical anode. 
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The opening speed was in each case 75 
centimeters per second. Referring to 
Figure 13, it is seen that the refractory 
metals give the smallest losses in the 
high current region. At lesser currents 
the different metals behave in a different 
fashion, the more refractory metals indi- 
cating a greater slope and the low melting 
point metals a smaller slope. It appears 
that two mechanisms may be at work 
in different current ranges. The differ- 
ence in losses between the higher and 
lower melting point metals indicate why 
good conducting metals like silver and 
copper often are used in low current ca- 
pacity vacuum switches. 

The line current has a two-fold effect on 
the losses. Considering the energy equa- 
tion of the circuit, it follows that the 
current determines essentially the sum of 
1/2CE,,+A. It affects the recovery 
voltage E, as well as the energy loss A. 
The latter term is particularly affected 
by the amount of evolved gases and va- 
pors, which depend on the current magni- 
tude and which greatly affect the time of 
interruption. It is obvious that well 
outgassed electrode materials, giving off 
only small amounts of gas, will result 
in small losses. It therefore is expected 
that vacuum-melted materials would 
give considerably smaller losses than can 
be expected from Figure 12 and Figure 
13. 


The used 


surface conditioning as 


’ throughout the present investigation is 


not sufficient for currents exceeding 150 
to 200 amperes where craters are dug to 
a depth which is beyond the region out- 
gassed by previous conditioning. This 
results in excessive gas formation, which 
would be dangerous, particularly for the 
case of sealed-off switches. 


Essential Design Features 


The mechanism of interruption, the 
behavior of the pressure, and the charac- 
ter of the losses of electrode material 
indicate that improvements can be made 
in the design of vacuum switches for 
moderate- and high-interruption duties. 

The fact that a very high vacuum is 
not essential for the proper operation 
makes a practical design of a vacuum 
switch possible. 

The vacuum vessel can be made of 
glass or metal, preferably stainless steel. 
The seals can be of the enamel type; 
welded, brazed, or soft soldered joints 
are also satisfactory. Glass-to-metal 
joints have to be ground and can be made 
vacuum-tight by means of a low-vapor- 
pressure wax, like picein. Greases should 
be avoided because they dissociate easily 
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under the intense radiation of the dis- 
charge. 

The switch requires, for conditioning, 
a relatively low capacity diffusion pump 
backed by a medium-sized fore pump. 
The cooling of the traps can be achieved 
satisfactorily by means of a mixture of 
dry ice and alcohol. 

It is expected that the judicious choice 
of seals and materials will make a per- 
manently sealed-off vacuum switch pos- 
sible. In this case it will be of even 
greater importance to use the correct 
vessel or baffle diameter by means of 
which full use of the pumping action can 
be made. Metal or glass baffles are 
also useful in shielding the insulating 
parts of the switch from sputtered ma- 
terial. 
required for a sealed-off switch. 

The vacuum switch is ideally suited 
for the interruption of high voltage cir- 
cuits. It is necessary, however, to re- 
duce the evolution of gases and vapors 
as much as possible. Therefore, it is 
necessary to limit the current per contact 
and to choose electrode materials with 
small gas and vapor evolution. For 
larger currents, refractory metals are 
best suited. 

The electrodes have to be conditioned 
in order to reduce the gas evolution. The 
conditioning by positive ion bombard- 
ment, as described earlier, limits the 
current to from 100 to 200 amperes per 
single contact. For larger currents, 
vacuum processed metals have to be 
used, 

Exposure to air during the insertion 
(of new contacts, for instance) tends to 
contaminate the surface of such materials 
and therefore indicates the necessity of 
a short conditioning procedure preceding 
the operation of the switch after each 
shutdown period. 

The interruption of higher currents 
and voltages also can be accomplished 
by multiple contacts. Such contacts 
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A thorough outbaking will be . 


will have to break with a fair degree of 
simultaneity. 

All current carrying parts exposed to 
the vacuum should have large cross sec- 
tions in order not to be heated appre- 
ciably by the normal line current or by 
short circuit currents of short duration. 
Too high a temperature of these elements 
would result in an undesirable evolution 
of gases from their surfaces. 

The small distance of separation of the 
electrodes required for the interruption 
allows tripping the switch with great 
accuracy. With alternating current it 
is thus possible to interrupt close to cur- 
rent zero. In this way only small cur- 
rents and recovery voltages have to be 
handled by the switch, resulting in a 
small loss of cathode material. 

The loss of material and the time of 
interruption can be influenced further 
by the speed of separation of the elec- 
trodes. A speed of one meter per second 
or more should be used at the instant of 
separation. 

The radius of curvature of the cathode 
should be large. The shape of the anode 
is not essential. For the interruption of 
alternating current the same contact 
arrangement as used for direct current 
is applicable provided the switch is 
always tripped at the same polarity. 
Both electrodes have to have a large 
radius of curvature and have to be sym- 
metrical if the switch interrupts on either 


polarity. 


By means of a magnetic field applied 
at right angles to the axis of the switch, 
the discharge can be confined to a small 
area. This considerably reduces the 
time required for the conditioning as well 
as reduces the necessary amount of 
vacuum melted material. A magnetic 
field of great intensity will disturb the 
focussing action and thus result in a 
faster deionization of the arc. 

The use of parallel capacitors and 
resistors,!»? of course, also will improve 
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the performance of a vacuum switch in 
reducing the recovery voltage. 


Conclusion 


It is believed that on the basis of the 
suggestions made here, a satisfactory 
working model capable of interrupting 
medium a-c or d-c loads can be con- 
structed for test purposes. 
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Semiconducting Shielding for A-C 
Power Cable 


EDWIN J. MERRELL 


ASSOCIATE AIEE 


LECTRIC SHIELDING of a-c power 
cable is provided primarily for the 
purpose of directing and confining the 
electric field within the insulation so as to 
prevent the occurrence of unduly high 
electric stresses in dielectrically weak di- 
rections or regions of a cable. Martin 
Hochstadter laid down the principles 
governing such shielding in 1918, with 
particular application to impregnated 
paper insulated cables for high voltages.! 
Such cable was not used widely during 
the following years, although the subject 
of shielding had been considered by many 
cable engineers in the United States. An 
excellent summary of shielding history 
and practice was presented in 1938 by 
L. F. Hickernell to the transmission and 
distribution committee of the Edison 
Electric Institute under the auspices of the 
Insulated Power Cable Engineers Associ- 
ation.? 

During this time, various types of 
shielding, including the semiconducting 
type, were being considered. Semi- 
conducting shielding may be defined as 
the practice of ‘‘partially” confining the 
electric field within the insulation by 
means of a semiconducting covering, its 
most important function being prevention 
of corona discharge. In 1928 cable with 
this form of shielding was described in an 
article by M. J. Lowenberg.* This article 
told of the failure of cotton-braided var- 
nished-cambric cable, because of “arcs 
formed between the braid and the duct in 
which the cable was installed.” Lowen- 
berg then proceeded to tell how this 
trouble was eliminated by the substitution 
of a conducting cotton or asbestos braid 
for that of ordinary saturated cotton. 
The shielding effect of the braid, because 
of its partial- or semiconductivity, made 
possible the success of this venture. 

Semiconducting shielding has been 
employed in a number of a-c cable in- 
stallations in recent years, but an exact 
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theory of its use has not been published. 
Consequently, most characteristics of 
this type of shielded cable have remained 
obscure, and the field to which semicon- 
ducting shielding may be applied safely 
has been limited unnecessarily. 

It is hoped that the subject matter 
covered by this paper will assist in co- 
ordinating knowledge on the shielding of 
power cable, so that more effective use 
may be made of this electrical property. 


Theory of Semiconducting Shielding 


While Lowenberg’s paper dealt prin- 
cipally with the application of semi- 
conducting shielding to varnished-cam- 
bric insulated station cables, probably its 
most important application is to rubber- 
insulated cables, as rubber is subjected to 
corona cutting from spark-generated 
ozone. The protective requirements of 
this type of installation may be met by 
semiconducting shielding. 

Oscillographic observations of cable 
charging currents at ground points have 
verified the shielding effect of semicon- 
ducting cable coverings. Illustrative of 
this type of study are the oscillograms of 
Figure 1. They are typical of traces pro- 
duced on the screen of a cathode-ray 
tube by the charging currents of three 
types of cable identical but for the elec- 
trical properties of their external cover- 
ings. Thus, the current traces of the 
cables having semiconducting and highly 
conducting shielding are smooth, and free 
of the high frequency components which 
are indicative of corona discharge. In 
contrast, unshielded cable under equal 
voltage conditions gives rise to a profu- 
sion of high frequency discharges. These 
oscillograms were obtained by carrying 
the 60-cycle charging current of the cable 
samples to ground through a 0.25 milli- 
henry inductance, with the vertical plates 
of an oscillograph connected across the 
inductance. 

To aid in interpreting the meaning of 
these observations, a theory of the elec- 
trical function performed by semicon- 
ducting cable coverings has been devel- 
oped. This theory is based on an adapta- 
tion of the exact hyperbolic formulas for 
transmission lines to the circuit condi- 
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Charging current of shielded cable 
versus unshielded cable 


Figure 1. 


tions present in a cable dielectric and semi- 
conducting coverings. The simplified cir- 
cuit of Figure 2 has been adopted as the 
electrical equivalent of cable insulation 
and outer coverings. The uniformly dis- 
tributed capacity represents the dielec- 
tric, the conductance of which has been 
disregarded, its contribution to the ad- 
mittance being negligible. The uniformly 
distributed resistance represents the semi- 
conducting outer covering, the reactance 
of which also has been ignored, inasmuch 
as it hasa comparatively minute effect on 
the impedance. The parallel capacity to 
ground likewise is neglected, as its opera- 
tion reduces the current flow through the 
semiconducting covering by shunting a 
portion of the current, and, for practical 
purposes, this effect constitutes a factor 
of safety. Finally, the conductor is con- 
sidered equivalent to the infinite ground 
in transmission calculations, inasmuch as 
for the cable lengths herein considered 
there is insignificant voltage drop along 
the conductor. The following formulas, 
expressed in co-ordinates adapted to meas- 
urement on the finished cable, were de- 


Figure 2. Equivalent circuit of cable insulation 
and outer semiconducting covering for single 
conductor cable 
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rived through these simplifying assump- 
tions :4 


V, 
cosh 0.001 j(2nfcRL2) 
V, 
Vp = SS 
cosh 0.001 j(2xfcRL2) 


p= (10-9) (V,)(L) i oaseN 
RL? 
sinh 0.001V j(2nfcRL*) 
cosh 0,001-V j(2nfcRL?) 
| sin 0.1146-V xfcRL? 
6o= | tan! 


eS asa Bera) 
sinh 0.002°/ A 


Vz= Vv = (1) 


(2) 


(3) 


where 


.V,=vector line voltage to ground in volts 

Vp=vector voltage drop across the insula- 
tion at a point midway between 
grounds 

Vz=vector voltage drop lengthwise along 
the outer semiconducting covering, 
from the midpoint between two 
grounds to the ground points 

%)=vector current in amperes at the 
ground point from the half-length of 
cable on one side of ground 

4)=power factor angle in degrees measured 
between the conductor and the 
ground point; this is the angle due 
to the power loss resulting from pass- 
ing the charging current through the 
semiconducting shield to ground 

f=frequency in cycles per second 

¢=capacity in micromicrofarads per inch 
length of cable 

R=longitudinal resistance of the semicon- 
ducting covering in megohms per 
inch length of cable; this is the a-c 

resistance 

L=one-half the distance between grounds 
in inches 


Graphs for Use in Design of 
Semiconducting Shielded Cable 


It will be noted that the foregoing 
formulas are functions of RL?, RL? being 
a function of the a-c resistance of the 
semiconducting covering and the spacing 
between ground points. This fact has 
made feasible the calculation and drawing 
of graphs which have the common co- 
ordinate RL? and which encompass all 
probable cable constants. That this has 
been possible is very fortunate for, though 
simplified, the formulas still are compara- 
tively unwieldy in applications to routine 
measurement and design; and it is quite 
difficult to appreciate fully the relation 
between the several electrical character- 
istics which they represent. The standard 
electric power frequency of 60 cycles per 
second has been employed in calculating 
the graphs, calculations being made for 
cables having capacities of 1, 5, 15, 30. 
and 50 micromicrofarads per inch length. 
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Characteristics of cables possessing inter- 
mediate capacities may be obtained with 
sufficient accuracy for most practical ap- 
plications by rough interpolation. 

Figure 3 is a polar plot of the vector 
voltage relations at 60 cycles in a single 
conductor cable dielectric versus RL?. 
Figure 4 is a semilogarithmic graph of the 
cable charging current versus the common 
abscissa, RL?. Figure 5 likewise is a semi- 
logarithmic graph with RL? as abscissa, 
and as ordinate the cotangent of the power 
factor angle, %. Figure 6 is a similar 
graph of the maximum heat generation 
possible in watts in the inch of cable 
covering adjacent to the ground point, 
resulting from the passage of the charging 
current through the covering. 

Figure 7 gives the thermal surface re- 
sistance in thermal ohms per inch length 
of cable for various cable diameters. 
These thermal resistance curves have been 
included because they are useful for deter- 
mining the effect which semiconducting 
coverings may have on the thermal char- 
acteristics of a particular cable design, 
and because the data have been employed 


Figure 3. Dielectric 
vector voltages versus 
semiconducting — shield 
resistance for single 
conductor cable 


A—Locus of midpoint 
insulation and braid 
voltage vectors 


in checking the efficacy of the semicon- 
ducting shielding theory proposed. The 
curves have been derived from a paper 
published by S. J. Rosch.§ 


Examples in Use of Graphs 


To illustrate the use of these graphs in 
cable design, consider an aerial cable 
supported on metal rings 20 inches apart, 
rated at 10,000 volts to ground, and char- 
acterized by a capacity of 15 micromicro- 
farads per inch and a semiconducting 
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shield resistance to alternating current 
of two megohms per inch. For this case 
L equals 10 and RL? equals 200. 

According to Figure 3, Vz, the maxi- 
mum voltage drop longitudinally along 
the braid, would be equivalent to 55 per 
cent of the line voltage, that is, 5,500 
volts. Moreover, Vp, the voltage im- 
pressed upon the insulation at the mid- 
point between grounds, would be reduced 
to 86 per cent of the line voltage. 

Figure 4 predicts a charging current of 
0.5 milliampere for the half length of 
cable on one side of a ground ring. As 
the semiconducting covering has a length- 
wise resistance of two megohms per inch, 
a maximum voltage drop of one volt per 
mil would be developed by the passage 
of this charging current, a stress much too 
low to cause corona discharge. 

Figure 5 shows that this cable would not 
behave as a pure capacity; instead it 
would have a cotangent % of approxi- 
mately 0.37, which corresponds to an op- 
erating power factor of 35 per cent. Fig- 
ure 6 indicates a lossof 0.5 watt in the inch 
of covering adjacent to the ground point. 


If this cable has an over-all diameter of 
two inches, and is installed so that there 
is a free movement of air about it, the 
cable will possess a thermal surface re- 
sistance of approximately 24 thermal 
ohms per inch of cable length, according 
to curve A’ of Figure 7. Since the tem- 
perature difference required to liberate 
heat from a cable surface is equal to the 
product of the watts times the surface re- 
sistance in ohms, a temperature rise of 12 
degrees centigrade will be produced in the 
semiconducting covering adjacent to the 
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Figure 4. Charging current versus semicon- 
ducting shield resistance for single conductor 
cable 


ground point, because of the power loss 
resulting from passing the charging cur- 
rent through the semiconducting shield 
to ground. 


Measuring Technique 


In order to make available through the 
theory and graphs explained in the fore- 
going complete data relative to a par- 
ticular sample of semiconducting shielded 
cable, seven constants must be measured. 
These are 
1. The diameter over the outer coverings 
of the cable in inches, D. 


2. The voltage applied for the measure- 
ments in volts, Vz. 


3. The half-length in 
ground loops, L. 


inches between 


4. The cotangent of the power factor angle 
of the combined semiconducting covering 
plus insulation, 62. 


5. The ground point current correspond- 
ing to @2, Io. 

6. The cotangent of the insulation power 
factor angle, 6). 


7. The capacity in micromicrofarads per 
inch length of cable, c. 


In test procedure the first step is to 
measure the diameter, D, over the outer 
coverings. Next, the sample is prepared 
for the cotangent 6 and ground point cur- 
rent measurements. The semiconducting 
covering is stripped from each end of the 
length, but is left intact on the center 
section. Wire loops are spaced on the ac- 
tive center section so as to form a number 
of m sections, similar to electrical mode's 
of long transmission lines or communica- 
tion circuits. The number of sections 
and their length depend both upon the 
characteristics of the cable and the sen:i- 
tivity of the bridge circuit employed for 
the measurements. Thus, in the analysis 
of a cable design having a low unit ca- 
pacity and a high unit covering resistance, 
a larger number of sections of shorter 
length is necessary, than if the opposite be 
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Figure 5. Power factor versus semiconducting 
shield resistance for single conductor cable 


true. It is apparent that this aspect of 
the measurement requires an exercise of 
judgment and some experimenting before 
an efficient arrangement can be secured. 
In addition, the prepared sample must be 
placed on an insulated support, so that 
parallel capacity effects may be held to a 
minimum in accordance with the assump- 
tions made in deriving the simplified 
formulas. With the sample so placed, all 
the wire loops except one are connected, 
through shielded leads, directly to the low 
tension side of a 60-cycle Schering bridge. 
The excepted loop is connected to the 
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Figure 7. Surface resistance in thermal ohms 
per linear inch of cable for single conductor 
cable 


A'—Braided cable in air 
C’—National Electrical Manufacturers Associa- 
tion standard 
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Figure 6. Watts loss versus semiconducting 
shield resistance for single conductor cable 


bridge through an a-c miiliammeter or 
microammeter, so that the ground point 
current may be read. For the current 
measurement a ground loop adjacent to 
an end is preferable, because the current 
recorded at this point corresponds to the 
half-length current of the formulas and 
graphs. If the meter is connected to a 
loop in the center of the semiconducting 
section, twice this current is read, as it is 
collected from two half-lengths. The 
voltage now is applied and both the 
ground point current and cotangent of 
the power factor angle read. The half- 
length, L, corresponding to these meas- 
urements is recorded in inches, the volt- 
age, Vz, in volts, the cotangent as that of 
6,, and the half-length current as Jo. 

Two measurements remain: the unit 
capacity, and the insulation power factor 
angle. To obtain these, the remaining 
semiconducting covering is stripped from 
the center section of the cable sample, and 
replaced with a highly conducting metal 
foil wrapping. Then the cotangent of the 
insulating power factor angle, 6), is meas- 
ured, as is the capacity of the length in 
micromicrofarads. The capacityin micro- 
microfarads per inch, obtained from this 
measurement, is the unit capacity, c, 
employed in the formulas and graphs de- 
scribed in the foregoing. 

The first step in employing these meas- 
ured data to make an analysis of the char- 
acteristics of the semiconducting covering 
is to obtain the value of cotangent 6. 
This may be done by subtracting 6; from 
0., the difference angle being @, this pro- 
cedure is in accordance with one of the 
original assumptions in deriving the 
theory, namely, that the insulation con- 
ductance was ignored so as to aid in 
simplifying the formulas and calculations, 
Having found the value of cotangent 4, 
and knowing the capacity of the cable in 
micromicrofarads per inch of length, the 
corresponding RL? may be obtained from 
Figure 5. In turn, the unit resistance of 
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Table Il. Comparison of Calculated and Experimental Data 
Cable Specification Measured Calculated 
Sample D Vue L Re Ce Vz Vp To°¢ Tr Vg Vp Ip To 

A 1.62.. 5,000..39,.0.01.. 8 1206 Deceit OO Osme ae pere 2B rtscersts 0.63 X 10-@ 
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NOR rminin 2 Brats 2500 Seo cae wry OM vy cree hee aes are, omens OVO4S Xe LO eon. com re ere 0.045X 10-3 


?=value of constants obtained from calculations based on 60-cycle Schering bridge measurements. 


+ = measured with vacuum tube voltmeter 
«= measured with rectifier type milliammeter 
4=null-type measurement, Figure 8 


the semiconducting covering in megohms 
per inch of cable length may be obtained 
by dividing the value of RL? by the square 
of the half-length used in the cotangent 
6, measurements. Having established 
the value of R, it becomes comparatively 
simple to predict the performance of the 
cable design for any ground point spacing 
by calculating the particular RZ? and 
applying this to Figures 3 through 7. 


Experimental Confirmation of 
Theory 


Table I contains data obtained from 
cable designs which were selected to test 
the correctness of the theory. The choice 
of samples represents a range of 60-cycle 
semiconducting covering resistance from 
approximately 0.01 megohm to slightly 
over four megohms per inch of cable 
length. The agreement between values 
calculated from the cotangent measure- 
ments and those measured directly is very 
good for this type of measurement and 
thereby certify the practical worth of the 
theory. 

Inasmuch as some interesting prob- 
lems in measuring technique presented 
themselves in the course of this experi- 
mental work, it has been thought worth- 
while to explain them in detail for their 
possible application to similar measure- 
ments in the field of dielectric research. 
Many measurements were made which 
did not fit in as well as was expected with 
the calculated theory. This was true 
particularly of the readings taken of the 
voltage built up lengthwise along the 
semiconducting covering by the flow of 
the cable charging current. For example, 
the measured Vz of sample A agreed very 
well with that calculated, but that of 
sample B did not. Both these voltages 
were read with a vacuum tube voltmeter, 
which was supposed to approximate a 
zero energy device. This it does for most 
measurements to which it is applied, but 
in the case of sample B, which possessed a 
covering of medium high resistance, the 
parallel capacity to ground of the volt- 
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meter pickup prod was sufficient to con- 
stitute a partial ground. As a result, a 
considerable portion of the cable charging 
current passed through this partial ground 
and therefore was not available to cause 
a voltage rise along the covering. This 
phenomenon is illustrative of the manner 
in which parallel capacity to ducts and 
conduits affects the characteristics of 
semiconducting shielded cable. 

The vacuum tube voltmeter was still 
more ineffective in attempts to measure 
the voltage characteristics of sample C, 
which was characterized by a high-re- 
sistance ‘semiconducting’ covering. It 
was necessary to employ a true zero 
energy measuring technique for these 
readings. The circuit of Figure 8 shows 
the method by which this was accom- 
plished. The voltage built up on the 
cable covering under test was balanced at 


Figure 8. Null point 

method of measuring 

phase and value of volt- 

age on the semiconduct- 

ing covering of semi- 

conducting shielded 
cable 


a midpoint between grounds by a voltage 
applied through a phase shifter. |The 
magnitude of this applied voltage was 
varied by means of an autotransformer 
placed in the primary winding of the 
phase shifter, and the value of the voltage 
output of the phase shifter was read by a 
voltmeter. The phase of the voltage ap- 
plied to the covering as related to the line 
voltage impressed on the cable conductor 
was indicated by connecting a cathode- 
ray oscillograph as shown to form Lissa- 
jous figures. A Schering bridge was used 
to indicate balance; thus, if the braid 
voltage were not balanced by the voltage 
from the second circuit, the latter would 
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constitute a partial ground and cotangent — 
6 would be lowered as a result of the 
length between grounds in effect being 
shortened. If the braid voltage were 
overbalanced, cotangent @ would be 
raised; but the same cotangent would 
mean a null balance, that is, V equal to V. 


Discussion 


Semiconducting shielding, like high 
conductivity shielding, requires adequate 
grounding. If contact resistance or im- 
pedance is too high, arcing will occur at 
ground points with attendant destruc- 
tive thermal and chemical effects. 

Power loss in a semiconducting shield 
also may be, under certain conditions, 
sufficiently great to reduce the current 
carrying capacity of a cable markedly. 
Thus, consider a 2,000,000 circular mil 
cable, with a unit capacity of 15 micro- 
microfarads per inch, an over-all diameter 
of 2.7 inches, operated at 10,000 volts to 
ground. If RL? equaled 600, the power 
loss in the inch of semiconducting shield 
adjacent to the ground point would be 0.8 
watt. Inasmuch as the thermal surface 
resistance of this cable is 23 thermal ohms 
per inch, a hot spot would result with a 
temperature rise equal to the product of 
watts and thermal ohms, or 18 degrees 
centigrade above normal. This tempera- 
ture rise would result entirely from the 
passage of charging current, and would 


have to be superimposed upon that re- 
sulting from the load current. 


Conclusions 


A theory of semiconducting shielding 
has been presented which may be used 
as a guide in the application of this type 
of shield to electric power cable. 

The electrical resistance required of a 
semiconducting shield for a particular 
cable installation is determined by several 
interrelated factors: the maximum spac- 
ing between ground points, the cable 
capacity per unit length, the line voltage, 
and the over-all diameter of the cable. 
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Synopsis: The considerations involved in 
the design of an automatic synchronous 
condenser control are discussed in this paper 
with an aim toward helping the designer and 
user of synchronous condenser equipment 
obtain modern and complete facilities in his 
design. A typical push-button-operated 
control for a large synchronous condenser is 
described and the diagrams involved are 
shown. The description includes a detailed 
résumé of starting sequence, protective de- 
vice operation, and automatic control of 
voltage and load. Emphasis is put on the 
adaptability of push-button control to full 
automatic operation or remote operation by 
direct or supervisory control. 


HILE there is no clear line of de- 

marcation between large and small 
synchronous condensers, it will best 
serve the purposes of this discussion to 
define large synchronous condensers as 
those having a rating of 5,000 kva or 
above. Numerically, there are about as 
many synchronous condensers below the 
5 000-kva rating as above it, but the 
connected capacity of the large machines 
represents nine-tenths of the total capac- 
ity and the small machines only one- 
tenth. Hydrogen cooling appears on 
machines above 15,000-kva rating and at 
present will be found on about 12 per 
cent of these machines. There is reason 
to believe that hydrogen cooling will be- 
come more general in this class. 


Paper 46-106, recommended by the AIEE commit- 
tee on automatic stations for presentation at the 
AIEE summer convention, Detroit, Mich., June 
24-28, 1946. Manuscript submitted March 18, 
1946; made available for printing April 23, 1946. 


M. J. Brown is design engineer, switchboard engi- 
neering department, Westinghouse Electric Cor- 
poration, East Pittsburgh, Pa. 


To be noted particularly is the fact that 
all pertinent electrical characteristics are 
functions of the product of the shield re- 
sistance and the square of half the ground 
point spacing. 
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Apparatus Associated With Large 
Synchronous Condensers 


There are two general methods of ob- 
taining starting torque. One method 
employs an induction motor directly 
connected to the condenser shaft as a 
source of accelerating torque. The sec- 
ond is a self-starting method wherein the 
reduced voltage is applied to the stator 
and the rotor accelerates on torque from 
the damping bars. Which of these two 
methods is to be used is determined by 
system conditions. 

Should the system demand minimum 
disturbance, the induction motor should 
be used. If, however, it can tolerate 
the power swings involved in low volt- 
age starting, this method will be found 
to be more economical in both equipment 
and space requirements. 

Low voltage starting may be effected 
by using an autotransformer, tapped 
power transformer, series reactor, or a 
series-parallel stator connection scheme. 
The autotransformer scheme is the most 
generally used and is the basis of the 
control discussed in the following pages. 

Two autotransformer connection 
schemes are in general use. Figure 1 
shows the two schemes. They differ in 
the location of the starting breaker. 
The choice between the two is based 
upon breaker costs and economy of in- 
stallation. Satisfactory performance is 
obtained with either connection, and 
neither has any operating advantage 
over the other. 

Excitation for the field can be obtained 
from either a direct-connected exciter 
or a separately driven exciter. The 
latter is employed with hydrogen-cooled. 
machines when it is desired to keep the 
d-c machine and its commutator out of 
the hydrogen chamber. The main ex- 
citer will be equipped with a main and. 
differential field, the latter being used 
for overcoming the exciter residual so. 
that the low voltages required for lag- 
ging capacity may be obtained. The 
main and differential field will be under 
the control of the voltage regulator sys-- 
tem whose motor-driven rheostat and 
field forcing resistors will alter excitation 
to meet changing demands for reactive 
power output of the condenser. A 
pilot exciter on the same shaft as the 
main exciter will furnish excitation cur- 
rent for the main exciter fields. A field 
cubicle containing the field breaker and 
discharge resistor completes the excita- 
tion equipment. 

The larger condensers will be equipped 
with bearing lift pumps that must be: 
used as a means of floating the shaft on a. 
film of oil prior to starting. There will 
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be oil pumps employed in some cases for 
circulating lubricating oil in the bearings 
that must operate continuously as long as 
the motor is running. On other ma- 
chines, oil rings provide lubricating oil 
circulation without the need for auxiliary 
oil pumps. 

The instruments, relays, control 
switches, and associated devices will re- 
quire switchboard mounting. Figures 2 
and 3 show one section of a tunnel-type 
switchboard designed for the control of a 
25,000-kva synchronous condenser. This 
type of construction has been adopted 
widely because the control switches 
and instruments are very accessible and 
constantly observable on the front panel 
of the switchboard, while the relays are 
easily attended on the back panel of the 
board. All wiring, terminal blocks, and 
fuses are concealed and protected within 
the tunnel housing. This area of the 
switchboard can be reached by entering 
a door at either end of the switchboard 
assembly. Drawout relays with built in 
test switches offer flexibility of handling 
when maintaining the relays. 


Starting Characteristics of 
Synchronous Condensers 


When a condenser is brought up to 
speed with a direct-connected induction 


Figure 2. Tunnel-type switchboard section de- 


signed for synchronous condenser control 
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motor, the problems encountered in 
putting it on the line are exactly the same 
as those experienced when a generator is 
put on a line. The machine must be 
brought to synchronous speed, its voit- 
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age matched to the line voltage and 
synchronized with it. At the time when 
these conditions exist, the running breaker 
may be closed. The disturbance caused 
by closing the running breaker will be 
negligible if voltage and phase are 
matched closely. 

When self-starting on reduced voltage 
is employed, the least disturbance is en- 
countered if the field is applied before 
full voltage is put on the stator. Figure 
5 shows the “‘V’’ curves for a typical 
condenser. The lower curve indicates 
the line current to be expected for various 
values of field excitation when operating 
the machine at 22.5 per cent rated volt- 
age. The upper curve indicates line 
current variation with field excitation 
when the machine is operating at full 
line voltage. The intersection of these 
two curves gives a value of field current 
which may be used during starting if the 
leading reactive load during starting is to 
be the same before and after transfer from 
starting to running voltage. 

The sequence of events in a typical 
start is shown by the graph in Figure 6. 
This shows the variation of reactive 


Figure 3 (right). Rear panel relay arrange- 


ment of switchboard shown in Figure 2 
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power, as seen by a graphic varmeter 
when the machine is accelerated and put 
on the line. The initial reactive inrush 
is lagging and diminishes in value as the 
machine accelerates. At half speed a 
slight drop is noted, but the decline con- 
tinues smoothly until synchronous speed 
is approached. Hunting appears as a 
wavy trace in the graph and as synchro- 
nous speed is reached, the reactive power 
drops to a low steady value. When the 
field is applied, the reactive power be- 
comes leading, building up in magnitude 
as the field builds up. The field even- 
tually stabilizes and the machine is 
operated for a brief period under these 
conditions to assure that hunting has 
subsided. The transfer from starting to 
running voltage is made at this point. 
Although the actual transfer requires 
only a fraction of a second its effect is to 
reduce field flux to a low value. A sub- 
sequent delay is encountered in rebuild- 
ing the field. During the transfer, the 
field current will be dropped to nearly 
zero as the induced voltage in the field 
winding opposes the exciter voltage. 
The reactive power changes sharply 
during transfer from leading to lagging 
and returns slowly to leading again as 
field flux reappears. 

The disturbance on a system caused by 
a synchronous condenser coming on the 
line is the net effect of the various re- 
active power swings encountered in the 


Figure 4. A 15,000-kva hydrogen-cooled 
outdoor synchronous condenser 


“Table I. Device Table for Schematic Diagrams 


1=start-stop push button 
4=master relay (multicontact type) 
6=starting breaker 
14=locked rotor protective relay (slow release 
telephone type type) 
14X1=pendulum relay (telephone type) 
14Y1=counting chain relay (telephone type) 
14Y2=counting chain relay (telephone type) 
14Y3=counting chain relay (telephone type) 
14Z=pulsing relay (telephone type) 
18=acceleration relay (current operated induction 
disk type) 
18X =auxiliary relay (solenoid contactor) 
26 =thermal relay 
26H = hydrogen temperature in machine 
30 =annunciator relay 
30-1, 30-2, and so forth=individual drops 


30X =auxiliary relay (electrically operated, 
manually reset) 
30Y=bell alarm cutoff relay (solenoid contac- 


tor type) 
38 = bearing thermal relay 
40 = field failure relay (solenoid contactor type) 
41=field breaker 
42 =running breaker 
46=current balance relay (induction disk type) 
47 =undervoltage, single and reversed phase relay 
(induction disk type) 
48=incomplete sequence relay (a-c timing relay) 
49=thermal overload relay (thermal lag—thermo- 
static relay) 
51=inverse time overcurrent relay (induction disk 
type) 
52 =line breaker 
53=exciter voltage relay (instantaneous solenoid 
type) 
56 = field application relay (a-c timing relay) 
Ti1=short time contact 
T2z=long time contact 
59 =a-c overvoltage relay (induction disk type) 
63 = pressure relay 
63H = hydrogen pressure in machine 
63H B=hydrogen pressure in bottles 
63QF =oil pressure in front bearing 
63QR=oil pressure in rear bearing 
630X =auxiliary oil pressure relay (solenoid 
contactor type) 


63W =cooling-water pressure 
63WM = water detector relay 
86 =lockout relay (electrically operated, manually 
reset) 
87 = differential relay (induction disk type) 
88 =auxiliary motor 
88E =exciter motor 
88EX =exciter motor breaker 
88W =cooling-water valve motor 
88WX =cooling-water valve motor relay 
880 = oil lift pump motor 
880 X = oil lift pump motor relay 
90= voltage regulator 
90C =current regulator operating coil 
90CX =a-c timing relay (induction disk type) 
90CY=a-c fault detector relay (instantaneous 
solenoid type) 
90CHR=antihunt coil—current element—raise 
90CHL=antihunt coil—current element—lower 
90CZ =auxiliary relay (multicontact type) 
AR=quick-raise contact (voltage element) 
AR’=quick-raise contact (current element) 
AL=quick-lower contact (voltage element) 
CR=raise contact (current element) 
CL=lower contact (current element) 
CSR =control switch raise 
CSL =control switch lower 
I=contact closed in indicating position of regu- 
lator transfer switch 
LC =lowering contactor 
LS =limit switch 
M=contact closed in manual position of regulator 
transfer switch 
NR=normal-raise contactor 
NL=normal-lower contactor 
NH=antihunt coil—normal raise and 
contacts 
QR = quick-raise contactor 
QOL = quick-lower contactor 
QH=antihunt coil—quick-raise and -lower con- 
tacts 
R=contact closed in regulating position of regu- 
lator transfer switch 
RL =red light indicating raise required 
LL = green light indicating lower required 
VR=raise contact (voltage element) 
VL=lower contact (voltage element) 


lower 


period extending from the time of ini- 
tial inrush to final stabilized operation 
at full line voltage. The best operating 
point can be determined only by evalu- 
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ating the effect of the individual dis- 
turbances during this period on the sys- 
tem to which the condenser is applied. 
The field excitation determined by the 
intersection of the ‘‘V”’ curves in Figure 5 
will give satisfactory operation in many 
cases. A decrease in field current will in- 
crease the severity of the lagging reac- 
tive power peak encountered at the time 
of transfer. An increase in excitation 
will decrease this peak, but it also will 
bring the condenser on the line at a 
higher load, at both the starting and run- 
ning voltage. 


TYPICAL 
VALUE OF FIELD 
CURRENT AT 


0.5 


PER UNIT LINE CURRENT 


PER UNIT FIELD CURRENT 


Figure 5. Characteristic curves for a typical 
synchronous condenser 
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An alternative method of starting 
suggests itself; that of accelerating the 
machine on low voltage, applying full 
voltage, and then applying field at the 
no-load value. The inrush of reactive 
power is far greater in this case when full 
voltage is applied than in the case where 
field is on before full voltage is applied. 
With this method, the phase and magni- 
tude of the internal voltage of the con- 
denser are less favorably matched to 
line voltage phase and magnitude when 
transfer is made than would be the case 
if the field were excited. Consequently, 
the inrush is greater with this method 
than with the method where field is ap- 
plied before transfer is made. 


Automatic Sequence for Controlling 
Synchronous Condenser 


The following description applies to 
the control of a self-starting hydrogen- 
cooled machine operating from an auto- 
transformer. Figure 7 shows the single 
line diagram of this control and Figure 8, 
the control diagram. This is a typical 
scheme and would be altered in practice 
by changes in details to suit each par- 
ticular application. The functional se- 
quences are as follows: 


PusH-BUTTON STARTING 
1. Operate push button. 


2. Start incomplete sequence timing relay. 
Failure to complete the starting sequence in 
a definite length of time will cause lockout. 


3. Check position of control elements. 
(a). Check to assure that line breaker is 
open. 

(6). Check to assure that starting breaker 
is open. 

(c). Check to assure that running breaker 
is open. 

(d). Check to assure that field breaker is 
open. 

(e). Check to assure that motor-operated 
rheostat is in pre-set position. 

(f). Check to assure that lockout relay has 
been reset. 

(g). Check to assure that proper voltage 
and phase rotation exists on the a-c line. 
(h). Check to assure that station battery 
voltage is at an operative value. 


4. Start auxiliaries. 

(a). Start oil lift pumps. 

(0). Start separate exciter. 

(c). Start flow of bearing cooling water. 


5. Check operation of auxiliaries. 

(a). Check oil lift pump pressure. 

(b). Check exciter voltage. 

(c). Check cooling water pressure (or 
flow) to hydrogen cooler and bearings. 


6. Close starting breaker. 
7. Check closing of starting breaker. 
8. Close line breaker. 


9. Check for machine rotation. 
rotate will cause lockout. 


Failure to 
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Figure 6. Graphic 
varmeter trace of re- 
active power drain by 
a 25,000-kya syn- 
chronous condenser 
during starting 
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CURRENT 
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STARTING AUTO 
TRANSFORMER 


SYNCHRONOUS 
CONDENSER 


RESISTOR 
4\ 


MOTOR 
OPERATED 


MAIN EXCITER 
RHEOSTAT 5 


MAIN FIELD 
DIFFERENTIAL FIELD 
ADJUSTABLE 


RESISTOR 
PILOT EXCITER 


FIELD 
EXCITER 


RHEOSTAT 88E EXCITER MOTOR 


88Ex! 


Figure 7. Single-line diagram of a typical 
synchronous condenser and associated equip- 
ment 
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6106» 


POTENTIAL OPERATING 
TRANS- TRANS- 


FORMER ‘ | ‘ FORMER 
88QX 


VARH VM 


10. Start field application timing relay 
when machine reaches approximately two- 
thirds of full speed. This relay ultimately 
applies field and later trips starting breaker 
and closes running breaker. 


11. Apply field by closing field breaker 
after field application relay closes short 
time contact. 


12. Trip starting breaker after field ap- 
plication relay closes long time contact. 


13. Check opening of starting breaker. 

14. Close running breaker. 

15. Connect voltage regulator. 

16. Shut down oil lift pumps. 

17. Connect contacts of field failure relay 


PusHeBUTTON STOPPING 


Note: The machine’s load should be 
reduced to zero before taking it off the 
line. This must be done manually un- 
less the control is fully automatic. 
In this case the loss of load precedes the 
stopping sequence. 

1. Open line breaker. 
2. Open running breaker. 


3. Check to assure that running breaker is 
open. 


4. Open field breaker, 


5. Check to assure that field breaker is 
open. 


6. Open exciter motor breaker. 


7. Drive motor-operated rheostat to start- 
ing position. 
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8. Shut down accessories: Hydrogen and 
bearing cooling water. 


EMERGENCY STOPPING 

1. Open line breaker. 

2. Open running breaker. 

3. Open field breaker. 

4. Check to assure that field breaker is 
open. 

5. Open exciter motor breaker. 

6. Drive motor operated rheostat to start- 
ing position. 


7. Shutdown accessories: hydrogen and 


bearing cooling water. 


Voltage and Current Regulator 


After the machine is on the line, volt- 
age regulation of the bus to which it is 
connected can be delegated to a voltage 
regulator. This regulator increases or 
decreases field current as the bus voltage 
tends to decrease or increase. The ma- 
chine, however, is limited by its capacity 
in the amount that it can correct line 
voltage. If it cannot raise the line volt- 
age, it will overload itself in the attempt 
unless something is done to limit the re- 
active load that it takes. For this rea- 
son, a current regulator is added to the 
voltage regulator scheme on condensers. 
If the voltage regulator tends to raise 
excitation to a point where the line cur- 
rent would exceed the maximum per- 
missible value, then the current regulator 
makes the voltage regulator ineffective. 
If the line current exceeds this value for 
any reason, then the current regulator 
lowers the excitation to a safe value. 


AUGUST-SEPTEMBER 1946, VOLUME 65 


Figure 8. Control-relay diagram for automatic 
control of a synchronous condenser 


During fault conditions there would be 
a tendency for the current regulator to 
take immediate control and reduce ex- 
citation. Since this is a transient condi- 
tion, a timing relay scheme is employed 
that holds the current regulator ineffec- 
tive for a short time during the fault. If 
the fault persists, the current regulator 
begins to operate and reduces excitation. 

The bus voltage value that the con- 
denser maintains can be selected by ad- 
justment of the voltage regulating rheo- 
stat in the voltage regulator circuit. 

In some applications it is the purpose 
of the synchronous condenser to keep the 
power factor of a load constant even 
though this load may change rapidly 
and its power factor vary widely. Elec- 
tric arc furnaces draw this type of load. 
In these cases it is necessary to employ a 
power factor regulator instead of a volt- 
age regulator. The power factor regula- 
tor operates on load current and voltage 
and is sensitive to changes in the phase 
angle between the two. If the power 
factor drops below the desired value, a 
contact closes, causing increased con- 
denser excitation. A raise in power 
factor above the regulating value de- 
creases excitation A current-limiting 
element must be used with the power 
factor regulator. However, quick raise 
and quick lower devices are not neces- 
sary, nor are the devices employed with 
the current regulator for rendering it in- 
effective during faults. 
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Protecting Synchronous Condenser 


The abnormal conditions which may 
develop in the synchronous condenser, 
its control, and auxiliaries may be seg- 
regated into two classes. The first 
group embraces those troubles which are 
dangerous because of their damaging 
effect on the machine, auxiliaries, or 
connected lines. These demand im- 
mediate protective action and in gen- 
eral call for a complete shutdown and 
lockout. The second group includes the 
abnormal conditions that cannot be im- 
mediately responsible for damage or 
disturbance but demand attention be- 
fore more serious consequential condi- 
tions arise. These faults demand im- 
mediate annunciation but do not re- 
quire shutdown. 

In the first group are the following con- 
ditions, conveniently termed lockout 
faults: 

1. Locked rotor. Machine fails to rotate 
when starting voltage is applied. 


2. Bearing overtemperature. 
(a). Condenser. 
(b). Exciter. 


3. Field failure. 


4. Overcurrent. 

(a). Instantaneous. 

(b). Inverse time delayed. 
(c). Long time overload. 


5. Overvoltage. 


6. Internal fault in machine (differential 
relay operation). 


7. Phase current unbalance. 


8. Failure to complete starting sequence. 


The second group, which may be 
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termed annunciating faults, are as 
follows: 


1. Overtemperature of hydrogen. 
(a). In main chamber of machine. 
(6). In collector chamber of machine. 


2. Underpressure in hydrogen bottles. 
3. Underpressure in machine. 


4. Presence of water in water collectors 
beneath machine. 


Full Automatic Control 


The start contact in Figure 8 can be re- 
placed by a delayed make-contact of an 
undervoltage relay. The delay elimi- 
nates starting on passing conditions of 
undervoltage and assures that the con- 
denser will be started only when voltage 
is low and remains low for a definite 
period of time. 

The stop contact can be replaced by 
an underload contact which closes in a 
definite period of time after the condenser 
load drops to a low value. 

The voltage regulator in the full auto- 
matic station controls the load on the 
condenser. Since the voltage-adjusting 
theostat will be pre-set, the regulator 
will alter excitation as required to main- 
tain the bus voltage corresponding to 
this setting. The bus voltage which it 
will tend to maintain can be altered by 
changing the voltage-adjusting rheo- 
stat manually. 


Supervisory Control 


The control of starting and stopping is 
only one of the functions which must be 
considered when applying supervisory 
control to the condenser station. There 
also must be considered the supervision 
of protective devices, telemetering of the 
electrical quantities involved, and remote 
operation of the voltage adjusting rheo- 
stat. 

A practical operating scheme would 
provide continuous telemetering of kilo- 
vars. The supervisory control would as- 
sign two points to the condenser control. 
One point would permit starting or 
stopping of the condenser. Following a 
start operation an indicating light would 
show when the master relay picked up 
and another light would show when the 
running breaker closed. <A third light 
indication would follow the stop opera- 
tion. The second supervisory point 
would operate the voltage-ajusting rheo- 
stat. Changes in kilovar load resulting 
from operation of the voltage-adjusting 
rheostat would be observed on the kilo- 
var telemeter by the dispatcher. The 


614 TRANSACTIONS 


supervisory control may be operated 
over a metallic pair or a carrier current 
channel. 


Detailed Description of 
Typical Scheme 


The synchronous condenser connec- 
tions of Figure 7 can be considered typical 
for a hydrogen-cooled machine of large 
size. Instrumentation is simple. Line 
voltage, line current, kilovars, and kilo- 
var-hours are the a-c quantities of in- 
terest. Field current, main exciter volt- 
age, and pilot exciter voltage are the d-c 
quantities of interest. A temperature 
indicator connected to the exploring coils 
in the machine, although not shown 
schematically here, is also desirable on 
the switchboard. 

The main exciter motor operates from 
the station service 440 volts. An operat- 
ing transformer supplies 230 volts a-c to 
the oil lift pump motors. A potential 
transformer on the high voltage bus sup- 
plies the instruments and relays. A 
double secondary current transformer on 
the line side of the condenser breaker is 
connected so that one secondary oper- 
ates instruments and relays and the 
other secondary operates the differential 
relay. During starting, the current in 
the condenser windings will be several 
times the line current, and a third set of 
current transformers may be employed 
in the autotransformer neutral to bal- 
ance the currents on the two sides of the 
differential relay during a normal start. 
An alternative method is to use a dif- 
ferential relay that is spring-restrained 
from operation at the values of current 
involved during starting. This adjust- 
ment is normally within the range of 
conventional differential relays. 

In Figure 8 the progression of the 
starting sequence can be followed by 
moving from left to right on the dia- 
gram. If, as will be seen from the cir- 
cuit to coil 4, the lockout relay is reset, 
the starting push-button depressed, all 
breakers out, and the motor-operated 
exciter field rheostat in the proper position 
for starting, normal voltage conditions 
existing, relay 4 will pick up and seal in 
around all contacts except the lockout 
relay contacts. It will remain picked 
up unless short-circuited by the stop 
push-button contact or the reverse phase 
and undervoltage relay, or de-energized 
by the opening of the lockout relay. 

Make contacts of relay 4 set up cir- 
cuits to all the devices operated in the 
starting sequence. Linestarter 880X is 
operated immediately after relay 4 picks 
up to. start operation of the oil lift 
pumps. Likewise, the cooling water 
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valve motor relay 88WX immediately 
is picked up to cause opening of the cool- 
ing water valve. At the same time, the 
exciter motor breaker is closed to start 
the exciter and the incomplete sequence 
relay timer is started. 

When lift pump oil pressure builds up, 
relay 63QX is picked up, seals itself in, 
and is released later when the field 
breaker closes. The contacts of relay 
63Q0X in series with a cooling water 
pressure contact and an exciter voltage 
relay contact initiate the closing of the 
starting breaker, device 6. A contact of 
42 is in this circuit to assure that under 
no circumstances can breaker 6 be closed 
when breaker 42 is closed. 

The closing of starting breaker, device 
6, initiates the closing of the line breaker, 
device 52. After the line breaker closes, 
the condenser is on the line at low volt- 
age, and it will draw current that will 
tend to cause relay 18 to close its front 
contacts. Relay 18 is a current-operated 
induction disk relay, and as the machine 
accelerates, it drops out on the reduced 
current, eventually closing its back con- 
tact. When 18 closes its front contact, 
it picks up relay 18X, which seals itself 
in. A contact of 18X in series with the 
back contact of 18 picks up and seals in 
timer 56. 

At the end of a definite timing period, 
relay 56 closes the field breaker, device 41. 
Further operation of timer 56 causes start- 
ing breaker, device 6, to trip. The condi- 
tion that the line and field breakers are 
closed and breaker 6 is open sets up a 
circuit to close breaker 42, thereby putting 
the machine on the line at full voltage. 

The voltage regulator shown in Figure 
9 is brought into service by the closing of 
breaker 42, provided the control switch 
whose contacts are shown as RI is in 
either the regulating or indicating posi- 
tion. This switch has “manual,” ‘indi- 
cating,” and “‘regulating’”’ positions. In 
the “manual” or “‘indicating’’ position, 
the motor-operated rheostat may be raised 
or lowered by hand through the contacts 
CSR and CSL of a control switch. In the 
“indicating” position, the voltage regula- 
tor performs all of its functions except 
that it does not move the motor-operated 
rheostat. In the “regulating” position, 
the voltage regulator is in full operation. 

The d-c motor which drives the motor- 
operated rheostat has a split series field. 
Energization of the armature in series 
with one field will raise excitation; the 
other will lower. Limit switches pre- 
vent excessive travel of the mechanism. 
Cam switches are connected in the rheo- 
stat motor circuit to drive the rheéostat 
to the starting position after the running 
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tactors VR and NL control the rheostat 
under direction of the voltage regulator. 

An indicat:on comes from the voltage 
regulator element that a raise in excita- 
tion is necessary by the closing of con- 
tact VR in series with regulator coil B. 
Contactor VR is picked up by this ac- 
tion, and it not only operates the motor- 
operated rheostat, but picks up relay RC 
and antihunt coil VH. The latter func- 
tions mechanically to open contact VR 
even before any rise in voltage is felt on 
the bus. VR is permitted to close if, 
after a time delay, an adequate rise in 
bus voltage is not experienced. Relay 
RC provides back contacts to operate the 
indicating light RZ and front contacts to 
operate the current element antihunt coil 
90CHR. Similarly, a demand for reduc- 
tion in voltage involves contact VL, 
regulator coil C, contactor NL, relay LC, 
and antihunt coil VH. 

Sudden wide changes in voltage de- 
mand more rapid changes in excitation 
than normal operation through the motor- 
operated rheostat will provide. In this 
case, contacts AR and AL operate the 
quick-raise contactor QR or quick-lower 
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nections used with synchronous condenser 
control 


contactor QL, as the case may be. 
These contactors energize the antihunt 
coil QH and also switch the field forcing 
or field reducing resistors into the cir- 
cuit. In the event of a demand for 
quick raise, QR de-energizes the dif- 
ferential field also. 

The current regulating coil is effec- 


tive during moderate overcurrent condi- 


tions and also during fault conditions of 
extended duration. Normally the time 
delay relay 90CX is energized and holds 
the multicontact relay 90CZ up. This 
holds open the shunt around current ele- 
ment contact CR in the circuit to con- 
tactor NR and allows this current ele- 
ment contact to be effective. Likewise, a 
contact of 90CZ is held closed to make 
the current element lowering contact ef- 
fective. The arrangement of the cur- 
rent element contacts is such that the 
demand for a raise in excitation is 
blocked if the current element finds that 
full load current is being exceeded. If 
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current is high enough to demand re- 
duction, the current element contact CL 
operates the motor-operated rheostat to 
lower the excitation. 

During faults, the instantaneous over- 
current relay 90CY picks up, de-energiz- 
ing relay 90CX, causing it to drop out. 
When 90CX, which is a magnetically 
damped induction-disk voltage relay, 
returns to its reset position, it closes its 
back contact and picks up relay 90CZ to 
put the current regulator in service 
again. Thus no attempt is made to 
regulate current or interfere with the 
operation of the voltage regulator during 
fault unless the fault remains on for an 
extended time. 

The lockout and annunciator scheme 
is shown in Figure 10. The faults de- 
manding lockout operate contacts that 
energize device 86. This is a manually 
reset relay which, when electrically 
tripped, closes its contacts and maintains 
them closed until it is reset. Its contacts 
drop out relay 4, energize the trip cir- 
cuits of the various breakers, and set up 
the alarm circuit. Those conditions 
which require annunciation only, operate 
relay 30X, which is also a manually re- 
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set device. Like relay 86, it cannot be 
reset successfully unless the trouble 
contacts themselves have been reset. 
The contacts of 30X operate the bell 
alarm and lamp. In this circuit, the 
bell and the lamp will be cut off when 86 
and 30X are reset. During the period 
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when trouble is being located, the bell 
alarm may be cut off by picking up relay 
30Y with a bell cutoff push-button, leav- 
ing the lamp lighted. Subsequent re- 
setting of 86 or 30X will put out the lamp 
and drop out 30Y to re-establish the bell 
alarm circuit, There is also the provision 
that the bell will ring if it has been cut 
off with the push-button following the 
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operation of one relay, say 86, and the 
other operates, in this case 30X. A 
break-contact of 30X in the coil circuit 
of relay 30Y is adjusted to open just as it 
begins to pick up, and it drops out relay 
30Y. After relay 30X closes its make- 
contact, relay 30Y may be picked up 
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again by the bell-cutoff push-button. 

The circuit of the locked-rotor protec- 
tive relay is shown in detail in Figure 11. 
The voltage appearing across the field- 
discharge resistor is compared with the 
voltage of the bus in such a way that any 
beat frequency between the two will 
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Figure 10. Annunciator schematic diagram 
showing alarm circuits and lockout relay 


operate relay 14Z. At standstill, a voltage 
is obtained from the field-discharge resistor 
that is equal in frequency and magnitude 
to the voltage received from the bus po- 
tential transformer. 


It may have any 
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Figure 11. Locked rotor protective relay 
connection diagram 


phase relation with this potential, how- 
ever, and may or may not pick up relay 
14Z. As the rotor begins to turn, the 
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phase relations change and 14Z alter- 
nately is picked up and dropped out. 
This action is employed as an indication 
of rotation. If relay 14Z picks up, drops 
out, and picks up again, the relay chain 
consisting of 14Y1, 14Y2, and 14Y3 will 
energize relay 14X1, which in turn will 
hold relay 14 energized and prevent trip- 
out through its back contact. Initially, 
relay 14X1, which is a pendulum relay, 
is picked up in the period of time be- 
tween the closing of the starting breaker 
and the line breaker, and during the 
period when the rotor should start ro- 
tating, it is vibrating, alternately open- 
ing and closing its contacts in the circuit 
to the coil of relay 14. This relay is a 
slow-to-drop-out relay that will remain 
picked up even though 14X1 makes only 
intermittent contact. Should relay 14Y3 
fail to energize relay 14X1 before it 
drops out, relay 14 will set up the circuit 
to the lockout relay to shut down the 
starting sequence. 

The stopping sequence begins with the 
de-energization of relay 4. Back con- 
tacts of relay 4 trip the line breaker, and 
if the starting sequence is incomplete, 
they will trip the starting breaker. When 
the line breaker comes out, it trips the 
running breaker, and the running breaker 
trips the field breaker. The field breaker 
shuts down the exciter by tripping the 
exciter motor breaker. The voltage 
regulator runs to the start position after 
the running breaker opens. The cool- 
ing-water valve motor runs to the close 
position when relay 4 drops out. 

Emergency stopping does not respect 
sequential tripping. All breakers are 
tripped simultaneously by 86 and relay 4 
is de-energized. 


Conclusions 


The operating complications involved 
in placing a synchronous condenser on a 
line demand that a certain portion 
of the control sequence be automa- 
tic. It is of practical advantage to 
design the sequence so that it is en- 
tirely automatic, allowing the user the 
choice of manual push-button control, 
remote supervisory control, or full 
automatic control. 

Protective devices can be provided to 
protect against any contingency, and 
these devices either may sound an alarm 
to indicate an abnormal condition re- 
quiring attention or can lockout the ma- 
chine in the presence of a dangerous con- 
dition. 
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Multicolor Printing 
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Synopsis: The proper register for multi- 
color printing, that is, the printing of as 
many as five colors on top of one another 
to the required accuracy of “a few thou- 
sandths of an inch, has been successfully 
solved by the use of phototubes and asso- 
ciated electronic equipment. In the system 
described, the electronic portion extends 
all the way from the phototubes to the 
thyratrons which supply the required 
current to energize the correcting motor 
armature in the proper direction and at the 
speed for correct register. A typical in- 
stallation is shown in Figure 1. 


The Problem 


HE NUMBER of copies of each issue 

of present day popular magazines 
runs into the millions, and the only prac- 
tical way to print such a large number of 
copies is by means of a continuous web 
press. This means that the colored illus- 
trations must be printed on large roto- 
gravure presses in which the paper speed 
may be as high as 1,000 feet per minute. 
At this high speed each color, in turn, 
must be printed, then dried while in mo- 
tion so that it will not smudge as the next 
color is printed. This wetting and drying 
of the paper causes shrinkage and stretch- 
ing which differs with each individual roll 
of paper, depending on its composition 
and the amount of latent moisture pres- 
ent. The paper often moves 30 to 40 
feet through the drying section before it 
reaches the next impression cylinder. 
Also if a printing cylinder is even a few 
thousandths of an inch over- or under-size, 
the tension between stands will differ 
greatly. A typical press and control are 
shown schematically in Figure 2. 

A particularly critical situation occurs 
when a ‘flying paste’’ is made from the 
end of one roll to the beginning of the 
next. As the splice passes through each 
succeeding section of the press, the ten- 
sion drops to a low value, and the critical 
tension balance necessary for correct 
register is completely lost. If no correc- 
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tion is made, as many as 300 copies might 
be spoiled before the correct tension bal- 
ance is regained. 

Before the application of electronic 
control, the most usual way to check 
register was by means of a battery of 
control handwheels located at the folder. 
At intervals the pressman would draw a 
cut-and-folded copy from the outcoming 
stream and unfold it to be scanned for 
evidence of misregister. He then would 
make the proper corrections by turning 
the appropriate handwheel the amount 
necessary as judged from long experience. 
Even though the pressman was continu- 
ally in motion as many as 50 copies might 
be spoiled before the correction could be 
made. 

Needless to say, holding register manu- 
ally has never been a pleasant job, particu- 
arly if the paper has not been per- 
mitted to season, that is, to remain in a 
special storeroom long enough for every 
roll to attain the same conditions of 
temperature and humidity. No attempt 
was made to hold register through a splice, 
and it was usually assumed that all 
copies printed during acceleration or 
deceleration of the press would be spoiled. 


Fundamentals of the 
Electronic System 


The first fundamental requirement of 
the electronic control is to check each 
printing cylinder after the first to find if it 


Figure 1. At each 
printing cylinder the 
web scanning head 
at right and the cyl- 
inder scanning head 
at lower left feed 
signals to the mixing 
panel at top. This 
determines proper 
operation of the cor- 
recting motor at 
lower right 
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is in the correct position to lay its im- 
pression exactly upon the previously 
printed one. Next, when an error has 
been found, means must be set in motion 
to correct the error. Since the accuracy 
of register must be within 0.003 inch to be 
acceptable, it will be seen that the system 
must respond to signals as short as 
0.00001 of a second, or ten microseconds, 
if satisfactory operation is to be ob- 
tained. A complete electronic system is 
the only practical solution. 

The second requirement is to apply 
power to the correcting motor, as indi- 
cated by the amount of error found. Al- 
though other means could be used to ac- 
complish this function, electronic circuits 
using thyratrons eliminated noisy mov- 
ing parts which, at the large number of 
operations required, would present a seri- 
ous maintenance problem. 


THE ERROR DETECTING EQUIPMENT 


In order to detect the error, we must 
have a standard indication of the position 
of the paper at any instant and the posi- 
tion of the cylinder at that same instant. 
Along a margin of the paper where it can 
be trimmed off, or placed in the fold, are 
printed a series of register marks in the 
first color to be used. This is usually 
yellow. Typical marks are 0.020 inch 
in the direction of paper motion, and 
about one half inch across. Although a 
mark only one fourth inch long is needed, 
the extra length permits greater latitude 
in lining of the paper and in correcting 
side lay or side register. These marks are 
equally spaced, as seen in Figure 3, usu- 
ally 16 to the cylinder circumference. 
While fewer marks can be used, the larger 
number permits greater correction speed 
and thus higher accuracy and more 
nearly perfect copies. 

As this thin yellow mark arrives near 
the succeeding cylinders for printing of 
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the other colors, its presence is detected by 
a phototube in the web head through an 
optical system which produces the effect 
of a very narrow slit, only a few thou- 
sandths of aninch wide. Adark blueglass 
filter provides a much better contrast be- 
tween the yellow mark and the white paper. 

The indication of the passage of the 
mark in front of the phototube leaves the 
web head in the form of a square wave of 
voltage of very short duration. 


DETECTING THE CYLINDER POSITION 


Likewise, the position of the printing 
cylinder must be found so it can be 
checked against the relative position of the 
web. The basic indicating element is a 
disk or drum which contains the same 
number of axial slits as there are register 
marks on the first printing cylinder. A 
typical disk is ten inches in diameter, 
and the slits are one fourth inch wide. 
They are laid out so that the trailing 
edges of the slits are spaced very accu- 


rately around the circumference, as seen in‘ 


Figure 4. The indicating point is not the 
whole slit but the trailing edge. An op- 
tical system directs light through this slit 
to a stationary slit before a phototube. 
The phototube and optical system can be 
moved around the drum to allow for set- 
ting up and for adjustment. The signal 
sent from this cylinder scanning head is 
a square voltage wave much broader than 
that from the web head, but which has a 
very accurate and abrupt trailing edge. 


THE MIxiInGc PANEL 


The mixing panel, mounted on the 
press near each cylinder, may be consid- 


Figure 2. Schematic drawing of a multicolor 
gravure press with photoelectric register control 


1. Cylinder register scanning disk 

2. Cylinder scanning head 

3. Web scanning head 

4. Selector switch unit 

5. Impulse comparison controller with “‘magic 
eye 


6. Main controller 
7. Register adjusting pilot motor 
8. Push button stations for manual adjustment 


WEB 


ered the nerve center of the register 
equipment. Here the signals from the 
web mark and the cylinder disk slits are 
checked against each other and the 
proper correction action is initiated. For 
correct register, the cylinder disk photo- 
tube is moved until the trailing edge 
voltage change splits exactly the signal 
received from the 0.020 inch web mark. 
When this occurs, the correction circuit 
is balanced and no corrective action 
takes place. However, should the edge 
arrive even a few microseconds earlier or 
later than the midpoint of the mark, the 
difference is detected in the mixing panel, 
and the proper correction action is 
started. This comparison is made by 
charging one small capacitor as a result 
of the presence of the mark signal before 
the edge arrives, and charging a second 
capacitor after its arrival. These two 
charges then are compared and the 
difference is stretched out in time and 
amplified to apply the necessary correc- 
tion. This correction signal, in the form 
of a small current of a few milliamperes, 
leaves the mixing panel in one of two 
leads, depending on which direction the 
correction is to be made. Perhaps the 
schematic drawing of Figure 5 will assist 
in clarifying the mixing panel action. 

Since at this point the correcting motor 
control signal is at a low power level and 
in a low impedance circuit, it provides an 
ideal place to insert the push button 
stations desired for manual control of the 
correcting motor during setting up. 

The mixing panel also contains an in- 
dicator “‘magic-eye’’ tube to assist the 
operator in setting up the panel and ob- 
taining the original register adjustment. 


THE MoTor Power PANEL 


Now that the correction signal has 
been obtained, it remains only to amplify 


the power for the correction, that is, the 
energy for the correcting motor. These 
correcting motors are usually d-c shunt 
gear-motors of about one half horsepower 
rating. They may operate differentials 
to change the relative position of the 
printing cylinders or may move the usual 
compensating rolls up and down. 

The motors are run with full field 
strength to obtain maximum torque and 
fastest correction. The motor fields 
usually are fed from a common rectifier 
using phanotron tubes. The motor 
armatures are fed from 60-cycle alternat- 
ing current through a pair of inverse- 
parallel thyratrons. Since the thyratrons 
are controlled rectifiers, if the first thyra- 
tron conducts a pulsating direct current, 
current flows through the motor arma- 
ture in one direction. However, if the 
second thyratron conducts instead, the 
current flows through the armature in 
the opposite direction and opposite rota- 
tion is obtained. An iron core reactor in 
series with the motor armature smooths 
out the current and prevents excessive 
armature heating. 

The only thing now required is a con- 
necting link between the correcting signal 
from the mixing panel and the thyratron 
grid. This is supplied in the form of small 
saturable reactors in a bridge circuit 
which changes the phase of the grid. 
These reactors, of course, are saturated 
by the direct current from the mixing 
panel to regulate the grid phase as re- 
quired. Figure 6 shows a complete motor 
control cabinet. 


The Electric Circuit 


Now that we have obtained a bird’s-eye 
view of the operation of the equipment, 
let us retrace our steps and see the elec- 
tric circuit used to obtain these results. 
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Figure 3. The register marks along the edge 
of the sheet usually are printed yellow and are 
almost invisible to the eye 


THE WEB SCANNING HEAD CrirRcuUIT 


The web head consists of an 
automobile headlamp-type bulb and an 
optical system to flood the path of the 
register mark with an intense spot of 
light at the point where the phototubes 
must scan it. An optical system picks up 
the light from the mark and conducts it 
to the slit in front of the phototube, and 
the blue glass filter, mentioned previously, 
provides a more positive light change. 

Because the change in light on the 
phototube as the mark passes is so ex- 
tremely small and so rapid, it is necessary 
to use an extremely sensitive amplifier to 
provide a signal sufficiently strong to be 
transmitted to the mixing panel. A two- 
stage amplifier is used, and if the signal is 
to be transmitted for a considerable dis- 
tance, a third tube as a cathode-follower 
is included. The tube chassis must be 
shock mounted to prevent the vibration 
of the press from causing bad microphonic 
disturbances. Figure 7 shows the chassis 
removed from the web head. 

Although there are no arcing parts in 
the head, it always is made dustproof and 
when conditions require, explosion-proof. 


CYLINDER SCANNING HEAD 


Since the slits in the cylinder reference 
disks or drums permit operation on direct 
light transmission rather than by reflected 
light, a single stage of amplification is 
sufficient to provide a satisfactory signal 
of the passage of the slit. Here again, 
however, if the signal must be transmitted 
a long distance, the cathode-follower tube 
should be added. 

A special feature of the cylinder scan- 
ning head is the mounting of the optical 
system and amplifier chassis. These are 
mounted on a radial arm which is pivoted 
at the cylinder axis so that the complete 
system can be swung around the disk ina 
limited arc. This is provided to obtain 
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Figure 4. Cylinder 
scanning head show- 
ing slits in disk, lamp 
in center and photo- 
tube at top 


Vernier adjustment 
motor is at upper 
right. (View taken 
during test with 
covers removed) 


proper register in setting up the equip- 
ment and for the vernier control of regis- 
ter during operation. The arm is moved 
by a small reversible adjusting motor 


PILOT MOTOR THYRATRONS 


which is controlled by push buttons at 
the folder. 

Although only about one half inch of 
each drum slit is required for operation, 
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Figure 5. Schematic drawing to show the principle used to check register and to indicate 
the correction to be made 


A. As impulse comparator evaluates the combined impulses from two phototubes 
B. Photoelectric register control on four color press—one of four or more units shown 
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Figure 6. Motor control cabinet 


There are three motor control panels at 
center, a spare panel at top, and the two 
rectifiers on the lowest panel 


77 «MOVEMENT OF 


| 


DISK SLIT 


Figure 8. The action of the disk signal am- 
plifier and phase-inverter 


The wave shapes of the incoming and out- 
going signals are shown also 
e represents the instant that the trailing slit edge 
passes 
Inserts are voltage wave forms 
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it is made much longer to permit the cyl- 
inder to be adjusted along its axis for best 
side-lay or register. This side register ad- 
justment is usually a manual operation. 

In some press installations a master 
cylinder scanning head is used rather than 
one at each printing cylinder. In this 
case the master unit is mounted on the 
miain drive shaft, and optical systems for 
each color are located around it. 

A single master cylinder scanning head 
permits a more compact installation than 
the separate heads, particularly when ex- 
plosion-proof equipment must be fur- 
nished, but it can be used only with the 
compensating-roll type of correction. 


Mrxine Pane Circuits 


The mixing panel must perform a num- 
ber of functions. Let us take them up 
one at a time. 

The incoming signal from the disk or 
cylinder scanaing head is in the form of a 
square voltage wave which corresponds 
to the passage of the slit. In order to 
minimize the number of false operations 
due to random ink spots or paper blem- 
ishes, the region of active operation is 
limited to a fraction of an inch on each 
side of the correct register point. The 
signal from the slit provides a convenient 
live zone ahead of the correct point, while 
a similar active period after the slit has 
passed is obtained by means of a simple 
multivibrator circuit which uses grid rec- 
tification to charge a small capacitor 
during the slit passage to stop conduction 
in the trailing tube for a corresponding 
period. This twin triode also acts as a 
phase inverter. That is, one anode ceases 
to conduct during the time of the first 
active period, and then the second anode 
ceases conduction during the second 
active period. Figure 8 shows this cir- 
cuit in simplified form, 

The next step is that of comparing the 
disk head signal with that from the web 
head. This is done by means of the num- 
ber one grid and number three grid of a 
pentode tube. Since the grids of a pen- 
tode act as valves in series, if either grid 
is sufficiently negative with respect to the 
cathode, there will be no current flow in 
the tube. The action is as follows: Two 
pentode tubes are used. The number one 
grid of both tubes normally is held nega- 
tive, but rises to cathode potential when 
the marks on the web pass the phototube. 
But no current can flow unless the num- 
ber three (suppressor) grid is also at 
cathode potential. These grids are con- 
trolled by the output of the two anodes 
from the twin-triode phase inverter, 
which cease conduction respectively be- 
fore and after the register point. Thus, 
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Figure 7. The web scanning head chassis 


The small change in phototube current 
due to the passing register mark is amplified 
by the two pentodes at the right. The tube 
panel is isolated from press vibration by the 
three rubber mountings seen behind the tubes 


one pentode conducts when the mark is 
passing and the slit is passing at the same 
time. The second pentode conducts if 
the mark passes for a short time after the 
slit has passed, as determined by the 
timing circuit. If the mark passes ex- 
actly in register, the first pentode will con- 
duct while the first half of the mark is 
passing, and the second half passing after 
the slit will permit the second pentode to 
conduct. 

If the mark does not appear, there will 
be no conduction in either tube and no 
correction made. This is important, for 
it means that if the mark does not print, 
the correcting action ceases, but there 
will be no false correction as in some 
systems. 

The mixing circuit and typical wave 
forms are shown in Figure 9. Both the 
twin-triode and the pentodes are oper- 
ated from cutoff to saturation and thus 
act as limiters to produce uniform voltage 


Figure 9. The circuit and wave forms of the 
pentode-tube mixing circuit 
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changes at the output. From the output 
of the pentode we now have signals which 
indicate the direction required for the 
correction, and by their relative duration, 
indicate the amount of correction needed. 

The final function of the mixing panel 
is that of stretching out the fast micro- 
second pulses of the pentode output to a 
time sufficient for operation of the cor- 
recting motor. This is done by means of 
small capacitors which store the energy 
presented to them at each mark passage 
and permit it to leak off at a rate slow 
enough to permit motor operation to 
take place. This pulse-stretching circuit 
is shown in Figure 10. 

Each time one of the two pentodes 
conducts, its corresponding capacitor be- 
gins to charge through the small rectifier 
tube. The capacitor charge next is amp- 
lified by a triode tube, and the output of 
this tube is passed on to the motor panel. 

At this point, the action may be sum- 
marized thus, If the trailing edge of the 
disk slit passes at the same instant as the 
midpoint of the register mark, equal 
direct current will flow from the two 
triodes at the output of the mixing panel. 
If the register mark passes somewhat 
early so that there is an excess of mark 
before the slit edge passes, there will be 
a larger current in one triode, or if the 
register mark arrives late, there will be a 
larger current in the second triode output. 


Tue ‘“‘Macic-Eyg” INDICATOR 


In addition to the control circuit, the 
mixing panel also has an auxiliary circuit, 
consisting of a twin triode and a double 
“‘magic-eye’”’ tube which permits a visual 
indication of whether the register is bal- 
anced or is off in either direction. This 
circuit also is fed from the small pulse- 
stretching capacitors. If the mixing 
panel is mounted remote from the press, 
the indicator tubes may be mounted at 
the folder. 


ManuaL PusH Burron CONTROL OF 
CORRECTING Morors 


On its way to the motor control panel, 
the output of the mixing panel passes 
through the push button stations used for 
manual control of the correcting motor. 
These push buttons are used principally 
for setting up the work at the beginning 
of a run. When they are operated, the 
circuit from the mixing panel is broken, 
and direct current from a separate source 
is fed into the motor-panel circuit to 
operate the motor in the desired direction. 


MorTor PANELS’ 


For convenience, the motor panels 
usually are assembled together in a large 
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Figure 10. The correction 


Assuming register mark center arrives before 


slit edge 


SATURABLE 
REACTOR 


Figure 11. The power circuit and the grid 
control circuit for the correcting motor 


The motor field is supplied from the common 


rectifier 
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VOLTAGE ON MOTOR ARMATURE 


Figure 12. Representative wave forms of 

voltage applied to the correcting motor 

armature under various conditions of register 
error 


A—Balanced, no motion 
B—Forward slow 
C—Forward fast 
D—Reverse slow 


Cockrell—Multicolor Printing 


floor-mounted cabinet. This cabinet 
also contains the common rectifier supply 
for the motor field and a rectifier to sup- 
ply the mixing panels. A tap also is taken 
off this second rectifier supply for the 
push button operation. Each motor 
panel is complete in itself with jack and 
plug connections for all leads. In some 
installations, a spare motor panel is in- 
cluded in which the thyratrons are kept 
at operating temperature so that should 
a tube failure occur, the spare panel may 
be substituted for the inoperative circuit 
and a minimum of time lost. 

The armature circuit consists of a re- 
actor in series with the armature and the 
two inverse-parallel thyratrons which are 
used to produce the reversing action of 
the armature. Each thyratron has its 
own grid circuit which consists of a 
center-tapped transformer feeding a satu- 
rable reactor-resistor bridge, as shown 
in Figure 11. Since the a-c and d-c wind- 
ings of the saturable reactors are elec- 
trically separate, the motor circuit is in- 
sulated from the control circuit coming 
from the mixing panel. 

In operation, a larger current flowing 
in the d-c winding of the saturable 
reactor decreases its reactance, and 
the grid of the thyratron is phased for- 
ward. This permits the thyratron to 
conduct earlier in the cycle, and more 
current flows through the motor arma- 
ture. The mixing panel circuit is so de- 
signed that, when register is correct, suf- 
ficient current will flow into the saturable 
reactors of each of the thyratron grid 
circuits to cause both thyratrons to con- 
duct for approximately one-quarter cycle. 
The opposing currents balance in the 
motor armature so that it does not rotate 
but vibrates slightly at 60 cycles. How- 
ever, when the register is out by even a few 
thousandths of an inch, the current to the 
reactors is unbalanced so that the thy- 
ratron currents are not balanced and the 
motor moves in the direction determined 
by the larger current. The shape of the 
voltage wave applied to the motor for 
various conditions is shown in Figure 12. 

When the controlling current is com- 
pletely unbalanced, that is, when the 
register marks arrive completely before 
or after the disk edge arrives, full cor- 
recting motor speed is obtained. This is 
reduced to zero as the slit edge intercept 
comes nearer to the center of the register 
mark, Antihunt circuits in the mixing 
panel prevent overshooting. 


Aids for Maintenance and Repair 


In the printing business it especially is 
important that production schedules be 
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Figure 13. Mixing panel with cover removed 


This shows ‘“‘magic-eye’’ indicator tube at top, 

milliammeter jacks at left-center, test ter- 

minals at center, and connecting leads 
plugged in at bottom 


met. Therefore, even short delays in 
press operation are serious. It has al- 
ready been mentioned that the motor 
panels are provided with plug and jack 
connections and that sometimes a spare 
motor panel is added and kept warmed up 
for instant substitution without the delay 
of even the five minutes needed to pre- 
heat the thyratron cathodes. Although 
there are no moving or wearing parts on 
the web and disk scanning heads, or on 
the mixing panel, all of these are also 
provided with plug and jack connections, 
and a spare of each is often kept on hand 
for substitution whenever needed. 

To assist in preventative maintenance 
and trouble shooting, milliammeter jacks 
and test terminals are located on the mix- 
ing panel, as seen in Figure 13. The 
milliampere readings of the output to the 
motor panel permit a quick checkup of 
the over-all mixing panel operation, while 
the test terminals permit key potentials 
to be seen on a cathode-ray oscilloscope 
to check the operation of the two scan- 
ning heads and the internal circuits of the 
mixing panel. To the experienced oper- 
ator the characteristic flicker of the 
“magic-eye’”’ indicator tube can convey 
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Figure 14. Preven- 
tative maintenance 
Checking the equip- 
ment operation with 
a small cathode ray 
oscillograph 


much information about the over-all 
operation of the equipment. 


Putting the Equipment 
Into Operation 


In conclusion, let us follow the press 
operator as he puts the register equip- 
ment into operation when starting a new 
run on the press. The inkwells are filled, 
the paper is threaded, and the backing 
rolls are let down. The first copies com- 
ing off the folder look very little like the 
finished product, but if the press crew is 
experienced, the register will be within a 
fraction of an inch correct on all colors. 
Standing at the folder with a copy in 
front of him, the head pressman then 
presses the proper push buttons oper- 
ating the one half-horsepower correcting 
motors to bring the cylinders into ap- 
proximate register with the first color, 
usually yellow. First the red impression 
from the second cylinder comes into line, 
next the blue, and finally the black from 
the last cylinder. 

The press is then run up to a moderate 
speed so that the normal tension in the 
web is obtained, and the register is again 
checked and corrected by the push but- 
tons. The register may now be assumed 
to be good enough to be placed on the 
automatic operation. To do this the 
pressman first operates on the red cyl- 
inder disk scanning head, and moves the 
scanning head arm until register is ob- 
tained as indicated by the ‘‘magic-eye” 
operation, indicating a balance of the 


Cockrell—Multicolor Printing 


mixing panel output. He then throws the 
switch to automatic, and the red is locked 
in step with the yellow. He then repeats 
this process on the blue and on the black 


cylinder. Finally he returns to his nor- 
mal station near the folder and checks 
the outcoming copies. Probably during 
the time he has been away the register 
has crept off a few thousandths. He now 
brings this back into accurate register by 
again operating the small reversible ad- 
justment motor on the disk head optical 
system. Operation of the push button 
controlling the correcting motor at this 
time will have no effect because the auto- 
matic operation immediately would bring 
the register back to the previous setting. 

After these refinements have been 
made, the register is locked in step in the 
correct position and will hold this through 
wide changes in press speed, through 
splices, and through the many differences 
in paper which may be found, such as 
tension, humidity, surface conditions, and 
others. 


Conclusion 


It was said in years gone by that only 
one copy in 25 was perfectly registered. 
With electronic register control, fewer 
than one in 25 will be found which are not 
perfectly registered. Electronics has pro- 
vided a quiet, precise method for holding 
register. Since there is no wear of critical 
parts the high accuracy which can be ob- 
tained will continue throughout years of 
untiring service. 
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Design of D-C Auxiliary Controllers 


for Marine Service 


W. SCHAELCHLIN 


MEMBER AIEE 


ONSIDERABLE progress has been 

made in recent years in the design of 
marine control equipment. Under the 
impact of the war, the performance of 
controllers has been improved and better 
equipment of lighter weight has been 
made available. It is the purpose of this 
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important bearing on the controller per- 
formance. 


NUMBER OF STARTING STEPS 


The current surges during starting of a 
motor depend primarily upon the number 
of starting steps and the regulation of the 


of starting steps and approximate maxi- 
mum current surges for various motor rat- 
ings. 

Further reference to Figure 1 indicates 
that the starting current surge is made 
higher for the low armature speeds than 
for the high armature speeds. This is 
done because the average motor can com- 
mutate current surges better at low speed 
than at high speed, a fact which is well 
illustrated in Figure 2. 

This oscillogram shows a starting test 
with a standard 3-horsepower 250-volt 
motor connected directly across the line 
without a resistor step. Commutation 
was fairly good at low speed even though 
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paper to discuss some of the more im- 
portant design features on which the con- 
troller performance is based. 


Controller Components 


The function of a motor starter is to 
connect the motor across the line without 
excessive disturbance to the motor or the 
power supply. The simpler the equip- 
ment used for this purpose, the more satis- 
factory, in general, it will be in service. 

There are a great variety of motorstart- 


__ ers, ranging from the simple manual line 


starter to the more complex magnetic con- 
troller. Different methods of automatic 
acceleration are used with the number 
of starting steps varying to suit the appli- 
cation and rating of the motor. Other de- 
sign features, such as overload protection 
and selection of resistors have an equally 
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Figure 1. Schematic diagram and current 


surges for various numbers of starting steps 


motor. This relation can be solved 
mathematically but perhaps is more 
clearly illustrated in Figure 1 from a typi- 
cal shunt motor with 10-per-cent speed 
regulation and a constant torque load of 
100 per cent. 

On closing the line contactor M, the 
armature current increases from 0 to M. 
As the motor accelerates, this current de- 
creases to one, at which point the acceler- 
ating contactor 1A cuts out the starting 
resistor and connects the motor across the 
line. For multistep starters, this process 
is repeated by operating accelerators 1A, 
2A, 3A, 4A, and so forth, in sequence 
until the starting sequence is completed. 

Figure 1 illustrates clearly that the 
starting current surges can be reduced by 
increasing the number of steps. This fact 
is taken into consideration by providing 
more steps for large motors than for small 
motors. Table I shows standard number 
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the current inrush was about 1,300 per 
cent. At approximately full speed, how- 
ever, the motor flashed over, although the 
current had decreased to about 750 per 
cent. 

Of additional interest is the fluctuation 
of the field current J, during the starting 
of the motor. This current suddenly in- 
creased several hundred per cent, which 
indicates a pronounced weakening of the 
flux due to the armature reaction. The 
subsequent dip of Jy below the normal 
value is due to the line voltage disturb- 
ance caused by the short circuit. 

Applications with high inertia loads 


Table |. Number of Starting Steps and 
Maximum Current Surges for Various Motor 
Ratings 


Number of Approximate Current 


Hp Starting Surge, Per Cent 

at 230 V Steps Full Load Amp 
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Figure 2 (left). Oscil- 

logram showin3 line 

starting of 3-horse- 

power 250-volt shunt 
motor 
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such as fans and oil purifiers are more 
critical and possibly should have more 
starting steps to keep down the current 
surges. 


METHODS OF STARTING OF Motors 


Various methods are available for 
starting of motors, namely— 


(a). Manual starting. 

(b). Counter-electromotive force starting. 
(c). Current limit acceleration. 

(d). Definite time acceleration. 


Manual Starter. This type of starter 
undoubtedly provides the simplest means 
of starting a motor. It is particularly 
suitable for motors up to one half of one 
horsepower where the stalled armature 
current does not exceed 1,000 per cent. 
Sometimes it is provided with a starting 
step for use with motors up to five horse- 
power. In such cases, the operating lever 
may be equipped with a mechanical offset 
to make the operator pause on the start 
position before going to the run position. 


START STOP 


Ma 
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In general, it is not desirable to handle 
large currents with manual controllers 
since there is no assurance of positive con- 
tact movement, which is essential for 
satisfactory operation. 


Counter-Electromotive Force Starting. 
This method measures the armature volt- 
age and cuts out the starting resistors 
when this voltage has reached a prede- 
termined value. A schematic diagram, 
which is self-explanatory, is shown in Fig- 
ure 3. 

The counter-electromotive force starter 
is somewhat critical in its adjustment and 
can be used only for single-step starters. 
Figure 1A shows that the accelerating 
contactor 14 has to be adjusted to operate 
at 70-80 per cent in order to avoid an ex- 
cessive current surge when it closes. With 
possible line voltage drops of 20 per cent 
this setting is rather critical, particularly 
if the pull-in voltage is increased due to 
heating of the magnet coil. 

Multistep starters of the counter-elec- 


Figure 4 (left). 

Starter diagram with 

current limit accel- 
eration 


Figure 5 (right). Ac- 
celerating contactors 
for current limit or 
definite time accel- 
eration 
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Figure 3. Starter 


tromotive force type would require even a 
higher setting of the last accelerating con- 
tactor as shown in Figure1B, which makes 
use of the counter-electromotive force 
method for multistep starters impractical. 


Current Limit Acceleration. This 
method is suitable equally for starting 
low and high inertia loads and will bring 
the motor up to speed in a minimum of 
time. A one-step starter of this type is 
shown in Figure 4. 

The accelerator 1A is of the spring 
closed type and has a main winding 14, 
to close the magnet and a holding wind- 
ing 14, measuring current. See Figure 
5. Depressing the start button first will 
insert the starting resistor and then 
close the line contactor M. As the 
motor accelerates and the current de- 
creases, the holding coil 1A, will let go 
and close contact 1A, thereby connecting 
the motor across the line. 

The accelerators are calibrated usu- 
ally to operate at about 135 per cent 
current so as to make sure that they 
function when starting heavy loads. 
Thus the current surges will be somewhat 
higher than indicated in Figure 1. 


Definite Time Acceleration. Definite 
time starting probably is the most prac- 
tical method of bringing a motor up to 
speed. It includes one or more acceler- 


ators adjusted to function in predeter- 
mined time intervals. A single-step 
starter is shown in Figure 6. 

The accelerator or “‘timetactor” oper- 
ates on the basis of the well-known and 
reliable flux decay principle and is shown 
in sizes of 100 and 300 amperes in Figure 


- 
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Figure 6. Starter diagram with definite time 
acceleration 


5. In general, the time starter is identi- 
cal to the controller of Figure 4 except 
that the accelerator is connected to ob- 
tain a fixed time instead of measuring 
current. Time adjustment is obtained 
by changing the current in the neutraliz- 
ing winding 1A yy. 

There is, of course, the problem of 
selecting the proper time adjustment for 
the timetactors, so that the motor can 
accelerate without excessive current 
surges. This, however, should not be too 
difficult a task since starting conditions 
for the various ships’ auxiliaries are well 
known and it is therefore a simple matter 
to adjust the accelerating time slightly 
longer than needed to obtain minimum 
current surges. Definite time starters 
can be tested and adjusted very readily 
with the motor disconnected and there- 
fore have a decided advantage from a 
maintenance point of view. 


SPEED CONTROL 


The speed of a d-c motor may be con- 
trolled by varying the armature voltage 
1000 
900 


800 


or the strength of its field. Motors be- 
low five horsepower used for hull ven- 
tilation sometimes are provided with 
armature speed control in order to reduce 
the motor size. This gain, however, is 
practically offset by the increased size 
of the controller which has to absorb the 
resistor loss as shown in Figure 7. 

In most cases, the motor speed is 
changed by varying the shunt field. 
Motors with speed changes of two to one 
or less have sufficient starting torque to 
permit good starting with weak field. 
The torque tests shown in Figure 8 were 
made with a 20-horsepower 230-volt 
motor of 600/1,800 rpm and a speed 
regulation of 20 per cent at the high 
speed. It is interesting to note that the 
flux weakening due to armature reaction 
is practically independent of the speed 
setting as evidenced by the bending of 
the three curves at 300 per cent load. 

Controllers for motors with speed 
ranges greater than two to one are pro- 
vided with a field relay in order to avoid 
too long an accelerating time particularly 
when used with fans of high inertia. 
The field relay is usually of the fluttering 


type. 


OVERLOAD PROTECTION 


Each motor is provided with overload 
and short circuit protection. In line 
with well-established practice the overload 
relay is made part of the controller, 
while short-circuit protection in form of 
feeder breakers is located on the dis- 
tribution board. 


Protection of Continuously Rated Motors. 
Overload protection of these motors is 
usually obtained by means of a thermal 
relay set at 115 to 125 per cent of full 
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load. Its time constant should be long 
enough to permit starting of the motor 
without tripping even though the start- 
ing time is long and the current surges 
are high. 

In view of the high ambient tempera- 
tures encountered in engine rooms, the 
thermal overload relay is usually of the 
compensated type, that is, its calibration 
is made practically independent of the 
room temperature. Experience has 
shown that the noncompensated type is 
liable to trip under normal operation, 
thereby seriously interfering with the 
operation of the ship. A compensated 
overload relay is shown in Figure 9. It 
is provided with a special bimetal that 
corrects for changes in room tempera- 
ture and thereby maintains the calibra- 
tion practically constant. 


Protection of  Intermittently Rated 
Motors. There is a great deal of con- 
troversy as to whether overload protec- 


Figure 9. Compensated thermal overload 
relay for a-c and d-c applications 
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Figure 10. Heating curves showing inability 
of thermal overload relay to follow winding 
temperature of intermittently operating motor 


tion of intermittent motors by means of a 
thermal relay is practical. It is admitted 
that in order to be satisfactory such a 
relay should have the same time con- 
stant as the motor, that is, their tempera- 
tures should vary at the same rate when 
subject to various heating and cooling 
cycles. 

This is a condition that is most difficult 
if not impossible to meet. Considering 
the fact that the time constant of motors 
may vary as much as three to one, de- 
pending upon their speed, ventilation, 
and size, it would not be feasible to de- 
sign a multiplicity of relays to cover the 
whole range. Moreover, the co-ordinat- 
ing of the time constants would be diffi- 
cult since in most cases the desired infor- 
mation probably would not be available. 

There is another important factor 
against matching time constants of 
motor and overload relay, namely, the 
unequal cooling of the motor while run- 
ning and standing still. Tests show that 
with the motor standing still, the ventila- 
tion is very poor so that it will cool at a 
much slower rate than it heated during 
the running period. 

Figure 10 shows that for intermittent 
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Figure 11. Various 
types of resistors 


operation the motor temperature will 
rise gradually above the relay tempera- 
ture so that the motor is not protected 
even though the two time constants are 
matched while the motor is running. 

For this reason, intermittently rated 
motors are protected by instantaneous 
overload relays set to trip at 200 to 300 
per cent. They are intended to operate 
in case of emergency only, such as flash- 
over of commutators or fouling of the an- 
chor. 


BULKHEAD 


PANEL 
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CONTACTO 
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Figure 12. Typical drip-proof cabinet for 
bulkhead mounting 


Table Il. Resistor Classification for Various Applications 
Resistor Duty Cycle 
Application Duty Class Sec On Sec Off 
Starters below 40 hp 3 VGA elon Becca cute Roa ea oye 8S a 103) 
Starters above 40 hp Joe Sretting ovaay : Et Meh 10) lel Sean 70 
Windlass 174 DY * Berean 1 Rs ewratrece cS Geese oe 15 
Capstan ; LTA Ti es ere eee p ES rae as te 15 
Cargo winch ~—~—_ + -:- Speed regulating...... 1G4D tea LB sas dence maha e 30 
Cable reel { 164s oo hacnceeceeres Loita ate 30 
Boat hoist GAS fo as paterocrcane DUS erecta) ir as 30 


* Dynamic breaking and jamming protection with 125 per cent current for 5 minutes. Continuous running 


on last point lowering. 


{ Jamming protection with 125 per cent current for 5 minutes. 


¢{ Dynamic breaking in lowering direction. 


The capacity of the resistors is based on good natural ventilation with not more than six tubes mounted 
on top of each other unless special baffles are provided. 
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There is, however, the possibility of 
providing overload protection by means 
of thermoguards attached to the motor 
winding, thereby measuring motor tem- 
perature directly and stopping the motor 
when the temperature reaches a danger- 
ous value. 

Overload protection for capstans and 
windlasses is obtained with an instantane- 
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Figure 13. Heater capacity required for 
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Figure 14. Relative humidity as a function 
of air temperature rise 
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Figure 15. Typical waterproof cabinet for 
deck application 


Figure 16. Typical drip-proof under-deck 
controller 


Figure 17. Accelerating drum for large motor starter with many 
steps 
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ous jamming or step-back relay which 
inserts resistance in the armature circuit 
and reduces the stalled current to about 
125 per cent rather than stopping the 
motor completely. This is done to main- 
tain the tension in the anchor chain or 
the hawser while the ship is being warped 
or getting under way. 


RESISTORS FOR STARTING AND SPEED 
REGULATING Duty 


Practically without exception these 
resistors are of the nonbreakable and 
noncorrosive ribbon type using a nickel 
or chromium steel alloy suitable for 
500-600 degrees centigrade continuous 
duty. 

The maximum permissible temperature 
rise of a resistor depends a great deal on 
its location. When mounted in a con- 
troller cabinet, it is not desirable to ex- 
ceed 365 degrees centigrade rise because 
it is close to apparatus with organic in- 
sulation, 

However, it is satisfactory to go as 
high as 500 degrees centigrade rise when 
the resistors are mounted separately 
and are spaced sufficiently from other 
equipment to avoid undesirable heat 
transfer. 

The tap or terminal is an important 
design detail of the resistors. Depend- 
ing upon the design of the resistor, the 
terminal is either clamped, silver-soldered, 
or welded to the resistor ribbon. Any of 
these methods is satisfactory, although 
the welded terminal may be preferable, 
particularly for higher temperatures. 

In order to insure a stable and per- 
manent resistor connection, the latter 
must stay tight. Only in this way is it 
possible to keep the oxides away from 
the points of contact and maintain a 
metal-to-metal contact. 

Two factors have to be considered 
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when designing resistors for starting or 
regulating duty, namely, resistance and 
capacity. The selection of starting re- 
sistors is relatively simple since both 
factors are given by the number of steps 
and the accelerating time. Resistors 
for speed regulating duty, however, are 
more difficult to determine since the duty 
cycle depends a great deal on the judg- 
ment or habit of the operator. 

Based on operating experience, resistor 
designs have been established for various 
applications, as shown in Table II. 
Special controllers with long accelerating 
time or heavy-duty cycle require, of 
course, more resistor capacity. 


CONTROLLER ENCLOSURES 


Practically without exception, con- 
troller cabinets are built of structural 
steel in order to secure maximum 
strength and minimum weight at low 
cost. This applies to drip-proof as well 
as waterproof enclosures. 

Designs for drip-proof cabinets are 
fairly well standardized. The contactor 
panel is mounted on rigid panel supports 
which, in turn, are bolted directly to the 
bulkhead as shown in Figure 12. This 
forms a strong mounting arrangement 
and permits a relatively light enclosure. 
Floor mounted drip-proof cabinets con- 
sist of the usual angle iron frame with 
removable sides and back to permit ready 
access to the apparatus. Ventilation of 
cabinets is usually obtained by means of 
louvers arranged in the side of the cab- 
inet. This limited ventilation is sufh- 
cient for small losses such as caused by 
magnet coils. Larger losses, such as 
produced by speed regulating resistors, 


Figure 18. Waterproof manual controllers 
for deck auxiliaries 
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Figure 19. Magnetic controllers for deck 
auxiliaries 


A. Open type 
B. Drip-proof type 
C. Waterproof type 


require enclosures with raised top to per- 
mit better circulation of air. 

Waterproof cabinets for deck mounting 
have to be made strong enough to with- 
stand the impact of green water and to 
guard against corrosion eating through 
the walls in a relatively short time. 

Corrosion of deck controllers is difficult 
to prevent because of condensation re- 
sulting from breathing action. The 
highly saturated air inside the cabinet is 
heated up to 50-60 degrees centigrade 
during a hot day and therefore, can hold 
considerable moisture. During the night 
this air is cooled off, and thus is unable to 
hold the water which is deposited on the 
inside surface, and finally collects at the 
bottom of the cabinet. This process is 
going on day after day so that under un- 
favorable conditions a sizable amount of 
water may collect in the cabinet, render- 
ing the air so damp that even the best 
finish will break down after a while. 
There are two effective means of mini- 
mizing this corrosion. One consists in 
providing heaters inside the cabinet to 
keep the air always above the dew point. 
The watts required for this purpose can 
be determined from Figure 13. Experi- 
ence has shown that a temperature rise 
of the air inside the cabinet of about 10 
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degrees centigrade is sufficient to keep 
the cabinet dry The reduction of rela- 
tive humidity by heating the air is illus 
trated in Figure 14. 

An additional improvement is obtained 
by providing a check valve at the bottom 
of the cabinet to drain any possible water 
and to provide some circulation of fresh 
air. Actual tests in the field have shown 
that a considerable improvement is ob- 
tained with surprisingly small openings. 

It cannot be emphasized too much to 
provide substantial bolts not less than 
3/8 inch diameter for mounting of doors 
or covers. Sizes below that will be 
twisted off when trying to force a corroded 
thread. Doors that have to be opened 
very readily sometimes are equipped with 
locking dogs as illustrated in Figure 15. 
They have to be made substantial enough 
to withstand rough handling when cov- 
ered with ice. 


Controller Assemblies 


It is not the purpose of this paper to 
give a detailed description of the various 
applications. Rather than do this it is 
proposed to show some typical controllers 
which illustrate the lastest design trends. 


UNDERDECK CONTROLLERS 


Figure 16 shows a typical three-step 
starter for a 25-horsepower motor. All 
controller components are mounted in 
front of the panel to permit ready inspec- 
tion and removal of parts if necessary. 
Studs with solderless lugs are atranged 
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top and bottom for external cables, the 
wiring of which is facilitated by detach- 
able and standardized lead plates of 
ample size. Whenever possible, the 
push button is mounted on the starter 
door to obtain a unit assembly and to re- 
duce wiring at the shipyard to a mini- 
mum. 

Large starters of high-current capacity 
requiring many starting steps very often 
are provided with a motor-operated ac- 
celerating drum as per Figure 17, which 
combines one line contactor and all ac- 
celerators in one single and compact 
unit. The spring-closed cam-opened 
switch units are provided with silver 
tips and cut out the starting resistor in 
predetermined intervals. The speed of 


Figure 20. Two views of 
typical waterproof master 
switch for deck controller 


the pilot motor is adjustable within a one 
to two speed range. 
CONTROLLERS FOR DECK AUXILIARIES 


Manual as well as magnetic controllers 
are provided for winches, capstans, and 
windlasses. Manual controllers as shown 
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in Figure 18 are limited usually to smaller 
motors not exceeding 30 horsepower at 
230 volts or 15 horsepower at 115 volts, 
because experience has shown that main- 
tenance is excessive for current ratings 
above these values. 

Magnetic controllers are being sup- 
plied with open, drip-proof, or water- 
proof unit construction as shown in 
Figures 19A, 19B, and 19C. There has 
been a great tendency in recent years to 
favor the unit construction, particularly 
for cargo winches, since it reduced the 
installation work on the part of the ship- 
yard to a very minimum. Its possible 


weakness is maintenance at sea, particu- 
larly in bad weather, although experience 
so far has been very satisfactory. 


Master switches are invariably of the 


waterproof construction, either cast or. 
sheet steel and with an offset in the 


handle movement to provide a positive 
stop in the off position. A safe-on aux- 
iliary switch is also provided to permit 
shutting down the control circuit when 
the equipment is not in operation. See 
Figure 20. 

Very often it is preferred to make the 
master switch spring returned to obtain 
the so-called ‘“‘dead man’s feature’ and 
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to make sure that the motor cannot stay 
energized and accidentally burn out 
while the operator has ‘‘gone out for 
lunch.’’ A master switch of this type is 
illustrated in Figure 21. Its lever is 
arranged so that the switch can be oper- 
ated conveniently either with the steve- 
dore standing beside the controller or 


Figure 21. 


Waterproof master switch with 
spring-returned handle and seating facility for 
operator 


sitting on it. This latter feature is 
desirable particularly for cargo handling 
where operation extends over many 
hours. 

Limitation of space does not permit 
discussion of special features required for 
different applications. Whatever con- 
trol functions, however, are provided, 
emphasis should be placed on simplic- 
ity of design to obtain the desired re- 
sults with a minimum amount of appa- 
ratus. 
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A New Approach to Probability 


Problems in Electrical Engineering 
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HE PROBABILITY of simultaneous 

occurrences of events for which the 
individual rate of occurrence is known 
can be determined by the well-known 
binomial law. This law states that if 
events have each a probability or rate of 
occurrence p, then the probabilities that 
0, 1, 2, 3, etc., of the m events occur 
simultaneously, are given by the consecu- 
tive terms of the binomial function 
[pb + (1—p)]”. Therefore, the prob- 
ability that y out of the events occur 
simultaneously is 


Dee ey 1) 
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Applied to the probable frequency of 
simultaneous occurrences, this expression 
merely says that if each of the n events 
occupies a fraction p of the period of 
time under consideration, say a fraction p 
of a year, then the simultaneous oc- 
currences of r events occupy a fraction 
P, of the period under consideration. 
However if P, were found to be 0/52 
according to the binomial law, then it 
would be known only that in a year the 
simultaneous occurrence of r out of the n 
events would occupy in the average a 
period of one week. It is not known, 
however, whether this simultaneous oc- 
currence does happen once a year with a 
duration of one week, or once every two 
years with a duration of two weeks, or 
seven times a year with an average dura- 
tion each time of one day. 

It is obvious that knowledge of the 
duration and intervals between overlap- 
ping events can be of considerable im- 
portance in many practical cases. In 
problems of congestion, such as in tele- 
phone operation, not only the probability 
of the use of r out of ” available channels 
is of interest, but also the average dura- 
tion and frequency of such an occurrence. 
Similar problems arise in connection with 
intermittent use of electric power, such 
as by welding apparatus and elevators. 
In statistical problems of unavailability 
of equipment, average length and average 
intervals between occurrences of un- 
availability may be important, such as 
in cases of outages of lines, transformers, 
or generators of electric utilities. 

The equations presented in the follow- 
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ing, which apply to a variety of problems 
are based on an extensive analysis and on 
enumerations of a great variety of cases. 
The equations were found to be correct 
also for limiting or borderline cases. 
The methods of analysis and derivations 
of the equations are not presented, as 
they would require too much space and 
exceed the scope of this paper. For the 
same reason, discussion of some of the 
purely mathematical implications and 
extensions of these equations are omitted. 


Special Case 


Starting with the most simple case, 
assume that each of m events has a rate 
of occurrence p = t/T so that each event 
occurs once in a period of T units of time 
and lasts each time ¢ consecutive units of 
time. Further, be it assumed that the 
starting points of the events can change 
only in steps of multiples of the unit of 
time selected. Then the average dura- 
tion, or overlap, of r simultaneous events 
out of 1, expressed in the selected units of 
time is 

art 
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T———_? (T-))"""— 
‘ r'\(n—r)! ( ) 


(ar ter-9—1r" (2) 


r\(n—71) 


or simplified, 


a (Tr=f%-" 
RTS) SG (ran a 


. 
(3) 


From a standpoint of statistical mathe- 
matics, the numerator of equation 2 is 
the sum of all possible durations of the 
r-fold simultaneous events and the de- 
nominator is the sum of all repetitions of 
such r-fold simultaneous occurrences. 

In terms analogous to the binomial 
law, the average overlaps may be ex- 
pressed by the expansion of the function 


[tx+(T—2)|" 
[ix +(T—t) "— [(¢—1)x + (T—t-1)}" 


(4) 


(Here x is merely a “generating function’’ 
for convenient identification of terms 
corresponding to exponent 7 on x. Only 
the coefficients are of interest.) The 
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overlap ¢, is then the ratio of the co- 
efficients of «” which occur in numerator 
and denominator. This ratio is identical 
with equations 2 and 3. 

As stated before, equations 2 and 3 
assume that the start of the events can 
shift only in multiples of the unit of time 
chosen. Of course, these steps can be 
made as small as desired by choosing a 
small enough time unit. The restric- 
tions of unit steps can be completely re- 
moved if we substitute pT for ¢ in equa- 
tion 3 and pass to the limit. We then 
obtain for the overlap duration, ¢, ex- 
pressed as a fraction of the entire period T 
under consideration. 

im Leen ea 2) Oe (5) 
jp Il r+ p(n—2r) , 

With P, from equation 1 and ¢, frem equa- 
tion 3 or 5, we get the average interval T, 
between r-fold simultaneous events by 


ile. = pelea (6) 
The frequency of such overlaps is 


hapa Pill (7) 

Following is a practical application of 
these equations A_ single-phase 60- 
cycle circuit is supplying 30 welders 
On the average, each welder gives 25 
random current impulses per minute to 
the circuit. Each impulse lasts on the 
average 5 cycles. What are the average 
durations and frequencies of the various 
possible amplitudes of impulses? Here 
t = 5 cycles, T = 1/25 minute or 144 
cycles, and p = 5/144. The durations 
and frequencies of the impulses of various 
amplitudes, as calculated by equations 
5 and 7, are given in Table I. 

Values of currents up to six times the 
rating of one welder are quite frequent, 
indicating the possibility of serious volt- 
age flicker. From the data in Table I, 
it is simple to calculate the equivalent 
current in the cable which produces the 
same heating of the conductor as the 
various current impulses. 


More General Case 


In the case discussed, all individual 
events had the same rate and duration of 
occurrence. Now consider the case where 
each of the 1 events occurs again once in 
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Table | 
r, Number tr, Average 
of Welders Duration of f;, Frequency 
Overlapping Overlap in of Overlap 
in Operation Cycles Per Minute 
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(}endinga SRA recon OV BOS ee itera cts wisi 0.036 
Qe wae ial haeiceeer OSL a cccexip sarees 0.0035 


the period T, but the duration of each 
event is different. The duration ¢ has 
different lengths a, b,c... .forthedifferent 
events and the probabilities p = ¢/T 
have consequently different values. 
Then, assuming first that each event can 
shift only in steps of multiples of the 
time unit, the average duration or over- 
laps of r-fold simultaneous occurrences, 
expressed in the units of time chosen, is 
given by the ratios of the coefficients in 
the numerator and denominator of the 
expanded function 9, that is, 


Cee (8) 


where g and / are the coefficients of x’ in 
the numerator and denominator, re- 
spectively, of the expanded function 


Ultx+(T—t)] 


fen aolen-peeaoe a) 


Here II signifies the products of the terms 
in the parentheses, with ¢ assuming all 
the different values a, b, c.... Written 
differently and assuming only three events 
with durations a, b, and c, the average 
duration of the various overlaps are 
given by the ratios of the coefficients of 
x’ in the numerator and denominator of 
the function 


[ax+ (T—a) | [bx+(T—6) |lex+(T—c)] 
{ [ax+(T—a) ][bx-+ (T—b) lfex+ (T—c)]— 
a—1)x+(T—a—1)][—1)x+ 
(T—b=1)}[(c—1)x+(T—ce—1)}} (10) 


Again the steps in which the events 
shift can be made as small as desired by 
choosing the unit of time suitably small. 
The limitation of shift in multiples of the 
time units can be eliminated completely 
by setting 


b _¢ 
ie Po= 


a 
Pa =F Po= 


Ja=1—ha, W=1—ho, =1—Pe 


and passing to the limit 7—~«. Then 
the overlaps of r-fold simultaneous oc- 
currences expressed as a fraction of the 
period T are given by the ratios of the 
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coefficients in the numerator and denomi- 
nator of the terms x’ of the following 
function 


(Pax +a) (box + 90) (PcX +e) 
(x+1) [(pax+ ga) (Pox +p) + 
(Pax + qa) (Pex +Ge) + 

(Pox+ qv) (Pox tqe)] (11) 


which can, of course, be generalized to 
any number of terms” > 3. 

As an example, assume that a distribut- 
ing station of an electric power company 
is supplied by three lines from different 
sources. According to statistical data 
each of the three lines can be expected to 
be forced out of service once a year. 
Due to the different nature of the lines, 48 
hours are required to restore the first line 
to service, 24 hours are required for the 
second line, and 12 hours are required 
for the third line. Then, a=48, )=24, 
c=12, T=8,760, p,=48/8,760, p»=24/- 
8,760, and p,=12/8,760. The average 
duration and intervals of outages as 
calculated by equation 10 or 11 is given 
in Table IT. 


Events of Different Amplitudes 


The preceding equations gave informa- 
tion on only the number of lines out of 
service. If the loads which can be 
carried by the three lines are different, 
then it may be more important to ob- 
tain information on the kilovolt-amperes 
out of service rather than the number of 
lines out of service. If the three lines of 
the preceding example have different 
load-carrying capacities, L,, Ly, and Ly, 
then the average duration and intervals 
of loss of various amounts of kilovolt- 
amperes can be obtained from equation 
10 by substituting x,, x», and x, for x. 
Then the average duration of the loss of 
L, kilovolt-amperes is the ratio of the 
coefficients for x, in the expanded numer- 
ators and denominators, the loss of LZ, +L, 
kilovolt-amperes is given by the co- 
efficients of xpx,, the loss of L,+L,+L, 
kilovolt-amperes is given by the coefficients 
Of XoXpX-, and so on. 


Completely General Case 


Assume that an event m occurs fy 
times during the period T where f, may 


Table Il 
Number of Average Average 
Lines out Duration of Interval of 
of Service Outages in Hours Outages in Years 
Ores Somat | 2920 0.344 
Ue icies serrate Dia D eveSctegonviece 0.334 
Deere velcsiciaics W227 eS areretee ba, 14 
Bereta aires Gi Sian svete sens 37,747 


Adler, Miller—Probability Problems 


Table Ill 
Number of Average Length Frequency 
Channels of Overlap in of Overlap 
in Use Seconds Per Second 


be different for each event. The lengths 
of the f, occurrences of the event » may 
be all different and so may be the inter- 
vals between occurrences. The individ- 
ual lengths of these occurrences may be 
tpl 0:2, Oe gt, aIUtS Ge bbe ai 
dividual lengths of intervals between 
occurrences may be 6,,(a=1, ..., fn) 
units. 

Let 


a =fn 


Ditna = On 
a=1 


and 


a=fn 


So Op 
a=l1 

In other words 6, is the sum of the 
lengths of the f,, different occurrences for 
the event n, and A, is the sum of the 
intervals between occurrences. There- 
fore, 


On+ An=T 


Then, assuming again that the events can 
shift only in multiples of the unit of 
time, the average duration or overlap of 
0, 1, 2,.. .m, simultaneous occurrences is 
given by the ratios of the coefficients of 
the various terms x’ in the expansion of 
the function. 
n 


I [6n*+ An] 


n=1 


Tr (0y3-+ Bul TE (Oy —fa) 8+ (Sn—Fe)] 
i (12) 


It is of special interest that in the 
numerator as in the denominator, the 
individual lengths of occurrences for 
each event and the order of occurrences 
have no effect on the result, but only the 
sums of the lengths of occurrences and of 
the intervals and the frequency of oc- 
currence, or number of repetitions are of 
importance. This fact, of course, sim- 
plifies the application of this general 
formula considerably. Finally, we can 
remove the restriction of shift of events 
in multiples of the time unit by sub- 
stituting p,7 for 0, and g,7 for A, and, 
furthermore, setting pp/fn=Un and Qn/fr= 
Wn. 

When we pass to the limit 7— © we 
obtain for the duration of the average 
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overlaps expressed as fractions of the 
period 7, 


ide n—T 
(i x ) 


(13) 
T—1 (CE 


T n—T—1 
>( ite, OX en) + D( tn x Vm ) 


where the superscripts on the product 
symbols designate the number of terms 
in the product. Each double product 
contains each index of one to not more 
than once. The summations are taken 
over all different combinations of n 
subscripts or indices in two groups of 
and (7—r), each in the numerator, and of 
(r—1), and (n—r), and of r,and (n—r—1) 
each in the denominator corresponding to 
the double products. 

If all values of v, are identical and, con- 
sequently, all values of w, are identical, 
equation 13 reduces to 


Yk vw 


lim 


= : 14 
t>o TI mw+(n—m)v Mi 


Iff=1, then »=p and w=q=1—p, and 
equation 14 reduces to equation 5. 

As an example of the general case, as- 
sume that of three available channels the 
first is in use once in the period T of 10 
seconds and the duration of use is 5 
seconds. The second channel is in use 
twice in each period T of 10 seconds and 
the two durations of use, 2 and 5 seconds, 
occur with equal frequency. The third 
channel is ‘n use three times in each 
period T of 10 seconds and the equally 
likely durations of these three uses are 1, 
2, and 3 seconds, respectively. Then 
the average durations and frequencies of 
overlaps, as calculated by equation 12, 
are given in Table ITI. 

This example, admittedly artificial 
to illustrate the general formula, is 
typical of problems which can occur in 
telephone practice and in other fields of 
electrical engineering. Still further gen- 
eralization is possible, and has been 
carried out though not elaborated here, 
along two general lines. First, it is 
possible to work out a method—but 
not a formula—to express the duration 
and interval between recurrences of ‘‘y or 
more’’ simultaneous occurrences and to 
further extend it to ‘‘w or more” kilovolt- 
amperes, say, when individual events are 
of unequal capacity. Secondly, it is 
possible to determine the deviations 
from the mean of the durations and in- 
tervals given by the above formulas. 

The methods and equations as outlined 
have helped considerably in solving prac- 
tical problems which could not be solved 
by equations previously available. 
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PPLICATION DATA for mercury 
pool tubes or tanks must include 
information covering rectifier capacity, 
control characteristics, excitation require- 
ments, losses, cooling requirements, and 
other essential characteristics. 

The factors affecting rectifier capacity, 
the relations between these factors, and 
the procedure for specifying rectifier 
capacity have been set forth in a com- 
panion paper. This paper presents a de- 
scription of the excitation, control, and 
cooling characteristics of typical mercury- 
arc tubes of the ignitron type and outlines 
a procedure for specifying these character- 
istics, together with the limitations and 
operating requirements which must be 
considered. 


Excitation 


The excitation system must establish 
and maintain the conditions required for 
arc conduction. To do this it must per- 
form three functions: 


1. Start a cathode spot on the cathode 
pool. 


2. Maintain the cathode spot. 


3. Extend the ionization to the anode 
region. 


IGNITORS 


In rectifiers of the ignitron type, a 
cathode spot is started each cycle by the 
ignitor. In order to perform the starting 
function successfully, the ignitor must be 
supplied with sufficient energy to assure 
reliable operation, The instantaneous 
volt-ampere requirements of the ignitor 
depend upon its construction, composi- 
tion, and treatment. Individual ignitors 
vary in resistance and starting character- 
istics because of small differences intro- 
duced during manufacture or operation. 
In order to assure reliable ignitor opera- 
tion, definite specifications have been set 
up for ignitor performance. Acceptable 
ignitors must fire at peak voltages and 


Paper 46-138, recommended by the AIEE commit- 
tee on electronics for presentation at the AIEE sum- 
mer convention, Detroit, Mich., June 24-28, 1946. 
Manuscript submitted April 26, 1946; made avail- 
able for printing May 14, 1946. 


C. C. Hersxinp and E. J. Remscuerp are in the 
power rectifier department, General Electric Com- 
pany, Schenectady, N. Y. 


Herskind, Remscheid—Ignitron Tubes 


E. J. REMSCHEID 


MEMBER AIEE 


currents within the specified maximum 
values. 

The ignitor excitation requirements are 
best described by a volt-ampere charac- 
teristic of the type shown in Figure 1. The 
“minimum” curve gives the instantaneous 
volt-amperes that this excitation circuit 
should deliver. It must be understood 
that an ample margin should be allowed 
between the “minimum” curve and the 
maximum volt-amperes required to fire 
acceptable ignitors. The “maximum” 
curve indicates the highest value of in- 
stantaneous volt-amperes that the firing 
circuit may deliver without damage to 
the ignitor or seal assembly. 

A wide variation in the resistance of in- 
dividual ignitors is permissible, and the 
dotted curves show typical character- 
istics for ignitors having resistances rang- 
ing from 2 to 100 ohms. The peak short- 
circuit current and open-circuit voltage 
indicated by the solid curves are particu- 
larly useful in specifying the excitation 
circuit requirements. Further limitations 
and requirements of the ignitors are indi- 
cated in Table I. 


AUXILIARY ANODES 


In order to minimize the power con- 
sumed by the ignitors and also the physi- 
cal size of the firing circuit components, 
the ignitor volt-amperes are usually sus- 
tained for only, a few electrical degrees 
(from 10 to 25 degrees in most circuits). 
Auxiliary excitation or relieving anodes, 
therefore, are used to perform the follow- 
ing functions: 


1. Maintain the cathode spot for the re- 
quired period. Many circuits require that 
excitation be maintained for 90 degrees in 
order to assure reliable operation at light 
load. 


2. Furnish additional energy for ioniza- 
tion of the are space. 


3. Reduce the duty on rectifying elements 
in the firing circuit by providing a shunt 
path. 


Table I. Ignitor Limitations and Requirements 


eee 


Maximum rms current allowed, amperes...... 15 

Maximum avg current allowed, amperes..... 3.0 

Maximum instantaneous inverse voltage al- 
lowed, volts: .....q:sene cuits crate te cee 5 
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These auxiliary anodes may be located 
either in the open arc path or in a shielded 
space adjacent to the cathode pool. They 
are usually excited from a sinusoidal 
source. Typical wave forms are shown in 
Figure 2. 

The inverse voltage applied to the ex- 
citation anode must be held to a low value 
in order to limit the positive ion bombard- 
ment and avoid arc-backs. The maximum 
allowable inverse voltage depends upon 
the amount of shielding around the excita- 
tion anode and the time of application of 
the inverse voltage, that is, whether the 
inverse voltage is applied during the main 
anode conduction or during the main 
anode inverse period. By proper phasing 


PEAK VOLTS 


60 80 
PEAK AMPERES 


Figure 1. Ignitor instantaneous volt-ampere 
requirements 
Pulse duration@ =10 to 15 degrees at 25 to 60 
cycles 


of the excitation anode voltage with re- 
spect to the ignitor firing point, the excita- 
tion anode conduction period may often 
be fixed so that inverse voltage is applied 
to the excitation anode only during the 
main anode inverse period. Where this is 
not possible, some means, such as a recti- 
fying element), must be provided to limit 
the inverse voltage which may be applied. 
Further limitations and requirements are 
indicated in Table IT. 


Grips 


While the grids are also a part of the 
excitation system, in that they help to es- 
tablish the conditions for conduction, this 
is only incidental to their control action. 
Their characteristics are covered in the 
section on control. 


Control 


In an ignitron, control of conduction 
may be obtained by means of either 
ignitors or grids. 


tubes which are built without grids. 
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The ignitor provides Figure 3. 
the only means of control in many small acteristics on pumped 
In ignitron with single grid 


Figure 2. Excitation anode wave forms 


A—\gnitor current 
B—Excitation anode voltage 
C—Excitation anode current 


such tubes, the ignitor usually provides 
effective control over the full range of 
operation. However, most larger tubes 
are equipped with one or more grids. 

The primary function of the grid is to 
control both the arc phenomena in the 
neighborhood of the anode and the start- 
ing of anode conduction. While the estab- 
lishment of suitable arc conditions at the 
anode is essential to the action of the rec- 
tifier and affects the rectifier capacity 
directly, the control function of the grid is 
the more important from an application 
standpoint. 

The grid action depends directly upon 
the electronic processes taking place in the 
rectifier throughout the cycle. These are 
well illustrated by the oscillographic ob- 
servations shown in Figure 3. These ob- 
servations were made on a pumped igni- 


foment 


ANODE 
CURRENT 


tron operating in a six-tank unit at Ey, = 
1,294 volts and Jz = 2,000 amperes load 
current. In order to facilitate analysis of 
the action, the grids were excited from a 
rectangular voltage wave of 125 volts 
peak through 500 ohm resistors. 

Referring to Figure 3, main anode con- 
duction starts at time fp) with a positive 
grid current. At time 4, before the end of 
conduction, the voltage applied to the 
grid circuit is made negative. The grid 


Table Il. Excitation Anode Limitations and 
Requirements 
Maximum rms current allowed, amperes....... 10 
Maximum avg., current allowed amperes...... 5 
Minimum instantaneous current required to 
maintain cathode spot, amperes............ 3 
Maximum peak inverse voltage allowed during 
CONGUCHOM VOltSa 35 salle este hep tetatetale siete 25 
Maximum peak inverse voltage allowed during 
AIIVELSC IV OLES nn etre tere Peer eieneas 150 
potential remains substantially un- 


changed although the grid current is re- 
versed. The positive ion current collected 
by the grid is limited only by the resist- 
ance of the grid circuit. Main anode con- 
duction ends at time tf. However, the 
grid current is sustained as the grid con- 
tinues to collect positive ions from the 
residual ionization. As deionization con- 
tinues, the intensity of ionization finally, 
at time #3, falls below that required to sus- 
tain the full positive ion grid current, and 
the grid current then falls off along a 
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decrement curve as deionization pro- 
gresses. At time t4, the voltage applied to 
the grid circuit again becomes positive. 
The grid now collects electrons and since 
these are more mobile than the positive 
ions and can be drawn from the entire arc 
space, the grid current again reaches the 
limiting value fixed by resistance. How- 
ever, the deionization process continues 
and this current also falls off on a decre- 
ment. 

Late in the unverse cycle, the main 
anode becomes positive at time ts. Since 
the rectifier is operating with phase con- 
trol and the ignitor has not yet fired, con- 
duction does not begin. However, the 
grid again collects ions as it is made nega- 
tive with respect to the anode. This 
action is quite pronounced when operating 
at 60 degrees centigrade temperature. 

Many conclusions regarding the action 
may be deduced from these observations. 
Some of these are as follows: 


1. Ionization persists throughout the in- 
verse cycle. 


2. The deionization time is a function of 
the control temperature. 


8. The action of the grid assists the decay 
of ionization. 


4. The grid shields the anode from the 
ionization which persists in the are path 
during the inverse cycle. 


GRID CHARACTERISTICS 


Most ignitron tubes with a single grid 
have a negative grid characteristic, that 
is, reqtiire a negative grid potential to 
prevent conduction. This negative grid 
characteristic is obtained because the arc 
path is usually quite open and a high level 


190n 


0-C_ 
SUPPLY 
tr 


—160 


-120 -40 (0) 


Figure 4. Grid blocking characteristic of 
pumped ignitron with single grid 


E,—Grid to cathode voltage at start of dis- 
charge 
E,—Anode to cathode voltage 
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of ionization is provided at the grid by the 
ignitor and auxiliary anode arc. 

Typical grid-blocking characteristics 
for a pumped ignitron having a single grid 
are shown in Figure 4. These character- 
istics apply where the ignitor is energized 
and the blocking action of the grid is 
utilized to prevent conduct on while the 
rectifier is being placed in operation. The 
grid current which flows as a result of the 


Table Ill. Grid Limitations and Requirements 


Minimum grid resistance allowed, ohms..... 500 
Maximum grid resistance allowed, ohms..... 5,000 
Maximum inverse voltage allowed during 

CON AUCTION, VOLES. sae is: bio eve. sinm cia wien e a 150 
Maximum inverse voltage allowed during 

INVES, VOLES TE pyar che 2 cusiaiere eons wince is alsiadeds 300 
Minimum positive voltage required to fire, 

VOLES Wis acres. chk Misi are ig eoha aan ere nutie BL Se REA Vee 50 


Maximum positive voltage allowed, volts... 


ionization produced by the ignitor and 
excitation anode is shown in Figure 5. 

The grid characteristics, when operat- 
ing with phase control, are similar to those 
for blocking, except that the presence of 
the ionization from the conduction of the 
preceding cycle increases the negative 
voltage required on the grid to prevent 
arc-through, or loss of control. The slow 
deionization of a single grid tube is shown 
clearly in Figure 3. For this reason, a 
single grid does not provide effective con- 
trol over a wide range of temperature and 
ionization. A wider range of control may 
often be obtained by the ignitor than by 
the grid in a single grid tube. 

Table III gives a further list of typical 
grid limitations and requirements. 

Where a wide range of phase control is 
required to obtain blocking action from 
no load to fault currents, full phase con- 
trol at all loads, and accurate timing of 
firing, two or more grids are usually pro- 
vided in the ignitron tube. With two 
grids, the outer grid shields the inner 
from the ionization in the arc path and 
permits more rapid and complete deioni- 
zation of the space around the anode and 
the inner grid so that better control char- 
acteristics are obtained. A wide variety 
of firing characteristics may be obtained 
by such arrangements. These are gener- 
ally similar to those for the single grid. 
However, further studies are necessary for 
a full treatment of their characteristics, 
limitations, and requirements. 


Cooling and Temperature Control 
Mercury-pool tubes must be operated 
within a specified temperature range in 


order to deliver rated power output, as- 
sure reliable operation, and prevent dam- 


Ierskind, Remscheid—Ignitron Tubes 


age during faults. The temperature also 
affects the rectifier efficiency since the arc 
losses are a function of temperature. 

The temperature regulating equipment 
which is provided for the purpose of estab- 
lishing the desired temperature conditions 
must perform the following major func- 
tions: 


1. Remove the heat produced by the arc 
losses. 


2. Maintain the desired control tempera- 
ture. 


3. Maintain the desired temperature grad- 
ient on the anode seals. 


4, Minimize corrosion. 


ARC LOSSES 


Most ignitron tubes have an arc drop 
ranging from 15 to 25 volts. The losses 
are approximately proportional to the 
load current although the are drop in- 
creases somewhat with the load. The 
maximum cooling requirements are usu- 
ally determined by the arc loss obtained 
when operating at the current required 
for the two-hour overload condition. 
Since the heat storage capacity of the 
usual tube structure is equivalent approxi- 
mately to a thermal time constant of 15 to 
30 minutes, overloads of short duration, 


S0o0n 6135-5 
OSC 
VviB. 
BEC 
SUPPLY. 1 ft. if “S755 BIAS 
GEN. 


IGNITOR AMPERES 


GRID AMPERES 


fe) _ 60 120 180 
DEGREES (AT 60 CYCLES) 


Figure 5. Grid current during blocking tests 


Anode to cathode voltage =0 
Grid to cathode voltage = — 300 volts 
Temperature as shown 
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such as one minute, need not be con- 
sidered in the determination of the cooling 
requirements. 

Figure 6 shows a typical are drop char- 
acteristic for a pumped ignitron operating 
in a unit of six tanks with a double-Y con- 
nection. This represents the usual mode 
of operation where P = 3, the conduction 
period is (120° + x), and the peak tube 
current is three times the average tube 
current. An alternate connection which 
is sometimes used is the fork where P = 6, 
the conducting period is (60° + x), and 
the peak tube current is six times the 
average tube current. The arc drop in 
this case will be higher because of the in- 
creased peak current and the losses, there- 
fore, will be greater. Tests on two units 
show that the losses at the same load are 
increased approximately eight per cent 
over those obtained when operating 
double-Y. A similar correction factor, 
but having a different value, may be 
determined for other modes of opera- 
tion. . 


COOLING 


The majority of power rectifiers are 
cooled by water which is passed through 
suitable water jackets. Two general sys- 
tems of water cooling may be employed. 
One is the direct raw water-cooling sys- 
tem in which water is taken from a suit- 
able supply, passed directly over the cool- 
ing surfacesof the rectifier, and discharged. 
The other is the heat-exchanger cooling 
system in which a coolant is passed over 
the cooling surfaces of the rectifier, then 
cooled in a heat exchanger and recir- 
culated. 

Direct raw water cooling requires the 
least amount of equipment and, therefore, 
frequently is used on small units ranging 
from 75 kw to 300kw. Insuchsystems, 
tubes must operate over a wide tempera- 
ture range with varying water flow. In 
order to conserve water, the tube water 
jackets usually are connected in series. 

Heat-exchanger cooling systems are 
used for all the larger rectifiers where it is 
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desired to operate the tubes at the opti- 
mum temperature and utilize their full 
capabilities. Pertinent information neces- 
sary in applying a heat exchanger to a 
rectifier unit is as follows: 

1. Type and design of rectifier. 

2. Water flow in gallons per minute. 


3. Pressure drop through water jacket, in 
pounds. 


4. Approximate arc losses in kilowatts. 
ANODE HEATERS 


It is necessary to maintain a tempera- 
ture gradient at all times from the anode 
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Figure 6. Typical arc-drop characteristic for 
pumped ignitron 


and grid seals to the tank, so as to prevent 
the condensation of mercury on the seal 
insulators. On equipment employing 
sealed tubes, with direct raw water cool- 
ing, usual service conditions are generally 
such that no heaters are required. Where 
sealed ignitrons operate under unusual 
service conditions which are unfavorable, 
anode heaters must be provided. Anode 
heaters generally. are required on all 
pumped ignitrons, These heaters range 
up to 350 watts, depending upon the 
size of the tube and the service condi- 
tions. 


CORROSION 


The prevention of corrosion in rectifier 
cooling systems, involves two considera- 
tions, one, a proper choice of metals which 
come in contact with the water, and sec- 
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ond, the control of the chemical constit- 
uents of the coolant. The sealed tubes 
employ stainless steel for the vacuum tank 
in order to insure vacuum tightness. A 
complete corrosion-resistant water cham- 
ber is readily obtained by providing water 
jackets of the same material. The stain- 
less steel construction of sealed tubes 
makes them suitable for use in direct raw 
water cooling systems. Pumped rectifiers 
employ vacuum tanks made of boiler 
plate steel. They must be proved with 
copper cooling coils for use in direct raw 
water-cooling systems. 

For heat exchanger systems, where a 
recirculating coolant is used, the materials 
in the associated piping which is con- 
nected to the rectifier should consist of 
malleable iron pipe and fittings. It is good 
practice that the recirculating water be 
treated with sodium chromate (Naz - 
CrOu,), using either distilled or an approved 
taw water. 


Conclusions 


The factors which must be considered 
in the application of mercury-pool tubes 
and the design of rectifier units have been 
described. Also a procedure for speci- 
fying their characteristics, limitations, 
and requirements has been outlined. 

A full knowledge of the characteristics, 
limitations, and requirements of the 
ignitron tube is essential to the design of 
a successful and economical rectifier unit 
inasmuch as the auxiliaries required for 
excitation and temperature control are 
an important part of the unit. 
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Dimensionless Analysis of 


Servomechanisms by Electrical 


Analogy 


S. W. HERWALD 


ASSOCIATE AIEE 


HE MECHANICAL transients analy- 

zer!? provides a fast and simple 
method of obtaining the complete solu- 
tions to the performance equations of 
servomechanisms under any type of oper- 
ating condition. It has been found to be 
applicable to the detailed analysis of 
specific systems. Also, because of the 
great rapidity with which parameters of a 
basic system can be changed once that 
system is set up, the analyzer is admirably 
suited to generalized studies of various 
types of systems. This paper presents a 
general study that has been made of 
variable-voltage angular-position servo- 
mechanisms. The data give dominant 
system frequencies and damping rates for 
a two time delay system with simple error 
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ERROR 


Figure 1. Schematic diagram for variable- 
voltage angular-position servomechanism (see 
appendix) 


control and for a wide range of param- 
eters. Similar data are presented for er- 
ror control plus optimum anticipation 
time constants, together with other per- 
formance characteristics. Because of the 
many curves required for the same type 
of analysis of the several variations 
of resistance-capacitance-feedback and 
other forms of antihunt or damping de- 
vices, they will not be treated here. 

The range of parameters chosen is suf- 
ficiently wide to cover all practical types 
of variable-voltageservoapplications. The 
performance of a given system or the 
choice of parameters for optimum per- 
formance can be quickly obtained from 
the dimensionless data on the curves. 


PER CENT DAMPING PER CYCLE 


Wnyt¢ 
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Description of System Studied 


A schematic diagram of the system 
studied, together with the definition of all 
parameters and the system equations, is 
given in Figure 1. In this system two 
time delays are included. One of these, 
ta, can only represent the armature circuit 
time delay. However, if the field time 
delay of the system being studied is neg- 
ligible, ty can represent any other time de- 
lay backinthesystem. Theappendix gives 
the dimensionless parameters upon which 
the generalized study is based.* These 
include the undamped natural frequency 
W, With no time delays, the ratio, 7, of act- 
ual to critical damping with notime delays, 
and the time constants put in dimension- 
less form through multiplication by wy. 
In the accompanying curves, the per- 
formance solutions plotted as functions of 
the above parameters are actual dominant 
system frequencies, dominant system 
damping rates, and crest values of the 
error angle. The first two are appli- 
cable to any form of disturbance or mo- 
tion to be followed. As shown in the ap- 
pendix, system frequencies are put in di- 
mensionless form by expressing them as a 
fraction of w,. Damping is given in per 
cent per cycle. Since a suddenly applied 
constant velocity is considered to be the 
most basic type of disturbance function 
for such systems, the actual solutions 
were obtained for this case and the crest 
error angles, @max, or transient overshoots, 
were put in dimensionless form by ex- 
pressing them as a function of the steady- 
state error angle, ,,, for such disturbance 
(see appendix). 


Figure 2. Dimensionless curves of per cent 

damping for variable-voltage (two time de- 

lays), angular-position servomechanisms with 
simple error control 


r=0.2 and r=0.6 


A. 
B. r=0.4 and r=0.8 
Car — aro 
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The method of studying such systems 
on the transients analyzer is discussed in 


detail in reference 1. The basic torque 
equation of Figure 1 is represented as an 
electric circuit with suitable circuit con- 
stants and amplifiers. The exact circuits 
and analogies used are given in the above 
reference. The complete transient solu- 
tions were observed or photographed on 
the screen of a cathode-ray oscilloscope. 
In reading and recording data either from 
the oscilloscope screen or the photographs, 
precautions were taken to obtain about 
five per cent accuracy. Numerous check 
calculations were made for the case of 
simple error control, all of which checked 
well within ten per cent. It should be 
pointed out that the data presented rep- 
resent the equivalent of thesolution of sev- 
eral thousand servo-equations. The great- 
est number of solutions would be required 
in obtaining the optimum anticipation 
which is quite simple with the analyzer. 


Analysis of Data 


The information presented in Figures 2, 
3, and 4 is in dimensionless form. There- 


OcTOBER 1946, VOLUME 65 


14 6(S0:'3B 
= r=0.4 
pass +— 
0.52 
se. + 
Loh¥o.!2_] 
0.8 0 aI 
cc 
3)3 meat tial 
0.6 —— 7 
Ms f | 
0.4 |__| ++} a jt 
4 =» + ef 
5 ee REes 
+ + 4 4 eo 
10) 
(0) | 2 3 4 5 6 


A Wnt 
BY 


Figure 3. Dimensionless system frequencies 
for variable-voltage angular-position servo- 
mechanisms with simple error control 


A. r=0.2 
B. r=0.4 
Ger=0:6 
Dien=0;8 
E. r=1.0 


fore, any physical system of the type 
shown in Figure 1 is represented by the 
curves of Figures 2, 3, and 4 regardless 
of the actual numerical values of its 
parameters. ° 

Figure 2 shows curves of per cent damp- 
ing per cycle plotted as a function of wrt, 
for different values of w,tf,, and r equal to 
0.2, 0.4, 0.6, 0.8, and 1.0. All symbols 
used are as defined in the appendix. In 
Figure 3 the ratio of actual frequency, w, 
to the undamped natural frequency, w,, is 
also plotted as a function of wyty for vari- 
ous values of Wytg, and r equal to 0.2, 0.4, 
0.6, 0.8, and 1.0. The data of Figure 4 
were obtained by choosing an anticipation 
time, wyT,, to provide the best compro- 
mise between damping, response, and 
overshoot. These data give per cent 
damping per cycle, the ratio of maximum 
angular error, Omax, to the steady-state 
angular error for a constant input veloc- 
ity, 0,., the ratio of actual to undamped 
frequency, w/w,, and the optimum value 
of anticipation time, w,T¢, as a function of 
the two system time delays. Separate 
curves are given for 7 equal to 0.2, 0.4, 
0.6, 0.8, and 1.0. Figure 5 shows photo- 
graphs of some of the typical solutions ob- 
tained in deriving the curves of Figure 4. 
The ordinate is angular error 0, and the 
abscissa, time. ; 

A study of Figures 2, 3, and 4 shows 
that any general conclusions drawn may 
have exceptions at particular points. 
Thus, although frequency and damping 
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generally decrease with increase of w,t,, in 
Figure 3C, for wrtg = 0, frequency in- 
creases with increase of w,ty up to about 
1.0, and in Figure 2C, damping increases 
for a number of values of wt, for increase 
in W,t, to 1.0 or better. 

In order to have satisfactory perform- 
ance of the simple-error type of servo- 
mechanism, it can be seen in general in 
Figures 2 and 3 that large values of r and 
small values of wyf,g and Wat, are required. 
The exception to the above statement is 
found at values of r of 0.8 and 1.0 where it 
is possible to increase the damping to a 
satisfactory level by increasing Wyty, al- 
though there is a sacrifice in frequency 
ratio. 

The use of an error rate or anticipation 
term in the controller usually results in a 
well-damped system with good frequency 
response when 7 is small and the time de- 
lays Wpt, and wrt, are large. This is well 
illustrated by Figure 4 and by actual 
photographs of such a case, FiguresSAand 
B. However, for the practical range of 
time delays for 7 equal to 0.2, damping de- 
creases for all cases of increasing time de- 
lays. Difficulty is encountered in obtain- 
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ing sufficient damping at r equal to 0.6, 
0.8, and 1.0 for large values of w,t, and 
small values of w,t,. The photographic 
record of Figure 5C and D shows this. 
In Figure 5D the principal effect of antici- 
pation is to reduce the magnitude of the 
oscillation with little or no increase in 
damping. It should be recognized im- 
mediately that this is not a common 
operating point, for the armature time de- 
lay is rarely even of the same order of 
magnitude as the field delay. 

In general, the optimum anticipation 
time, w,Tg, increases; the frequency ratio, 
)/an, decreases; and the peak ratio, 
Omax/ Oss, increases with increase in Wyl,. 

Remembering that high values of 7 
bring correspondingly higher steady-state 
errors for a constant input velocity and 
greater power loss, the advantage of anti- 
cipatory control over the simple error con- 
trol is apparent. 

The curves of Figures 2, 3, and 4 have 
been smoothed so that some of the small 
kinks, caused by the large number of 
roots in the differential equations, have 
been omitted. At all points, however, the 
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curves are well within an accuracy of ten 
per cent. There is no difficulty in choos- 
ing the dominant frequency in most cases. 
However, where a second frequency is 
pronounced, the w chosen was that which 
corresponded to the time for the initial 
overshoot to first return to the steady- 
state angular error, 0... 


Typical Example 


To clearly illustrate how easily the data 
in Figures 2, 3, and 4 can be used, a typi- 
cal variable-voltage angular-position ser- 
vomechanism problem is worked out be- 
low. 

The parameter values are as follows: 


I=107! pound-inch-second? 
K=5 inch-pounds per radian 
R,=6 ohms 

L,=0.10 henry 

Ry=100 ohms 

L,=15 henries 

b=4 inch-pounds per ampere 
g=0.6 volt per radian per second 


K 
on=AP =7.07 radians per second 
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Figure 4. Dimensionless performance curves 
for variable-voltage angular-position servo- 
mechanisms with optimum anticipation time 


(wn T,) 


r=0.2 
r=0.4 
r=0.6 
r=0.8 
r=1.0 


MOO2> 


b . 
c= be 0.4 inch-pound per radian per second 
a 
c 


2V/ KI 
Wnty = 1.06 
onte =0. 12 


= 0.283 


T= 


In this case all parameters as J, K, and 
b that are a function of shaft speed are 
given at the motor shaft. 

Any shaft geared to the motor could 
easily have been used as a reference 
instead, as long as all the values were 
given at that shaft. At times this may be 
desirable. 

Referring to Figure 4 and interpolating 
between Figure 4A and B for r = 0.28 
gives the following data: | 


Optimum w,7,=2.0 

Per cent damping per cycle =83 
w/w =1.4 

Omax/Oss = leg 


Therefore, if in the actual system T¢ is 
made 2.0/7.07 =0.283 second, the actual 
system will have a frequency of 1.4xX 
7.07=10 radians per second, and a maxi- 
mum angular error at the motor shaft for 
a suddenly applied constant velocity, wi, 
of 


2r Oy 


1X =0.137a, 


Qn 


The damping per cycle of the system is 
83 per cent. 
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Figure 5. Typical solutions as obtained with 
the mechanical-transients analyzer 


A. r=0.2, wnts=0, wntp=0.53, wnlg=2.19 
B. r=0.2, wnt, =0.24, wntp=0.53, wnlg=1.64 
C. r=0.6, wnt, = 1.08, wnty= 1.06, «nT, =0.6 
D. r=1.0, wnt, =2.0, wntp=0.53, wT, =0.55 


Conclusions 


The data presented provides in clear 
form the solutions to any variable-volt- 
age amngular-position servomechanism 
with two time delays for either simple 
error control or error plus error rate (an- 
ticipatory) control. The solutions in- 
clude system frequencies and per cent 
damping per cycle that are applicable to 
any system disturbance, and maximum 
overshoot data are provided for the case of 
suddenly applied constant velocity. A 
typical practical example of the use of the 
data is given. 

Tt should be emphasized that the solu- 
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tions are directly applicable only to sys- 
tems that are approximately linear, al- 
though the correct order of magnitude of 
results will be obtained even for systems 
that materially depart from linearity. 


Appendix 
Equations for Figure 1 


{, =armature time constant 

ty =field time constant 

Tg =anticipation time constant 
K =stiffness constant 


Equation for armature circuit: 
F F d 

Ey =RqitLapitgpor; p nea 

Equation for motor torque: 


bi=Ip0o 


Giving the mechanical torque equation 


Apc b 
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un eahe Bee 


Herwald, McCann—Servomechanism Analysts 


M, =(1+tap)Ip*0o+cp6o 
Controller torque M, for simple error con- 
trol: 
_KOi—6) 

(1+4)) 
Controller torque for error control plus 
anticipation: 

K(1+T4p) (01 —%) 
ee 

(1+%) 


Dimensionless parameters for generalized 
analysis: 


M, 


on =W/K/[=undamped natural frequency 
with no time delays 


= =ratio of actual to critical damp- 
ing with no time delays 


Dimensionless time constants =wyt 
Dimensionless system frequencies =w/wy 
, =suddenly applied constant velocity 


2rw 
033= * =steady-state error for suddenly 
On 


applied constant velocity 
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Circuit Cushioning of Gas-Filled 
Grid-Controlled Rectifiers 


D. V. EDWARDS 


ASSOCIATE AIEE 


Synopsis: In certain common rectifier and 
inverter circuits, gas-filled rectifier tubes 
supplying highly inductive loads with firing 
delayed by grid control, are subjected to 
the application of high rates of rise of initial 
inverse voltage. This phenomenon results 
in short tube life because of the sputtering 
of anode material by the impact of residual 
ions attracted at high velocity to the nega- 
tively charged anode with consequent gas 
cleanup. The paper describes a method of 
slowing down or cushioning this rateof rise of 
initial inverse voltage. A small resistance 
and capacitance circuit connected between 
cathode and anode of each tube delays the 
voltage rise the few microseconds necessary 
to eliminate gas cleanup. Life test data 
and practical applications are cited. 


AS CLEANUP, or gradual disap- 
pearance of the gas filling of gaseous 
discharge tubes was noted by Plucker in 
1858, and later studied more extensively." 
The present work was undertaken to ex- 
plore the phenomenon as related to hot- 
cathode xenon- and argon-filled grid- 
controlled rectifiers. 
The exploration was prompted by a re- 
ported tube life of 40,000 hours without 
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Circuit of test 1 with oscillograms 
of tube voltage and current 


Figure 1. 


A—Voltage across tube 
B—Current through tube 


cleanup in one circuit, contrasted with a 
circuit which consistently caused clean- 
up within 250 hours. 


Cleanup Test Data 


Life tests were initiated in 1936 under 
the tube operating conditions listed in 
Table I, using a tube type which tests on 
resistive load under widely varied condi- 
tions had shown to be free from gas 
cleanup and dependable for lives in ex- 
cess of 3,000 hours. 
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Before this work was undertaken, it 
was thought that cleanup might ac- 
company rapid ionization. 

Test 1 was designed to give rapid 
current buildup by reason of a low im- 
pedance power supply and transformer. 
Tube current rose abruptly from zero 
to 90 amperes each cycle. As the test 
was at overload, the life obtained was 
considered normal. Tests after failure 
showed that cleanup did not occur. 
Hence rapid buildup of ionization is not 
cause for cleanup at least up to rates of 
current rise of several million amperes 
per second. 

Test 2 applied high initial inverse 
voltage caused by the current carry- 
over forced by the inductive load, shown 
in the diagrammatic oscillograms of tube 
voltage and current in Figure 2. Here 
no rapid buildup of ionization occurred, 
but in each cycle, at the end of con- 
duction, a high inverse voltage abruptly 
appeared. This initial inverse volt- 
age is indicated on the oscillogram of 
the tube voltage in Figure 2. With 
this circuit condition rapid cleanup oc- 
curred. 

In test 3 the load inductance was made 
larger to prohibit appreciable change of 
current throughout the cycle. At the 
end of each cycle, the inductance gen- 
erated the instantaneous voltage neces- 
sary to overcome negative supply voltage, 
thus forcing current to flow through the 
conducting tube until relieved by the 
firing of its successor. Current flowed 
through each tube in square blocks, 
thereby maintaining full current just 
prior to applying the initial inverse 
voltage. This test caused drastic 
cleanup. 

Table I further indicates by test 4 
that lowered initial inverse voltage alle- 
viates cleanup somewhat, whereas in- 
creased frequency in test 5 aggravated 
cleanup. 

As a result of this and other data, and 
numerous installations where it was 
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shown by test that cleanup did not occur, 
it was concluded that gas cleanup would 
not occur, provided: 

1. The circuit did not apply each cycle 


high initial inverse voltage immediately 
following substantial current conduction. 


2. Nosizable ion current was drawn to the 
grid during tube conduction nor was a 
sizable electron current drawn to the grid 
during periods of high inverse voltage on 
the anode. 

3. There were no parasitic glow discharges 
or tube abnormalities. 


Items 2 and 3 had been found some 
years previously to be possible causes for 
cleanup. In the tests reported in Table 
I, suitable grid resistors were used (ap- 
proximately 50,000 ohms) to eliminate 
cause 2. Many previous tests of this 
tube type on resistance loads under 
various conditions had demonstrated 
that the tubes were free of cleanup from 
cause 3. 

Since 1937, limitation 1, as part of the 
tube application notes of one company, 
prohibited many commercial applica- 
tions of gas-filled tubes. Desiring to re- 
move this restriction, the details of the 
abrupt transfer from conducting cur- 
rent to withstanding inverse voltage were 
probed further. 


Commutation 


This transition for the circuit shown 
in Figure 3 is depicted with expanded 
time scale in Figure 4. The process of 
current commutation commences at in- 
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Figure 2. Circuit of test 2 with oscillograms 
of tube voltage and current 


A—Voltage across tube 
B—Current through tube 


stant ts as the tube about to enter con- 
struction 2 is fired by grid action. Its 
anode voltage falls precipitously and con- 
duction current arises. However, leaving 
tube 1 continues conduction by reason of 
the inductance of the supply and trans- 
former, shown schematically as equiva- 
lent leakage inductances Z;. Similar 
inductance Lz momentarily limits the 
growth of current through entering tube 2. 
With both tubes conducting concurrently, 
both anodes are at the same potential and 
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the transformer is temporarily short-cir- 
cuited. Full voltage during this period 
is applied to Z; and Zz in a direction to 
increase current in Lp and depress it in 
L,. By the time 4, current through, 
leaving tube 1 has been brought to zero 
and load current transferred to entering 
tube 2, Rectifier action prohibits re- 
verse current, therefore the rate of change 
of current through LZ, disappears and the 
voltage across it collapses from maximum 
value to zero. This applies the full 
negative voltage of the winding to the 
leaving anode. Simultaneously, load cur- 
rent, which cannot change rapidly be- 
cause of the high load inductance, be- 
comes the only current flowing through 


ae Xe) TIME (Dy 


Figure 3. Circuit of tests 3, 4, 5, and 6 with 
oscillograms of tube voltages and currents 


A—V oltage across tube 1 
B—Current through tube 1 
C—Voltage across tube 2 
O—Current through tube 2 


Lo, causing voltage across Lz to disappear 
and further increasing the initial inverse 
voltage on leaving tube 1. Stray ca- 
pacitances and core losses in the various 
inductances prevent the initial inverse 
voltage from appearing absolutely in- 
stantly. It is not until f, that full ini- 
tial inverse voltage appears. However, 
on circuits of a few kilowatt capacity, 
voltage often appears at a rate of over 
100,000,000 volts per second. All of the 
commutation events just described occur 
in a time so small compared to 60-cycle 
waves that they often go unnoticed. 


Cushion Test Data 


Experiments were conducted in which 
the rate of rise of the initial inverse volt- 
age was modified by adding a capacitor 
and resistor across each tube, as shown 
in Figure 5. The capacitor-resistor cir- 
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Figure 4. Details of 


commutation in cCir- 
‘ 4 VOLTAGE 
cuit shown in ACROSS TUBE 2, 
Figure 3 
Showing equivalent 
circuit and oscillo- 


grams of tube volt- — 


ages, tube currents, 

and transformer out- 

put voltages during + 

current commutation — VOLTAGE 5 ees 
and rise of _ initial eee ee aha ramen ol 


inverse voltage 


CURRENT 
THRU TUBE 2 


CURRENT 
THRU TUBE 


TRANSFORMER 
OUTPUT VOLTAGE 


cuits have been called cushion circuits to 
indicate that they cushion the fall of 
anode potential. 

Life tests using tubes of lower cur- 
rent rating than those reported in Table 
I were run under the conditions listed 
in Table IT. 

Cleanup occurred in all tubes tested in 
test 6, whereas none was detectable in 


Table I. 


responsible for cleanup, as test 7 built up 
conduction current slightly faster than 
test 6. 


Operation of Cushion 


The operation of the cushioned circuit 
of Figure 5 may be described as follows. 
For the half cycle prior to entry of tube 2, 


Life Test on Tube 


Tube Rating: 750 Applied Peak Forward Volts, 5 Amperes Average Current, 60 Amperes 
Peak Current 


Applied Applied 
Peak Peak Initial 
Fre- Forward Inverse Inverse Avg Peak Hours 
Test Circuit quency Voltage Voltage Voltage Amp Amp Life 
ane Wels Higure wavs ons GOR iret ris 15 Bs heen tet 155. tts. Ortatetereiets ce LO ayeieseet QO ef cieare sls 1,955 
Dike whens Figure 2...... GOES shatc.shen ete MG dhe aerivers G50 i eronvesarsic BBO Ne specieiere Sits A eerie eos 269 
Beacct as Figure3.4. 12. (armen tees G50 sseses cael 31510 Seay Ancteari GOO ses. rei a3 Bate. score. eua 10. 25 
4 Figure 3...... OO oars -P tals Ol Ose riere evens SO ao plo acs SLO eink ote Ae cnokaete Soir ce 120 
Bibenes Figure 3...... MUO ve alo aoa GSO Ce eae saves 680 acisiecchic care GSOR nc Nolan Dieeraciees LON seca 3 


any tube after failure in test 7. As be- 
fore, the particular tube type had been 
thoroughly tested on various resistive 
loads and found to be free from cleanup. 
In addition to demonstrating the ef- 
fectiveness of cushioning, this test gave 
further evidence that initial inverse 
rather than build-up of ionization was 
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cushion capacitor C, is discharging 
through R, and tube 1. It stands dis- 
charged at the moment ¢ when entering 
tube 2 fires. Current commutation is 
instituted at t as previously described. 
Also, entering cushion capacitor C2 is 
discharged through R, and tube 2. 
Time ¢, marks the end of current com- 
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mutation. Thereafter, the initial in- 
verse voltage cannot appear on leaving 
tube 1 except as current builds up 
through L; and Lz to cause voltage drops 
across R, and C;. By proper choice of 
resistor and capacitor relative to the 
leakage inductances LZ; and Lg, this rise 
of initial inverse voltage can be delayed 
a few microseconds and yet have enough 


Table Il. 


this expedient. These data are meces- 
sarily tentative, but they do disclose that 
the permissible rate of rise of initial 
inverse voltage, above which cleanup 
sets in, depends upon current commuta- 
tion conditions. Low reactance trans- 
formers, which commutate swiftly, re- 
quire a lower rate of application of ini- 
tial inverse voltage, that is, larger 


Life Test on Tube 
Tube Rating: 450 Applied Peak Forward Volts, 1 Ampere Average, 8 Amperes Peak Current 


Applied 
Peak Initial 
Forward Inverse Avg Peak Hours 
Test Circuit Frequency Volts Voltage Amp Amp Life 
Co ssecer vier IMA es acadoe GOSS. is eiererareucrens BOB) core. ciaie aleve BOS) a hove stanele tess Lacs tlowsiake Soe petite 449 
Tiron cod Figure 5......... GOPettersisretereienn CDE some ous cre AOS race cty Ue crereistercieress BiSeigne deretere 14,200 
resistance to prevent oscillations. Rates cushion capacitors. High reactance 


of rise of the order of 10,000,000 volts per 
second are often satisfactory. 

It may help to attempt to visualize 
the phenomenon occurring within the 
tube during the commutation and applica- 
tion periods. While conducting current, 
ionized atoms of xenon populate the elec- 
tron stream, neutralizing electron space 
charge. The number of ions varies as 
some function of current. On a decrease 
of current, the ion requirements will de- 
crease, allowing the excess to seek elec- 
trons and return to atoms. A short 
time, that is, the order of ten~> seconds, 
is required for the ionization to readjust 
to the new conditions. Thus, at the 
instant that current reaches zero, there 
still will be present residual ionization 
representing current flow some micro- 
seconds earlier. 

At the cessation of current, the initial 
inverse voltage appears on the anode at 
the rate established by the circuit. The 
negative anode attracts residual posi- 
tively charged ions to it. If ions, being 
relatively heavy particles, fall through a 
high potential drop, they acquire enough 
Momentum to sputter or evaporate 
anode material when they impinge.? 
Sputtering appears to trap gas atoms 
both in the anode and in the deposited 
film of sputtered material. If negative 
voltage is applied slowly enough to allow 
sweeping out the residual ions at rela- 
tively low voltage, sputtering is avoided 
and cleanup eliminated. 

To expedite testing, sensitive pressure 
gauges were attached to tubes which were 
then operated under varying current 
commutation rates and initial inverse 
voltage application rates. Cleanup could 
be detected in shorter testing time by 
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transformers may be completely cush- 
ioned with quite small capacitances. 

It might be noted that, during the 
course of the experiments using extremely 
high commutation and recovery rates, 
there were several cases where the in- 
verse rating of the tube could be changed 
by adjusting the recovery rates. This 
undoubtedly has a bearing on the problem 
of arc-backs, particularly in view of the 


\ 


reported fact that many arc-backs in 
mercury-arc rectifiers occur just after 
current commutation.?4 This seems to 
merit a separate inquiry and report. 

Based on the pressure gauge tests, the 
safe rating for the maximum rate of rise 
of initial inverse voltage is being specified 
for the present on some tubes as 


K : ‘ rite teh 
Ya eae son safe rate of rise of intial in- 
10 verse voltage in millions of volts per 
second 


where 


K is a constant for each tube type (6.6 for a 
typical 6.4 A tube) 

Ais the current flowing 10 microseconds be- 
fore current zero 


Aj can be determined from measure- 
ment of total current flowing and dura. 
tion of current commutation. 

This formulation assumes a linear re- 
lation between residual ionization and 
Aj which admittedly is a first approxi- 
mation, but appears to cover the range 
of measurable voltage rates moderately 
well. The factor K usually is larger the 
smaller the rating of the tube, as might 
be expected from the smaller ionized 
volumes. This, plus the fact that frac- 
tional ampere circuits do not often have 
high initial inverse voltage application 
rates, usually makes it unnecessary to 
cushion low power tubes. 


VOLTAGE 
ACROSS TUBE 2 
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There is a small power loss in the 
cushion resistors. It is usually less than 
two per cent of full output and may be 
made considerably smaller by proper 
transformer design. 


Measurement 


Commutation and cushioning occur so 
rapidly that they ordinarily escape de- 
tection. However, by proper cathode- 
ray oscilloscope technique they may be 
observed and measured readily. Anode- 


to-anode voltage properly attenuated is 
applied directly to the oscilloscope de- 
flection plates. This voltage wave is 


viewed with an expanded sweep voltage 
that is a multiple of supply frequency. 
It is convenient to apply a synchronizing 
signal from a small capacitance connected 
to an anode. The scene thus obtained 
permits the time of current commutation 
and the rate of rise of the initial reverse 
voltage to be scaled off. 

There are two sources of error that 
deserve mention. The signal attenu- 
ator must be noninductive and with- 
out capacitance errors. The stray capaci- 
tance within the oscilloscope between 
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Figure 6 (right). 
A 12,000 _horse- 
power speed-con- 
trolling magnetic 
clutch regulated by 
cushioned rectifier 


Figure 7 (left). Con- 
trol rectifier unit for 
magnetic clutch 


its power source and the oscilloscope 
ground Jead must not be allowed to 
distort the reading. 


Application 


The following circuits apply initial 
inverse voltage if firing is throttled by 
grid action. 

Cushioning is indicated to accommo- 
date the maximum amount of throttling 
expected in service. 


1. Full wave or polyphase rectifiers with 
inductive load. 
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with any load 
operating in continuous current region. 


2. Polyphase rectifiers 


3. Parallel inverters. 


4. Half wave control rectifiers with induc- 
tive load and back rectifier (only back 
rectifier requires cushioning). 


The conclusions arrived at by life tests 
have been verified by a large number of 
actual installations ranging from small 
controlled rectifiers supplying motor and 
generator field excitation all the way up 
to the 12,000-horsepower adjustable speed 
magnetic clutch shown in Figure 6. 
Magnetizing power for such units is con- 
trolled precisely by a cushioned rectifier 
as shown in Figure 7. Cushioned control 
rectifiers have been used successfully over 
the past two years in many such applica- 
tions which formerly were impractical. 


Conclusions 


Experiment indicates that there is a 
safe rate of rise of initial inverse voltage 
on gas-filled grid-controlled rectifiers 
above which gas cleanup may be ex- 
pected and below which cleanup may be 
completely avoided. 

Tests indicate that the safe rate of rise 
of initial inverse voltage is a function 
of the current commutation and of 
tube construction. This rate of rise 
may be controlled by proper cushion 
circuit design. 
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Short-Time Current Ratings for 
Aircraft Wire and Cable 


B. W. JONES 


MEMBER AIEE 


Synopsis: This paper gives the results of a 
series of tests on two sizes (AN-16 and 
AN-8) of insulated aircraft wires and 
cables, which were made to determine their 
permissible short-time current-carrying ca- 
pacities. The times under consideration 
ranged from 0.01 to 1,000 seconds. A de- 
scription is given of a very simple but ade- 
quate electrical test together with an ac- 
companying insulation test to determine 
what are considered permissible transient 
temperatures. Tentative recommendations 
of short-time current-carrying capacity for 
aircraft cable sizes AN-22 to AN-00 are 
made. 


IRE SIZES for aircraft power 

supply and control circuits, se- 
lected on the basis of steady-state tempera- 
ture rise may prove inadequate for other 
conditions of operation. Short circuits 
arising from gunfire or other causes must 
be anticipated and protected. A great 
many motors are used to drive the many 
devices and controls found on the modern 
plane. 

If small wire sizes such as numbers 22 
to 6 are used for supplying power to in- 
duction motors, d-c motors, and similar 
loads which may take six times rated cur- 
cent or more during the starting period, 
and if this branch line is protected by 
means of temperature overload relays, 
these branch lines should be capable of 
carrying six times motor current without 
exceeding a permissible temperature for a 
duration corresponding to the time re- 
quired for the overload relay to trip. 
It has been recognized commonly that 
these smaller wire sizes generally will be 
deficient in their ability to carry this over- 
load for the required period when the 
selection of the wire size is based entirely 
on its continuous rating. This deficiency 
generally is not present in the larger wire 
sizes. 

The purpose of this paper is to supply 
needed data on aircraft wires to applica- 
lion engineers who sometimes have made 
the error of using too small a wire size on 
loads of this character because adequate 
information generally has not been avail- 
able. It should also be pointed out that 
although these data were taken on wires 
which had insulation appropriate for 30- 
volt d-c aircraft application, some spot 
checks were made on a few sizes of wires 


644 TRANSACTIONS 


J. As sCOml 
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insulated for 600-volt service and it was 
found that their short time ratings were 
quite close to those of the aircraft wires. 
The insulation on the aircraft wire is actu- 
ally comparable to that on the 600-volt 
wire in spite of the lower voltage of the 
aircraft service. It is believed permissible 
to apply the present data on aircraft to 
industrial 600-volt insulated wires, or 
similar, until data are made available for 
each specific type of wire. Any, difference 
that may be found between these two 
types of wires will be on the safe side. 
Transient currents in excess of the nor- 
mal continuous current ratings of the 
supply wiring and cabling of military air- 
craft electrical systems are caused by: 


1. Starting currents of connected electrical 
devices when starting under normal condi- 
tions. 


2. Starting currents of connected electrical 
devices during abnormal conditions, such 
as after a period of low temperature shut 
down during which bearing lubricating oils 
and greases have congealed or during which 
connected moving parts have iced or frozen. 


8. Actual short circuits resulting from 
faulted conductors caused by sustained 
abrasion, vibration, or gunfire. 


Circuit breakers or contactors con- 
trolled by temperature overload relays 
are the commonly used means to limit the 
duration of these currents to prevent the 
wire temperature from rising to values 
which would result in damage to the in- 
sulating covering of the wires. 

The safe time duration depends on the 
following factors in addition to the cur- 
rent: 


1. Initial wire temperature. 


2. The heat storage capacity of the copper 
conductor itself. 


3. The heat storage capacity of the wire 
insulation and its relation to that of the 
copper conductor. 


4. Theradiation characteristics of the wire 
covering. 


5. The external air temperature, pressure, 
and the degree of cooling provided by con- 
vection and ventilating air currents. 


6. The groupings of the wires in bundles 
or runs. 


The steady-state continuous rating of 
the wire based on 100 degrees centigrade 
maximum insulation temperature is gov- 
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_ pacity of the wire. 


erned by radiation characteristics and ex- 
ternal cooling factors. These are well 
established for sea-level conditions in still 
air, but further work is necessary to study 
altitude conditions and the special ven- 
tilation conditions that exist in a plane in 
flight. They will not be discussed further 
in this paper. 

The short-circuit momentary-overload 
condition involves so short a time interval 
that its safe time duration is governed 
largely by the initial temperature of the 
wire and its heat storage capacity at the 
temperature which may be determined as 
safe for that time exposure. Values of 
safe times can be calculated. This paper 
will discuss these limitations only briefly. 
For the present, it is assumed that the 
maximum safe instantaneous copper tem- 
perature for all wire sizes is 150 degrees 
centigrade, for time intervals below one 
second. Fuse and circuit-breaker de- 
signers for many years have used so-called 
I*t curves in providing overload protection 
to circuits. These curves are calculated 
on the assumption that all the energy is 
absorbed in heating the copper conductor. 
They include curves of temperature rise 
for various currents and times. Such a 
set of curves is shown on Figure 3. These 
curves are very satisfactory for periods of 
time below one second, which include 
most true short-circuit occurrences. 

The problem, then, of selecting wire 
sizes resolves itself into 


1. The selection of wire size for steady- 
state conditions generally is made on the 
basis of the continuous rated current ca- 
These ratings are based 
on rules well established in the industry, 
though for aircraft use they are based on 
100 degrees centigrade maximum operating 
temperature (70 degrees centigrade rise over 
30 degrees centigrade ambient tempera- 
ture) rather than more usual conservative 
values. 


2. The selection of wire size for overloads 
of known or estimable duration below one 
second can be made on the basis of the previ- 
ously mentioned J?# curves. It is recom- 
mended that 150 degrees centigrade be the 
maximum allowable temperature to be at- 
tained by the copper. 


It is recommended that the selection of 
wire sizes for overloads whose duration is 
between 1 second and 100 seconds be 
made on the basis of curves presented in 
thispaper. Thesecurvesaregivenin Figure 
4, and are derived from the present series 
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Figure 1. Current-time-temperature curves 
from 30 degrees centigrade ambient tempera- 
ture for aircraft cable size AN-16 


of tests conducted to study the damaging 
effects on the insulation of overload cur- 
rents whose duration was between 0.1 
second and several hundred seconds. The 
tests and the derivation of the curves are 
described in the following paragraphs. 


Method of Test 


There is no accepted standard method 
for determining the short-time current- 
rating of wires. Some engineers have 
measured temperature rise of wires by 
means of thermocouples embedded in the 
center of a wire or brazed to the copper 
strands. Others have used an oscillograph 
to obtain a simultaneous reading of cur- 
rent and voltage, while others have used 
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CURRENT SHUT 
OFF AT THIS 
TIME 


the voltmeter-ammeter method. In this 
investigation the authors used all three 
methods and compared their results. 
Based on this work we will recommend a 
method which we found was the most 
practical and yet gave a sufficiently ac- 
curate result. 

There are two important factors that 
must be accurately determined when 
making a test of this kind to ascertain the 
permissible short-time current-carrying 
capacities of various wire sizes. 

The first is to be sure that the 
recorded temperatures are accurate, 
so that the insulation is actually sub- 
jected to contact with a wire of the 
recorded temperature. To illustrate, 
it was found that the thermocouples 
gave readings very appreciably lower 
than the actual wire temperatures as 
determined by resistance methods. 
Thermocouples are not suitable for de- 
termining temperatures of rapidly heated 


SMOKE GIVEN 
OFF AT THIS TIME 
"DELAYED" 


TIME — SECONDS 
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wires (there are also other limitations for 
the use of thermocouples). 

The second factor is to judge correctly 
the degree of damage to the insulation 
that resulted from the above temperature 
and times. There are standardized 
methods for measuring the dielectric 
breakdown and also the cold bend test, 
but with these having been made there 
still remains a fair degree of judgment 
that must be used which should be 
seasoned with a fair degree of background 
on this subject. Figures 6A, B, and C, 
show what is to be expected of such tests. 
However, as it was found actually that 
the evolution of smoke was observed even 
before actual deterioration occurred, and 
since smoking cannot be tolerated in air- 


Figure 2. Current-time-temperature curves 
from 30 degrees centigrade ambient tempera- 
ture for aircraft cables size AN-8 
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planes, its occurrence became the only 
necessary observation. 

A 25-foot length of the wire to be tested 
was cut and its cold resistance was meas- 
ured accurately by means of a Kelvin 
doublebridge in the same ambient tem- 
perature where the test was made. A ten- 
foot central section of this wire was meas- 
ured accurately for length and marked. 
This wire then was mounted horizontally 
about five feet above the test floor and its 
ends connected tothe power supply cables. 
In order to check the effect of thermoplas- 
tic flow of the insulation during the heat- 
ing, a one-pound weight was suspended 
from the wire by a hook of one-inch radius 
made of 1/8-inch diameter steel wire. 
This weight was located three feet from 
one end of the wire as indicated in Figure 
5. Two steel needles were forced through 
the insulation and the stranded wire at the 
two points which marked the ten-foot 
length. To each of these steel needles was 
soldered a six-inch length of ten-mil di- 
ameter nichrome wire, and this in turn, 
was soldered to the necessary length of 
copper wire which ran to the voltmeter 
terminal. The purpose of the nichrome 
wire was to minimize the amount of heat 
that was conducted from the test wire 
into the voltmeter leads. The circuit ar- 
rangement was that shown in Figure 5. 

A field controlled d-c generator was the 
source of power. Current was applied by 
closing a contactor at the zero time and 
held constant until the voltage on the 
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voltmeter reached a previously calculated 
value, corresponding to the temperature 
to which it was desired to heat the wire. 
Thecold resistance of the 10-foot span was 
assumed to be 40 per cent of the 25-foot 
span which had previously been measured 
by the Kelvin double bridge. The am- 
meter and voltmeter could be read quite 
accurately, and the interval of time be- 
tween the start and the stop also could be 
timed easily and accurately by stopwatch. 
Oscillograph records were taken simulta- 
neously of the current, voltage, and time. 
These provided very accurate measure of 
all quantities and were in close agreement 
with the voltmeter-ammeter values. 
Therefore, since the voltmeter-ammeter 
method is the simpler, this should be the 
preferred method, except for time inter- 
vals below five seconds where the oscillo- 
graph must be used. 

Samples of aircraft cable sizes AN-16 
and AN-8 were subjected to a number of 
current values, and at each of these dif- 
ferent values of current, wires were al- 
lowed to rise to several predetermined 


Figure 3. Time—current curves of one circular 
mil of annealed copper 


Calculated on these assumptions: 


1. Radiation neglected 

Q. Resistance of one centimeter cube of cop- 

per at O degrees centigrade =1.589 microhms 

3. Temperature coefficient of copper at 
O degrees centigrade =1/234 
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values of temperatures so that we could 
determine the value that should not be 
exceeded. The rate of temperature rise 
varied over wide limits. 

The samples that were allowed to ex- 
ceed the safe temperatures to a small de- 
gree, gave evidence of this by smoking, 
and other samples that appreciably ex- 
ceeded this safe temperature demon- 
strated this by the sudden oozing of the 
compound out through the insulation sur- 
face. The time at which smoking started 
was observed, and similarly, when the 
test was continuing until oozing occurred, 
this time was recorded. 

Current-time-temperature curves ob- 
tained as a result of these tests were 
plotted for both sizes of wire, see Figure ] 
(size AN-16) and Figure 2. (size AN-8). 
These curves show temperatures plotted 
against time for all of the current values 
tested. The times at which smoke oc- 
curred for each current value are shown by 
the shaded area. The time at which ooz- 
ing occurred is shown by the wave labeled 
oozing starts. In the case of the larger 
wire AN-8, it was observed during the 
tests that smoking for some values of cur- 
rent occurred after the current had been 
shut off. This is due to the great relative 
heat storage capacity in the larger con- 
ductor compared to that of its insulation. 
The smaller wire gives up its heat to its 
insulation with a rapid drop in tempera- 
ture. This delayed smoke is shown on 
Figure 2 and indicated by the notes calling 
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Figure 4. Suggested current-time ratings for 
aircraft cable AN-J-C-48a for 30 degrees 
centigrade ambient temperature 


attention to this phenomenon. The safe 
operating region shown on Figures 1 and 2 
is drawn at what is considered a suffi- 
ciently safe margin below the temperature 
time limitations imposed by smoke to 
represent safe operation. 

After the test exposure described 
earlier, each sample of wire was tested for 
insulation condition as follows: 

1. The end sections which supported the 
one pound weight were tested for dielec- 
tric breakdown in accordance with Army- 
Navy specification, AN-J-C-48a paragraph 
F-4b(5), entitled, Dielectric Breakdown. 

2. One half of the ten foot test section was 
tested in accordance with Army-Navy speci- 
fication, AN-J-C-48a paragraph F-4b(6), 
entitled, Cold Bend Test. 

3. The other half of the ten foot test sec- 
tion was tested in accordance with Army- 
Navy specification, AN-J-C-48a paragraph 
F-4b(4)c, entitled, Water Immersion Test. 

The results of these dielectric break- 
down tests are presented graphically in 
Figures 6A, B, and C, respectively. 

It should be noted that a reasonably 
large number of tests were made be- 
cause we were endeavoring to find the 
short time permissible temperatures. 
But if the temperatures that are recom- 
mended here are accepted, any future 
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tests can be simplified very greatly by 
merely finding the time required for any 
selected current to produce the maximum 
temperature shown in Figures 1 and 2. 


Recommended Test Procedure 


Establish by trial a current which will 
produce the allowable temperature rise 
(usually 70 degrees centigrade) in approxi- 
mately 20 seconds (between 10 and 40 
seconds) and determine by test the exact 
time required. On a sheet similar to 
Figure 4, locate this one point of time and 
current. Then from Figure 3 calculate the 


WIRE UNDER 
TEST 


VOLTMETER 


UE 
OSCILLOGRAPH 
RESISTOR 


D-C GENERATOR 
150-250 V-2000 AMP(MAX) 


CONTACTOR 


Figure 5. Test circuit for current-time-tem- 
perature rise test on aircraft cables 
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current required to heat (on a no-loss 
basis) the wire size in question to a value 
equal to 150 degrees centigrade minus the 
assumed ambient temperature in 0.01 
second. This will give another point on 
the afore-mentioned sheet. Then draw a 
straight line between these two points 
and that will be the permissible short- 
time current-carrying ability of that wire — 
size. By testing in this simple manner 
about four or five sizes of wire, for any one 
type of wire the whole range of ratings 
can be drawn in by proportioning the in- 
termediate sizes in proportion to their 
respective cross sections. 

Beyond the 100-second region this 
straight line can be extended so as to be- 
come asymptotic to the current line, 
corresponding to the continuous rating of 
this wire, which usually is available for 
the assumed ambient temperature. 


Discussion of Results 


The smoke criterion of damage occurred 
before any other evidence of deterioration. 
On the larger wire, size AN-8, smoke often 
was delayed considerably after the current 
had been removed. This is indicated by 
the delayed smoke limit curve, Figure 2. 
This is evidence of the large energy 
storage in the conductor during the short 
circuit, and the low heat capacity and 
heat transfer constant of the insulation 
compared to that of the large conductor. 
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Figure 6A. Kilovolts 
breakdown in water at 
25 degrees centigrade 
of samples containing 
point of attachment of 


KILOVOLTS 


one pound weight, 
one 1/8-inch diameter 
wire hook, AN-J-C- 
48a paragraph F-4b(5) 


SMOKE LIMIT 


| 
100 \20 140 160 180 200 220 


240 260 280 300 


MAXIMUM WIRE TEMPERATURE °G 


30 


KILOVOLTS 


KILOVOLTS 


160 ~—*180 
MAXIMUM WIRE TEMPERATURE °C 


200 220 


The dielectric breakdown values given 
in Figures 6A, B, and C, gave evidence of 
deterioration only when the insulation had 
been carried to a considerably higher 
temperature than that at which smoke 
first appeared. Dielectric breakdown re- 
sults vary over a large range, but do indi- 
cate definite deterioration when the wire 
has been exposed to temperatures of 200 
degrees centigrade for the short time inter- 
vals covered by these tests. 
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Figure 6B. Cold bend 
test kilovolts break- 
down of samples in 
water after one -hour at 
40 degrees centigrade, 
AN-J-C-48a paragraph 
F-46(6) 


Figure 6C. Kilovolts 
breakdown in water at 
50 degrees centigrade 
after immersion in 
water for 20 hours at 
50 degrees centigrade 
AN-J-C-48a paragraph 
F-46(4)c 


240 


The appearance of smoke, then, is the 
first indication of abnormal conditions, 
and if current is not removed immedi- 
ately a condition of serious damage soon 
will result. It is also a condition which 
cannot be tolerated for psychological 
reasons in airplanes. The instinctive 
association of smoke with impending or 
possible fire is so strong, and the hazard 
of fire so great in an airplane, that we 
have adopted the slightest appearance of 
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smoke as the limiting condition of current 
and time below which we must operate. 

On each of Figures 1 and 2 is shown a 
so-called safe operation region which has 
been arbitrarily bounded as follows: 


Wire, Time, Maximum Temperature, 
Size Seconds Deg C 
AN-8,.... QELS S. Ginearepartenansterenett 150 
AN-8..... OW er 20 Fai cs Pectin ea 100 
AINFSi jeu. 1.5-20 ....From sloping line connect- 
ing these temperatures 
AN-16 OS 2 AS ora isl cfete- othe have ayer’ 150 
AIN=16.. mi OVier 20)). ckteemuts deena: 100 
AN-16....2.5-20 ....From sloping line connect- 


ing these temperatures 


Using thisboundary of thesafe operating 
region, values of times for the various test 
currents were obtained for these two wire 
sizes, in the time range 1 to 100 seconds. 
These are plotted on Figure 4. To extend 
these curves to the left to lower times, 
values of current to produce 150 degrees 
centigrade at the end of 0.01 second were 
obtained from Figure 3, namely, 12,300 
amperes and 1,700 amperes for sizes AN-8 
and AN-16, respectively. These points 
were plotted and connected by straight 
lines to the curves already drawn between 
1 and 100 seconds. 

To extend the curves to the right for 
times greater than 100 seconds, the curves 
were connected by smooth arcs to the 
steady-state values, 73 amperes and 22 
amperes, respectively, which were ob- 
tained from the steady-state ratings given 
by the AIEE committee on aircraft wire 
and cable. 

Curves for other wire sizes between 16 
and 8 were interpolated on the basis of 
the theoretical spacing. Similar extra- 
polation was made to wire sizes 20 and 00. 
These curves are tentative only and sub- 
ject to verification by further tests. 


Conclusion and Recommendations 


Current-time-temperature tests on 
wires, carried to the point at which smoke 
first appears, provide a suitable method of 
determining the short-time current-carry- 
ing characteristics of wires. The tempera- 
ture-time measurements must be made 
carefully and accurately. Wire tempera- 
ture should be determined by copper re- 
sistance, using a voltmeter-ammeter 
method for times down to five seconds and 
using an oscillograph method for shorter 
times. Thermocouple measurements are 
not recommended. 

The suggested current time ratings for 
aircraft cable AN-J-C-48a presented in 
Figure 4 based on a 30 degrees centigrade 
ambient temperature is recommended for 
consideration. 
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Low-Current-Secondary Current 


Transformers 


AN AIEE COMMITTEE REPORT 


PPLICATION REQUIREMENTS 
for current transformers sometimes 
indicate the use of secondary currents 
lower than the generally accepted stand- 
ard 5-ampere rating. Very little pub- 
lished information is available on this sub- 
ject, other than a description of a few 
specific installations where such trans- 
formers have been applied. The natural 
question arises as to the advantages and 


_ disadvantages resulting from the use of 


current transformers with secondary rat- 
ings below five amperes, and under what 
circumstances their use should be con- 
sidered. Because many of the applica- 
tions of low-current secondaries involved 
relay protection, the AIEE relay subcom- 
mittee appointed a working group in 
October 1943 to study the problem, and 
from that study, gives recommended 
practice for their use. 


Applications 


The principal application of low-current- 
secondary current transformers is in those 
installations involving long runs of sec- 
ondary leads where the resistance of the 
leads (utilizing normal size copper conduc- 
tors) becomes very high, thus imposing 
on the current transformer excessive lead 
burden in comparison to the useful bur- 
den. A brief summary of the problems to 
be considered for such installations is 
covered in this paper. 

Another application of current trans- 
formers using secondary ratings of other 
than five amperes, occurs in those instal- 
lations requiring the paralleling of the 
secondaries of transformers subject to 
widely different normal primary load cur- 


Paper 46-168, recommended by the AIEE commit- 
tee on protective devices for presentation at the 
AIEE summer convention, Detroit, Mich., June 
24-28, 1946. Manuscript submitted April 23, 
1946; made available for printing May 29, 1946. 


This report was prepared by a working group of 
the relay subcommittee, AIEE committee on pro- 
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ing department, Westinghouse Electric Corpora- 
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rents. In such cases, the secondary rat- 
ing is primarily one of convenience and 
economy. The secondary circuit con- 
stants, transformer turn ratios and per- 
formance, usually are fixed on a 5-ampere 
secondary basis. This is dictated by 
transformers in some of the circuits in- 
volved having the standard 5-ampere 
secondary rating. 


Comparison of Solutions 


The use of current transformers with 
secondary ratings below five amperes for 
the above applications has certain advan- 
tages and disadvantages which must be 
carefully considered in evaluating the 
gains resulting in the reduction of effec- 


tive burden of the secondary leads. Any _ 


general comparison of these advantages 
and disadvantages should be made on the 
common basis of equal volt-ampere en- 
ergy requirements for the relays, instru- 
ments, and meters, irrespective of the 
secondary rating. Changing the current 
rating of these devices in no way reduces 
the energy required for their operation. 
A reduction in energy is just as desirable 
on the basis of five amperes as on a lower 
current rating basis, and minimum oper- 
ating energy is a controlling factor in the 
design of this type of equipment. 

On the basis of constant volt-ampere 
energy requirements, a reduction in sec- 
ondary current rating results in a corre- 
sponding increase in secondary voltage 
rating. The energy consumption in the 
external devices and the internal losses in 
the transformer are not materially af- 
fected, thus, the only gain is the reduction 
inenergy consumed by the secondary leads 
between the transformer and external 
burden. 

As an example, if it is assumed that the 
distance between the current transformer 
and the instruments or relays is 500 feet, 
and standard control cable such as one 
consisting of conductors each having 19 
strands of number 22 wire is used, 
the burden imposed on the transformer 
by each secondary lead is 11 watts 
at 5 amperes. Under the same condi- 
tions, with a one-ampere secondary, 
the lead burden would be 1/25 or 0.44 
watt per lead at rated current. Thus, in 


Current Transformers 


some cases, smaller wire could be used 
with a resulting saving of copper. Such 
savings may be limited, however, by the 
necessity of retaining a larger wire size to 
obtain mechanical strength. Unless the 
lead burden is a fair portion of the total 
burden, this reduction in lead burden 
materially does not lessen the perform- 
ance requirements of the current trans- 
former. 

In evaluating the benefits gained by 
the reduction in effective secondary lead 
burden, consideration must also be given 
to the effects on the insulation require- 
ments of the secondary circuit, and the 
availability of standard devices suitable 
for use on the lower current rating basis. 

With low-current secondary currents 
and the corresponding increase in second- 
ary voltage (assuming equal energy re- 
quirements), due consideration must be 
given to the required increase in second- 
ary voltage. For instance, the present 
“American Standards for Instrument 
Transformers” recognize a maximum re- 
laying accuracy classification of 800 volts 
on the secondary terminals at 100 am- 
peres (20 times rated) secondary current, 
based on five amperes. On a one-ampere 
basis, the secondary terminal voltage 
would be 4,000 volts, and the secondary 
insulation should be well in excess of this 
value for safe operation. Furthermore, 
the present open-circuit voltages on 
switchboard transformers commonly run 
from 500 to 5,000 volts crest. The logical 
basis for consideration of a one-ampere- 
secondary, therefore, is that the open-cir- 
cuit voltages will be five times as great, or 
from 2,500 to 25,000 volts crest. It is 
apparent that the standard one-minute 
potential test of 2,500 volts to ground for 
the secondaries of current transformers 
should be increased to 12,500 volts for 
one-ampere secondary ratings. Similarly, 
relays and instruments used with one- 
ampere secondary transformers should 
have the one-minute potential test of 
1,500 volts to ground increased to 7,500 
volts. 

The above requirements for insulation 
are based on general applications. How- 
ever, for those applications requiring the 
use of low-current-secondary current 
transformers to minimize lead burden, 
and which will be subjected to consider- 
ably less than 20 times normal current, a 
suitable transformer could be made with 
an insulation level to meet the actual 
secondary voltage requirements. 

While it is quite true that the secondary 
voltages existing at normal currents are 
low, the high voltages occurring on high 
values of overcurrents and on open cir- 
cuits sometimes are overlooked. In cases 
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where only meters or instruments are in- 
volved, secondary overvoltage protection 
may be applied without too much com- 
plication. This is particularly true where 
such protective devices can be permitted 
to short-circuit the transformer on exces- 
sive overvoltage. However, overvoltage 
protective devices which short-circuit the 
transformer secondary cannot be used 
where protective relays are involved, be- 
cause incorrect relay operation would re- 
sult. For the foregoing reasons, it is some- 
times feasible when considering less than 
5-ampere secondary ratings to go to a 
lower secondary current rating when only 
meters and instruments are used. When 
protective relays are used, the problem re- 
quires considerable more study. 


When considering the use of low second- 
ary current ratings, attention must be 
given to the use of relays having suitable 
current ratings. The present complete 
line of relays (some available with low cur- 
rent taps) was developed to cover the re- 
quirements of the field on the basis of the 
standard 5-ampere secondary transformer 
ratings. Therefore, their equivalent on a 
l-ampere basis does not exist. While a 
limited number of relays have coils suit- 
able for certain low-current rating appli- 
cations, to obtain a complete line of such 
devices with suitably co-ordinated taps 
and insulation levels would require major 
development. 

In the applications where there is a 
definite need for a lower secondary cur- 
rent resulting from excessive length of 
secondary leads, it is desirable to retain 
standard 5-ampere rating relays and in- 
struments. This may be accomplished by 
using standard 5-ampere rating main 
transformers, relays, and instruments 
with auxiliary current transformers at the 
main current transformers and the switch- 
board. It also is possible to use main 
current transformers with low current 
secondary rating in conjunction with 
auxiliary transformers at the switchboard 
only. It must be remembered, however, 
that auxiliary current transformers intro- 
duce additional burden which tends to 
offset the gain resulting from reduction 
in secondary lead burden, and at the same 
time, lower the accuracy of the over-all 
transformation because of their own er- 
rors. The performance characteristics of 
the auxiliary current transformers must 
be as good as those required of the main 
current transformers, and they should be 
provided with sufficient insulation to pro- 
tect the instruments and relays from the 
higher secondary voltages accompanying 
the lower currents. Where auxiliary 
transformers are used, the switchboard 
circuits should be protected from exces- 
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A Unique Engine-Synchronism Indicator 
for Aircraft 


D. B. PEARSON 


ASSOCIATE AIEE 


ECENT aircraft design has empha- 
sized multiengine airplanes, espe- 
cially for commercial transports and mili- 
tary types. Two- and 4-engine planes 
are commonplace and 6-engine craft are 
proposed for the near future. Engine 
synchronism indication, usually between 
a master engine and each of the others, 
becomes more important as the number of 
engines on the airplane increases. It is 
possible to synchronize two engines by 
ear, but this method becomes exceedingly 
difficult for aircraft with more than two 
engines. 

The synchronism indicator, or syn- 
chroscope, has been developed to obtain 
a visual indication of the degree of syn- 
chronism that exists between the master 
and each of the other engines. A dis- 
cussion of the needs for engine synchro- 
nism indication and of the means by 
which it is obtained, will be presented. 


Reasons for Synchroscopes 


Perfectly synchronized airplane engines 
are desirable for several reasons. Better 
flight efficiency! is obtained when the en- 
gines are running at the same speed. 
Planes with constant pitch propellers 


Paper 46-148, recommended by the AIEE com- 
mittee on air transportation for presentation at the 
AIEE summer convention, Detroit, Mich., June 
24-28, 1946. Manuscript submitted April 11, 1946; 
made available for printing May 15, 1946. 


D. B. PEARSON is a development engineer in the 
aeronautical instrument engineering division, Gen- 
eral Electric Company, West Lynn, Mass. 


tend to yaw if the engines are not syn- 
chronized exactly. If a condition of near- 
synchronism exists, such as occurs when 
synchronizing is attempted with the ta- 
chometer indicators alone, a vibration of 
low frequency is produced. This beat 
frequency is the arithmetical difference 
between the high frequency vibrations 


Tachometer generator 


Figure 1. 


produced by each engine. Its presence 
causes high stresses? to be set up in the 
airplane structure which can cause severe 
damage to the airplane. Fatigue and dis- 
comfort for the passengers and crew of 
the aircraft also are caused by the pres- 
ence of these vibrations. For example, 
the Air Forces have found it very desir- 
able to use synchroscopes on transport 
planes to avoid these harmful vibrations 


sive voltage by the use of suitable short- 
circuiting devices. Proper consideration 
must be given to the performance of the 
auxiliary transformers on a d-c transient 
having a long time-constant. Auxiliary 
current transformers fulfilling these re- 
quirements increase the cost, require 
installation space, and reduce the net 
gain. 


Conclusions 


In view of the many disadvantages of 
low current secondaries, compared to the 
advantage of reduced secondary lead bur- 
den or saving in copper, they should not 
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be considered except in special cases. 
These specialcases occur where the second- 
ary lead burden is the major portion of 
the total burden and definitely causes 
errors that cannot be tolerated. Then the 
problem should be studied thoroughly in 
the light of the foregoing factors. The sec- 
ondary current rating selected and the sec- 
ondary circuit arrangements used should 
be determined as best meets the require- 


' ments of the individual application. 


The working group feels that the prob- 
lem of low-current-secondary current 
transformers is so special that no consid- 
eration should be given to standardiza- 
tion at this time. 
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Figure 2. Cross-section view of synchroscope 


when carrying sick and wounded person- 
ael. 

To promote commercial flying to the 
greatest degree, passenger comfort is of 
paramount importance, especially on 
sleeper-type planes. The synchroscope 
has been found to be a simple and satis- 
factory instrument for adjusting engine 
speeds to obtain efficient flight operation, 
minimized stresses on the aircraft struc- 
ture, and to provide a high degree of com- 
fort for the passengers. 


Equipment Needed to Indicate 
Synchronism 


No additional source of power or trans- 
mitting device is necessary to obtain 
engine-synchronism indication. Electric 
tachometer generators?‘ already installed 
to operate the tachometer indicators will 
supply sufficient additional power to 
operate the synchroscopes. The only 
additional weight necessary is that of the 
indicators themselves and the connecting 
leads. 

The most satisfactory tachometer gen- 
erator has an a-c output with a frequency 
proportional to engine speed. A typical 
generator of this kind is illustrated in Fig- 
ure 1. It is customary to use a reduction 
gear with a ratio of two to one to drive the 
generator. Its 4-pole rotor is made of a 
permanent magnet material such as alnico 
Il. This magnet, as it rotates, induces in 
the 3-phase winding on the generator 
stator, a 3-phase a-c voltage having a fre- 
quency proportional to the engine speed. 

To obtain an indication of the degree of 
synchronism between two engines, a 
measurement is made of the frequency 
difference between the outputs of the gen- 
erators connected to each engine. To per- 
form this function, the synchroscope uses 
two stator windings and a rotor. Figure 
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2 illustrates the mechanical construction 
of the instrument, while Figure 3 shows 
the electric circuit. One coil is a 3-phase 
winding, placed in the form of a toroid on 
a circular core of high permeability mate- 
rial, such as mu-metal. This winding usu- 
ally is connected to the generator on the 
reference, or master engine, which is cus- 
tomarily the one at the extreme left. 
Below the 3-phase coil is a single-phase 
circular stator coil, wound with its axis at 
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Electric circuit diagram of synchro- 
scope 


Figure 3. 
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___SINGLE-PHASE 
WINDING 


SYNCHROSCOPE 
STATOR WINDINGS 
Figure 4. Wiring diagram for synchroscope 
and tachometer generators 


right angles to the plane of the 3-phase 
winding. This coil is connected to one of 
the phases of the tachometer generator 
driven by the engine whose speed is 
being compared to the master engine. 

A rotatable shaft and vane assembly of 
high permeability material, and supported 
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by suitable bearings, is placed in the in- 
strument so that it can be acted upon by 
the magnetic fields produced by the two 
stator windings. A pointer on the shaft 
gives visual indication of the condition of 
synchronism that exists between the two 
engines in question. This construction, 
embodying two stator coils and a soft-iron 
rotor, is similar somewhat to that used in 
switchboard type synchroscopes.® 


Principle of Operation 


When the master engine is running with 
the synchronism indicator connected as in 
Figure 4, a rotating magnetic field is pro- 
duced by the 3-phase winding. This field 
rotates at the same speed as the engine be- 
cause the 4-pole tachometer-generator 
rotor is driven at one-half engine speed. 
When the engine connected to the single- 
phase coil is running, there is produced in 
this winding a magnetic field that alter- 
nates at a rate equal to the speed of the 
connected engine. 

As shown in Figure 5, the flux from the 
single-phase winding crosses the air gap to 
the shaft and then travels to the vane. 
After leaving the vane, it passes through 
the 3-phase core and links with the field 
from the 3-phase winding. The flux then 
flows through a washer and a shield of 
high-permeability material to a second 
washer at the bottom of the single-phase 
coil. From the bottom washer the single- 
phase flux passes to the inner shield, or 
sleeve, which surrounds the shaft, and 
then crosses the air gap to the shaft, com- 
pleting the circuit. All air gaps in this 


- circuit are kept as short as possible to hold 


the reluctance to a minimum. 

When the single-phase winding is ener- 
gized, its flux, alternating at a frequency 
proportional to the speed of the engine to 
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MAGNETIC POLARITY 


Figure 6. Flux relationships in synchroscope 


A—Engines synchronized 

B—Second engine running slower than master 
engine 

C—Second engine running faster than master 
engine 

a—Magnetic polarity of a point on the upper 

surface of the 3-phase winding 
b—Masgnetic polarity of the rotor vane 


Figure 7. Three synchroscope mechanisms in 
a 17/8-inch diameter case 


Figure 8. Five synchroscope mechanisms in 
a 23/4-inch diameter case 
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which it is connected, causes the magnetic 
polarity of the rotor vane to reverse at the 
same rate. With the field of the 3-phase 
winding rotating at a rate proportional to 
the master engine speed, the rotor as- 
sumes a position such that when the vane 
is a north pole, a south pole from the 3- 
phase field is at the same point. Figure 
6A shows the flux relationship in the syn- 
chroscope when synchronism exists be- 
tween the two engines. If the flux in the 
shaft-and-vane assembly alternates at the 
same rate as the 3-phase field rotates, the 
synchroscope rotor will remain stationary, 
as the fluxes from the two fields produce 
no rotational forces in the rotor vane. As 
the vane changes from a north to a south 
pole, the field from the 3-phase winding 
rotates 180 degrees from its previous po- 
sition, so that its south pole is replaced by 
a north pole. 

Figure 6B illustrates the flux relation- 
ship that exists in the instrument when 
the engine being synchronized is running 
slower than the master engine. Under 
these conditions, the rotating field will 
have moved more than 180 degrees by the 
time the vane polarity has changed from 
maximum north to maximum south. The 
vane-and-rotor assembly will rotate coun- 
terclockwise at a speed sufficiently great 
to make up the difference in frequency be- 
tween the two fluxes. This enables the 
two fields to remain locked together. The 
torque which causes the rotation is ob- 
tained from the forces of attraction and 
repulsion produced by the two fields act- 
ing on the rotor vane. 

Figure 6C shows the relative position 
of the two fields that exists in the syn- 
chroscope when the second engine is run- 
ning faster than the master engine. The 
frequency of the single-phase flux is higher 
than the frequency of the 3-phase flux, 
and the rotating field will have moved less 
than 180 degrees when the vane polarity 
has changed from maximum north to 
maximum south. The rotor will turn 
clockwise at a speed great enough to make 
up for the difference in frequency between 
the two fluxes. 


For the typical arrangement of 4-pole 
rotors in generators driven at one-half 
engine speed, the synchroscope rotor will 
turn at a speed equal to the difference be- 
tween the speeds of the two engines. For 
other arrangements, the synchroscope 
rotor will turn at a speed proportional to 
the difference between the speeds of the 
two engines. The pointer at the end of 
the rotor shaft, therefore, gives a visual 
indication of the condition of synchronism 
that exists between the two engines in 
question. To synchronize an engine with 
the master engine, all the pilot need do is 
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to note whether it is running too fast or 
too slow, as indicated by the direction of 
rotation of the synchroscope pointer and 
the markings on the instrument dial, and 
adjust its speed accordingly until the in- 
dicator pointer becomes stationary. 


Design Features 


Panel space is at a high premium in 
present day aircraft, and it is very desira- 


ple and necessary to reduce the amount of 


panel space occupied by any instrument. 
For the synchroscope this has been accom- 


Figure 9. Disassembled view of syn- 

chroscope mechanism showing top of 

3-phase winding, top bridge, and rotor 
assembly 


plished by an unusually compact instru- 
ment-mechanism design. Figure 7 shows 
three synchroscope mechanisms in a 17/¢- 
inch diameter case to provide synchro- 
nism indication for 4-engine planes. Fig- 
ure 8 illustrates five synchroscope mecha- 
nisms in a 23/,-inch diameter case for 6- 
engine aircraft. If desired, a single mecha- 
nism can be used with a selector switch 
in any multiengine airplane, or it may be 
incorporated in a dual tachometer indi- 
cator. 

Simplicity of construction and mechani- 
cal sturdiness are desirable features for 
aircraft instruments. These features are 
illustrated by Figure 9 which shows a dis- 
assembled synchroscope mechanism. 
Placing both windings on the stator, thus 
eliminating brushes and all other connec- 
tions to the rotor, permits the synchro- 
scope to be built strongly and yet simply 
enough to allow easy disassembly. Less 
than five minutes are required, using only 
a small screwdriver, to take apart and 
reassemble the complete mechanism. 


Operating Characteristics 


Two primary operating characteristics 
determine how satisfactory a synchro- 
scope is for aircraft applications.® First, 
the rotor should begin to turn when the 
differential speed between the two engines 
being synchronized is 150 rpm or more 
over an engine speed range of 1,400 to 
4,500 rpm. It should continue to rotate 
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until this differential speed has been re- 
duced to zero. Second, when the rotor is 
turning, it should rotate smoothly, espe- 
cially when the differential speed is 5 rpm 
or less. 

Smooth operation is dependent on two 
characteristics of the synchroscope. The 
natural period of oscillation of the sys- 
tem, made up of the rotor mass and the 
magnetic coupling between the vane and 
the rotating 3-phase field, must be above 
the maximum speed at which the instru- 
ment is to operate. The strength of the 
3-phase field must be uniform around the 
periphery of the 3-phase winding. If 
these conditions do not exist, erratic op- 
eration of the rotor assembly will occur. 
By keeping the moment of inertia of the 
rotating system as low as possible, and by 
using a toroidal construction for the 3- 
phase core and coil assembly as previously 
described, smooth operation is obtained. 

Figure 10 shows typical starting char- 


Figure 10. Starting characteristics of synchro- 
scope at room temperature 


A—Rotor turning clockwise 
B—Rotor turning counterclockwise 


C—Average of A and B 
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acteristics of a synchroscope built accord- 
ing to the design previously discussed. 
Small magnetic irregularities in the in- 
strument add to the starting torque in 
one direction and subtract from it in the 
opposite direction. For this reason, the 
starting characteristics vary slightly, de- 
pending on the direction in which the 
rotor is turning. 

Figure 11 shows the starting character- 
istics of the synchroscope at high and low 
ambient temperature. The torque ex- 
erted on the rotor vane is an inverse func- 
tion of the temperature of the synchro- 
scope windings, as the resistance of the 
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coils is a direct function of their tempera- 
ture. 

To keep the windings at a safe oper- 
ating temperature, and to prevent fogging 
of the instrument cover glass, the tempera- 
ture rise in the instrument must be con- 
sidered. Table I shows these data ob- 
tained on a typical synchroscope sample. 


Table | 
Max ‘ 
Safe Temperature Rise, C 


Room Temp Single 


Time, Temp, Rise, Phase Three Phase Coils 
Hours C Cc Coil AB BC AC 
DO, Design Do raatenster sre sorereels Osean 0 0 0 
Mee acc PAN OO 40.00. DO nasate 22e Zone ye LS. 


Experience obtained from other instru- 
ments indicates that satisfactory service 
will be obtained at these operating tem- 
peratures. 


Application Other Than Aircraft 


While it has been shown that the syn- 
chroscope has a definite aircraft applica- 
tion, its usefulness does not end there. A 
synchronism indicator such as has been 
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discussed can be used for many other ap- 
plications where it is necessary to indi- 
cate or control the difference in the speeds 
of two engines. 

If 3-phase power is not available, a 
conventional split-phase® design such as 
is used with some types of single-phase 
motors can be utilized to operate the 
synchroscope. 

The instrument also can be used as 
a power-factor or phase-angle indicator 
when one winding is excited by a volt- 
age in phase with the supply voltage, and 
the other winding by a voltage in phase 
with the load current. The position 
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taken by the pointer will be a function 
of the phase angle between the voltage 
and current. 


Conclusions 


Visual synchronism indication has been 
shown to contribute appreciably to the 
satisfactory operation of multiengine air- 
craft. Improved passenger and crew 
comfort, lessened vibrational stresses in 
the aircraft itself, and better flight effi- 
ciency are among these contributions. 

Characteristics of the synchroscope are 
simplicity of construction, ease of main- 
tenance, small size, and low weight. 
These features, coupled with the desirable 
operating characteristics described pre- 
viously, make the synchroscope a useful 
addition to the instrument panels of 
multiengine airplanes. 


Figure 11. Starting characteristics of synchro- 
scope at high and low ambient temperatures 


A—Synchroscope at —55 degrees centigrade 
B—Synchroscope at +25 degrees centi- 
grade 
C—Synchroscope at +71 degrees centi- 
grade 
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Nonlinear Commutating Reactors 


for Rectifiers 


A. SCHMIDT, Jr. 
MEMBER AIEE 


NE of the prime objectives in rectifier 
development during the past 20 
years has been the decrease in frequency 
of are-back. The factors involved in arc- 
back have received considerable atten- 
tion, and it now appears that arc-backs 
of typical mercury arc rectifiers are 
caused by the following: 


1. Breakdown of the mercury vapor be- 
cause of inverse voltage. 


2. Conditions favorable for cathode spot 
formation on the anode at the end of the 
commutation period. 


The former cause is not present under 
normal operating conditions, but may 
become effective at excessive vapor pres- 
sures, as when condensed mercury is 
permitted to come into contact with a 
hot anode. The latter cause has been 
treated in some detail by Kingdon and 
Lawton.? 


Phase of Arc-Back 


Kingdon has proposed that the cause 
of arc-back is the charging by positive 
ions of small insulating particles on the 
surface of the anode, thereby causing 
local fields strong enough for runaway 
field emission. The experiments of King- 
don and Lawton on tubes with 1-centi- 
meter anode-grid spacing indicate that 
the probability of commutation arc-backs 
varies with the product of initial in- 
verse voltage and final commutation 
rate. In a structure with close spacing 
between the anode and deionizing mem- 
bers, the rate of ion diffusion during 
commutation is so rapid that the ion 
density at the end of commutation de- 
pends on the rate of change of current at 
the end of commutation. The number 
of ions collected by a particle on the 
anode at the end of commutation de- 
termines its resultant potential. This 
number is proportional to the inverse 
voltage and the density of ionization. 

Hull and Elder have described tests 
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Anode voltage and current in 


Figure 1. 
3-phase rectifier showing elements of rectifier 


duty 


where the factors were controlled so 
that arc-backs occurred both at com- 
mutation and at later times.2 They 
concluded that practical rectifiers of 
correct design will arc-back at the end 
of commutation rather than some later 
time, unless conditions are favorable for 
glow discharge. 

There is evidence that the causes of 
arc-backs in practical rectifiers lead to a 
distribution of arc-backs throughout the 
inverse period.* A considerable pro- 
portion of these occur at the end of com- 
mutation. Furthermore, it is common 
experience that the probability of arc- 
back at a given load increases with the 
amount of phase retard and that recti- 
fiers having a rating based on a consider- 
able amount of phase retard can be given 
a greater rating with no phase retard. 


Rectifier Duty 
Figure 1 shows the current and voltage 


in one anode of a 3-phase rectifier and the 
quantities involved in anode duty. If 


ARC~BACK FACTOR 


% VOLTAGE REDUCTION BY PHASE RETARD 


Figure 2. Effect of phase retard and circuit 
reactance on arc-back factor F, 


di, 
Fa=euX— 


di 


Schmidt, Jr—Nonlinear Commutating Reactors 


the effect of residual ionization is denoted 
by an arc-back factor F,, then 


F,=¢yXdi,/dt 
= Qnfer4/X¢ 


In Kingdon’s experiments the fre- 
quency of arc-back was approximately 
proportional to the tenth power of Fy. It 
will be noted that e;, is an important fac- 
tor in rectifier duty and that its effect in- 
creases rapidly when the rectifier is con- 
trolled by phase retard. Figure 2 shows 
the effect of phase retard on the arc-back 
factor. Increase of commutating react- 
ance results in a decrease in rectifier duty. 
This is not a desirable means for reducing 
duty as increase in reactance results in 


EXCITATION 
WINDING 
A-C SOURCE 


COMMUTATING 
REACTOR 


Figure 3. Commutating reactor in anode 
circuit of rectifier 


6143-4 


AMPERE TURNS 


Figure 4. Saturation curve of commutating 
reactor 


increased rectifier regulation and re- 
duced power factor. If the anode cur- 
rent can be “‘dragged out” or maintained 
at some low value for a sufficient period 
just before the end of commutation, a 
substantial reduction in residual ioniza- 
tion and arc-back probability should 
result. 


Action of Commutating Reactor 


A commutating reactor is defined as a 
reactor used primarily to modify the 
rate of current transfer between rectify- 
ing elements. 

A closed core anode reactor having an 
a-c excitation winding, as shown in Figure 
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Figure 5. Circuit 
action of commuta- 
ting reactor 


3, may be used to “‘drag out’”’ the anode 
current. Sucha reactor preferably would 
have high permeability below saturation 
and little flux change beyond saturation, 
as shown in Figure 4. 

Figure 5 shows the circuit action of the 
reactor. When anode conduction be- 
gins, the reactor already is saturated by 
the excitation winding in the same di- 
rection as the anode current, so that the 
reactor adds relatively little to the com- 
mutating reactance. During the anode 
conducting period, the excitation current 
t, reverses. 

When commutation to the next anode 
occurs, it will proceed normally until the 
anode ampere turns exceed the excitation 
ampere turns just sufficiently to maintain 
saturation of the core in the anode cur- 
rent direction. Further decrease in 
anode current results in desaturation of 
the reactor. The commutating react- 
ance then will increase, and the anode 
current will fall slowly at a rate deter- 


6/43-6 3 


Figure 6. Commutating reactor with excita- 
tion by anode currents 
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Figure 7. Anode current during commuta- 
tion with commutating reactor 


mined by the saturation curve of the 
reactor and the commutating voltage. 
This will continue for a time w’ until the 
difference between anode ampere turns 
and excitation ampere turns is such that 
the reactor is saturated in the opposite 
direction, at which time the anode cur- 
rent will fall rapidly the rest of the way 
to zero. 

If the reactor excitation is near the 
knee of the saturation curve, so that the 
“drag out’ period u’ ends at a low value 
of anode current, then the residual ioni- 
zation at the end of the conduction period 
will be reduced. The amount of reduc- 
tion will depend on the time u’. The 
value of wu’ which is needed depends on 
the arc-back factor and the rate of ion 
cleanup, which is a function of the geom- 
etry of the anode and grid structure of 
the rectifier. 


Design of Commutating Reactors 


The relation 2n¢,;X10-*=u' XE, de- 
termines the product of anode turns and 
core section of the reactor. Optimum 
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design requires a minimum ratio of 
maximum flux to saturating flux in 
order to reduce the regulation caused by 
the reactor. The direct voltage loss 
caused by the reactor is given by 


Exc= bf (¢2—¢1) X107* 


Since a complete flux reversal occurs 
in a few electrical degrees, a core 
design with low eddy loss is needed, 
otherwise the iron heating will be high 
and a portion of the drag out period will 
be consumed in setting up eddy currents 
in the core structure. 

Reactor excitation may be obtained 
from a separate a-c source, as shown in 
Figure 3. In this case an impedance is 
needed in the excitation circuit to limit 
coupling between the anode circuit and 
the excitation circuit during the period 
u', when a high voltage may be induced 
in the excitation winding. Excitation 
also may be derived from the currents 
in other anodes, as shown in Figure 6. 
If the number of turns in the main wind- 
ing is so small that this arrangement 
produces too many excitation ampere 
turns, suitable current transformers may 
be used between the anode circuit and 
the excitation winding. 


Operating Results 


Figure 7 is typical of the anode cur- 
rent with a commutating reactor in the 
anode circuit. A record of this current 
was obtained by placing a small air core 
reactor in series with the commutating 
reactor and measuring the amplified 
voltage across the air core reactor with a 
cathode ray oscilloscope and camera. 
A 1,000-cycle sweep was used and was 
tripped once every 1/60 second so that 
the record covered 1,000 wmicrosec- 
onds. The voltage across the reactor 
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Figure 8. Short time rating of rectifier 


A—Commutating reactors 
B—No commutating reactors 
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is proportional to the rate of change of 
anode current. Since the current at the 
beginning of commutation was known, 
the current during commutation could be 
calculated from the measured rate of 
change. 

Figure 8 indicates the gain resulting 
from the use of commutating reactors 
when considerable phase retard is em- 
ployed. Curve A taken with com- 
mutating reactors with a drag out time 
of 350 microseconds at 70 per cent volt- 
age reduction shows that no reduction 
in rating is needed for phase control. 
However, a reduction of 40 per cent in 
rating must be applied in going from 15 
to 70 per cent or more voltage reduction 
without reactors. This is shown in curve 
B. The base load for these curves is the 
maximum load that can be carried with 
15 per cent voltage reduction for a defi- 
nite time without arce-back. 

In this instance it is seen that com- 
mutation arc-backs limit the rectifier 
load both at full and reduced voltages. 
A minor gain is realized by the use of 
commutating reactors at full voltage. 
This becomes a major gain where con- 
siderable voltage control is required. 


Conclusion 


Present day applications of rectifiers 
call for increasing amounts of voltage 
control, in many cases to zero voltage. 
Sustained operation of a rectifier with 
considerable voltage control usually re- 
quires derating of the rectifier. The 
use of commutating reactors eliminates 
such derating. They also may prove 
useful for other cases where high rates of 
commutation are involved, as at fre- 
quencies above 60 cycles. 


Appendix. Nomenclature 


€4=initial inverse voltage of anode at end 
of commutation 

di,/dt=final commutation rate of anode 
current 

u’ =drag out time (seconds) of anode current 
caused by action of commutating 
reactor 

n=turns in anode winding of reactor 

¢: =total flux in reactor at knee of satura- 
tion curve 

¢2=total flux in reactor at peak anode 
current 

E,=average commutating voltage during 
drag out period 

1e=excitation current in commutating re- 
actor 

X,=commutating reactance per phase 

p=number of phases in simple rectifier 

f=frequency, cycles per second 
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Investigation of Porcelain Insulators 


at High Altitudes 


C. V. FIELDS 


ASSOCIATE AIEE 


Synopsis: The use of high voltage appa- 
ratus in military aircraft made it necessary 
to obtain flashover data on capacitor bush- 
ings at altitudes up to 50,000 feet. Some 
of the more pertinent data are presented in 
this paper which gives a-c and d-c flashover 
voltages for porcelain bushings having 
spacings of 5/8 inch to 27/3 inches from cap 
to ring. The tests were made at both 
normal atmospheric and reduced pressures, 
but no attempt was made to simulate the 
frosting conditions as encountered in flying. 
Correlations are shown between bushing 
spacings and the effect of pressure change. 
A single correction curve for pressurechanges 
cannot be used, but a family of curves is 
required for various spacings of insulators 
and electrostatic field configuration. This 
paper shows that the practical use of porce- 
lain insulators is limited to altitudes and 
voltages well below maximum values pro- 
posed for aircraft use. It is recommended 
that solid insulation be used in such a 
manner as to obtain the benefit of its punc- 
ture strength rather than its flashover at 
the more extreme conditions of altitude 
and voltage. 


NTIL RECENTLY the low pres- 

sure flashover strength of communi- 
cation apparatus bushings has received 
little attention. Previous work, such 
as that reported by Bellaschi and Evans,} 
covers large gaps and insulators as re- 
lated to power system operation. More 
fundamental studies of air strength be- 
tween various gaps at low air density 
have been presented by Peek? and by 
Schwaiger and Sorensen. 

At the beginning of the war, ignition 
systems were the chief concern and be- 
came rapidly more important with in- 
creasing altitudes and severity of operat- 
ing conditions.4 This problem was solved 
by proper use of solid insulating materials. 

Concurrently, the tremendous increase 
in air-borne electric apparatus and the 
subsequent increase in aircraft distribution 
voltages brought on many practical 
problems relative to the operation of all 
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sorts of power apparatus, wiring, and 
auxiliaries. Several authors®® have meas- 
ured the permissible breakdown and 
flashover strength of a variety of gaps 
and insulators under simulated condi- 
tions of aircraft operation. Their work, 
therefore, was concerned with the ad- 
verse affects of dust, icing, temperature 
extremes, and moisture as well as much 
greater pressure changes than had pre- 
viously been studied, and for relatively 
low voltages only. 

Toward the end of the war, certain 
high voltage air-borne apparatus, par- 
ticularly radar and communication equip- 
ment, began to offer new electrical 
problems unlike any phase of the pre- 
vious work. The flashover strength of 
transformer and capacitor bushings, 
vacuum tube sockets, and similar ap- 
paratus became a major problem. After 
a cursory investigation, it became ap- 
parent that size and weight of insulators 
required was such that it was impractical 
to insulate apparatus for voltages over 
about 5,000 volts at stratosphere air- 
craft operating conditions, which not 
only include extreme altitudes, but very 
rapid changes in temperature and altitude 
with accompanying moisture condensa- 
tion. 

Pressurization of cabins and appara- 
tus compartments has been accepted as 
the most satisfactory means of reducing 
the weight of very high voltage apparatus. 
There remain, however, many marginal 
conditions where pressurization may be 
advantageously or necessarily avoided. 
Choice of the amount of pressurization 
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Figure 1. National Advisory Committee for 
Aeronautics standard altitude corresponding 


to test chamber pressures at 86 degrees 
Fahrenheit 


or the question of operation in case of 
pressure failure will depend in part upon 
apparatus bushing flashover strength. 
Commercial aircraft will continue to 
operate at moderate altitudes where pres- 
surization is not warranted. Television 
and radio equipment will be operated 
in increasing quantities at moderately 
high elevations where consideration of 
the reduction in flashover strength of 
apparatus bushings caused by reduced 
pressure will be required. 

Previously reported observations of the 
effects of condensation and frosting on 
low voltage systems® are generally ap- 
plicable to the high voltage bushings 
discussed in this paper. That is, unless 
there is moisture condensation on bushing 
surfaces, variations in humidity do not 
affect the breakdown appreciably. 
Neither is the breakdown affected by 
frozen moisture. It is to be noted that 
such factors are of less importance in 
commercial applications where varia- 
tions are neither as extreme nor as rapid, 
and moisture condensation, therefore, 
less likely to occur. The present work is 
concerned primarily with the effects of 
pressure change. All tests were made at 
room temperature with normal variations 
in humidity. Omission of a humidity 
correction seems justified in view of the 
previous work mentioned. 

The National Advisory Committee 
for Aeronautics standard pressure, tem- 
perature, and altitude table generally is 
accepted for aircraft work. This table 
gives a standard pressure and a corre- 
sponding temperature for each elevation. 
The curve shown in Figure 1 gives the 
pressure in inches of mercury (at 86 
degrees Fahrenheit) having the same rela- 
tive air density RAD as the standard 
altitudes shown as ordinates. Thus 
the measured pressure of 4.7 inches is 
seen to correspond toa standard elevation 
of 50,000 feet, which is in turn equal to 
3.4 inches of mercury at the standard 
temperature of — 66 degrees. 
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This transition from room temperature 
test conditions to high altitudes is per- 
mitted by the principle of similitude,? 
which states in effect that for constant 
spacing the breakdown voltage will be 
constant if the ratio of P/T is kept con- 
stant, where P and TJ are the absolute 
pressure and temperature respectively. 
Since flashover is substantially propor- 
tional’ to relative air density, the follow- 
ing expression may be used to convert 
our manometer readings taken at the 
test temperature of 86 degrees to other 
temperatures and pressures: 


RAD (1) 
* 17.95 X barometric pressure (inches) 
460-+-temperature (degrees Fahrenheit) 


Test Equipment and Procedure 


Most low pressure work previously re- 
ported has been conducted with the speci- 
mens in a nonmetallic container to reduce 
field distortion to a minimum. Since 
it is desirable to test bushings in their 
normal position mounted on the capaci- 
tor, we found it necessary to use a rela- 
tively large test chamber. Also, since 
capacitors usually are surrounded by 
metal surfaces in practice, it appeared 
logical to use a metal rather than a glass 
chamber used by some previous workers 
testing bushings alone. Capacitor speci- 
mens were placed approximately in the 
center, of the tank. 

The high voltage lead was brought into 


’ the tank through a single hole in the 


center of the 7/8-inch thick glass cover. 
The capacitor case was grounded to the 
tank in bushing-to-ground tests, while 
the case was insulated and one bushing 
was grounded for the bushing-to-bushing 
tests. 

The direct voltage was supplied 
through a 175,000-ohm resistor by a well- 
filtered rectifier source. A voltmeter 
was connected directly across the speci- 
men and a dip in the voltmeter reading 
was taken as the breakdown point. The 
current was so limited that no apparent 
damage occurred to the specimen, and a 
large number of successive readings could 
be taken without reduction in flashover 
strength. 

The a-c tests were taken on two stand- 
ard test sets, each with a tertiary volt- 
meter winding. All points under 50 kv 
were obtained with a 5-kva 50-kv test 
set using a hand operated induction regu- 
lator, All points above 50-kv were 
taken with a 50-kva 100-kv test set with a 
motor driven induction regulator. The 
wave form conformed to the ASTM 
Standard D 149. 
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‘Figure 2. Apparatus for determining capaci- 


tor bushing flashover in air at various pressures 


Both alternating and direct voltages 
were raised uniformly at a rate of ap- 
proximately 10 kv per minute except in 
the case where the motor driven test set 
was used, the voltage of which was 
raised 3 kv per second. 


Pressures were measured by a closed 


tube manometer and a pressure gauge 
calibrated in inches of mercury absolute. 
Corresponding altitude values may be 
obtained by reference to Figure 1 as ex- 
plained. 


Bushing Specimens 


These tests were conducted on six 
typical capacitor bushings shown in 
Figure 3, All except the gasket sealed 
bushing A were of the ‘“‘Solder-Seal’”’ 
metal to porcelain type. They were 
mounted on conventional capacitor cases 
with working elements omitted. Leads 
attached to the top of the bushings were 
allowed to assume normal positions 
touching the inside walls of the bushing 
at random. The leads were clipped off 
one inch below the bottom of the bushing 
and were prevented from flashing over 
inside by filling the capacitor case with 
Inerteen.* 

The bushing size and location and 
the case dimensions are all commensu- 
rate for typical d-c capacitors designed 
to operate at sea level. Table I gives 
the major dimensions of the bushings 
shown in Figure 3 and the covers on 
which they were mounted. 


Summary of Data 


The mounting ring on the ‘‘Solder- 
Seal” bushing presents a smooth well- 
rounded surface, while the cap has rela- 


Chlorinated diphenyl. 


* 
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Capacitor bushings tested 


Figure 3. 


Dimensions are shown in Table | 


tively sharp edges but no burrs. Never- 
theless, most streamers seem to form on 
the lower ring, and breakdown voltages 
seem relatively unaffected by rounding 
of the edges on the cap. This suggests 
that the high field intensity at the base of 
the bushing was a controlling factor in 
the breakdown mechanism. Most flash- 
overs were observed to occur between the 
cap and the mounting ring at 1/16 inch 
or more from the porcelain and rarely 
seemed to follow the bushing surface. 

The bushings tested differ in form as 
well as height; however, each is of typical 
configuration for its height. It seemed 
logical, therefore, to plot curves as a func- 
tion of height although it is known that 
the breakdown is partially dependent on 
diameter and shape. To have all bush- 
ings straight sided and of one diameter 
would make the test academically cor- 
rect, but of less practical value. Tight- 
string distance was measured between 
cap and mounting ring. 

No special efforts were made to avoid 
ordinary variations in the height of 
liquid or position of the wire inside the 
bushings, or other normal factors affect- 
ing the breakdown voltages. The rela- 
tively large spread in flashover, compared 
to sphere gaps tested in a uniform field, 
attests to the effect of these variables. 
Especially at very low pressures, these 
normal variations in construction may 
cause unexpectedly large variations in 
flashover. The data are 
consistent to warrant drawing the curves 


° 
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sufficiently - 


Table I. Major Dimensions of Bushings Shown in Figure 3 and the Covers on Which They 
Were Mounted 
Striking Distance 
Flashover Distance Case Size Between 
(Tight-String) Diameter Between in Inches Bushing 
Distance (Maximum) Bushings - Centers 
Bushing Figure in Inches in Inches in Inches Length Width in Inches 
Aly aerestten SA eee iter a1 ga iawn ale ereverein Sa ret ste Wetec MUNG ev ah. doe acetal 2? 2 ond oheletete LE ie. Nemaisttss 11/5 
Beiae cis Oo Bitge abe: L816 aiecgrecereteks i esr reer ase TI /o2 ers chat Bonn os or 13/4 2 
Canrmugaey OB cote 1? gitoeieapteusl ache 1S 16 ciate devotee Yaga) tetova ations BE: [dt enero paeee US gues aratAaes P4 
Dicer aae SCre ee PAYS Ciew eco er Roe a wearer ern 3 OL ga ee lint ee era APG tee ces Soh Perhatecererses 2 
RE: ap cate SD se. fhe VAS CMEC Ce I 28 jatar tars Gv avers 29/20. as cuegidis Go nae ccne Ercole 41, 
Biel 90%, a setae PSt ota abe ore BUS Noa Nea ae 63/6 
Baise SEM PS Re IAC 2/4 oeenoies Meee PLL SRR at ee EMCO) Moric a c.5 4l/s 
AMT /30 5 Syoksle okee 134/928 iene, (eel RAE iclep ols 63 /a 


* Bushing E is similar to F except that the former has only two corrugations. 


shown, but seemed to indicate the de- 
sirability of testing capacitors or similar 
apparatus at actual working pressures. 

Bushing to case flashover tests were 
made first on all six bushings with a-c 
and both polarities of direct voltage. 
The data in Figure 4 were obtained by 
evacuating the chamber, then making a 
series of tests at four or more pressures, 
each time admitting air to obtain the 
pressure desired and taking at least five 
flashover readings after the pressure had 
become stable at the new value. All 
points were plotted and smooth curves 
were drawn through them. Similar 
smooth curves were drawn for a-c and 
positive d-c tests on each bushing. 
However, only the data for the d-c nega- 
tive flashover tests are shown since they 
happen to be more conservative at the 
lower pressures than the values obtained 
for the d-c positive flashover tests. 
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PRESSURE IN INCHES OF HG AT 86 F 


Figure 4. Negative d-c flashover—pressure 
curves for six bushings tested 


Dimensions are shown in Table | 


Fields, Cadwell—Porcelain Insulators 


Points corresponding to each of the 
pressures on the curves of Figures 5 and 6 
were taken from the smooth curves drawn 
through the original test points. These 
latter curves of flashover versus striking 
distance, therefore, ignore differences be- 
tween the various bushings, but show 
clearly how spacing affects flashover at 
the various pressures. From these curves 
it is seen to be increasingly difficult to 
develop high flashover voltage by in- 
creasing the bushing size at greatly re- 
duced pressure. The curve for 4.7 
inches of mercury clearly illustrates why 
about 5,000 volts is a logical maximum 
voltage for any apparatus bushing oper- 
ated at or near 50,000 feet. An enor- 
mous increase in bushing size would be 
required to double the flashover voltage. 

It is noted that the crest a-c values 
are somewhat lower than either positive 
or negative d-c breakdown values at 


D-C FLASHOVER VOLTAGE — KV 


° | 


2 3 
STRIKING DISTANCE — INCHES 


Figure 5. Negative direct voltage required to 
flash bushings over to case 
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A-C FLASHOVER VOLTAGE — KV RMS 
PRESSURE IN INCHES OF HG AT 86 F 


Se site: INCHES 


Figure 6. A-c terminal-to-case flashover 
voltage 


O-G FLASHOVER VOLTAGE-K V 
PRESSURE IN INCHES OF HG. AT 86° F 


STRIKING DISTANCE IN INCHES. 


Figure 7. Negative d-c bushing-to-bushing 
flashover versus spacing 


high pressures. This discrepancy is con- 
trary to Berberich’s experience in which 
the peak a-c is higher than d-c values.® 
It is believed that this apparent discrep- 
ancy is caused by differences in configura- 
tion, both of the field and of the bushings 
themselves. 

A second set of tests was made with 
the same capacitor bushings mounted as 
described previously, except that the 
voltage was applied from bushing to 
bushing instead of from bushing to case. 
The flashover values are shown in Figures 
7 and 8. Electrostatic fields were as- 
sumed to be largely responsible for the 
considerable rounding of these curves at 
large spacings. 

In order to check the possible relation- 
ship between sphere gaps, point gaps, 
and bushings, the curve in Figure 9 was 
drawn. From this curve it can be seen 
that while sphere and point gap flash- 
overs are practically straight lines at 
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sea-level, they flatten out considerably 
at lower pressures. The bushing to 
bushing flashover values at 3.4 inches of 
mercury are intermediate between point 
and sphere gap values, as might be ex- 
pected. However, one would not expect 
the bushing flashover values to fall below 
those of a point gap. This peculiarity 
also is believed to be caused by nonuni- 
formity of the fieldsurrounding the capaci- 
tor bushings. This explanation is sub- 
stantiated by a wide variation in flash- 
over voltages of several bushings spaced 
about the same distance apart, but of 
different heights. 

Ratios of from three to five between 
sea-level and 45,000-foot altitude flash- 
over voltages found in our work are higher 
than the 2.7 to 3.7 ratios found by De- 
Lerno® in working with smaller gaps. 

Table II gives the d-c rated voltage of 
several capacitors and the flashover volt- 
ages taken from the curves for bushings 
of a size which one would expect to use 
for high altitude operation. As can be 
seen, the actual flashover voltages at 
45,000 feet are wellabove therated values. 
For comparison, a column is added show- 
ing the sea-level test voltage of twice the 
rated voltage, times 3.7, plus 1,000 volts. 
It is obvious that the substitution of our 
maximum ratio of 5 for the 3.7, giving 
ten times rated voltage plus 1,000 volts, 
would be nearer the actual sea-level 
flashover of these particular bushings. 
However, such a rule would have to be 
qualified to account for the change in 
ratio which increases rapidly at large 
spacings. Furthermore, these sea-level 
voltages are far higher than could be with- 
stood by the solid insulation used in 
practice on most apparatus. 


Conclusions 


1. Our investigations indicate that changes 
in flashover voltages do not vary in any 
simple manner with changes in pressure. 
Ratios of low pressure to high pressure 
flashover voltages vary considerably with 
bushing size and configuration, surrounding 


Table Il. Flashover and Test Voltages for 
Several High Altitude Capacitor Bushings 


= —= 


Ex- Actual Twice 
pected Flash- Rated 
Bushing Flash- over Voltage 
Flashover over Volt- Times 
Voltage Voltage age 3.7 
Rated Distance at at Plus 
Direct in 45,000 Sea- 1,000 
Voltage Inches Feet* Level Volts 
BOO 3 piers 13/ig.... 7,000. ..25,000....12,000 
So 000mmaaer 13/.... 7,500...33,000....23,200 
5,000: 5. 6... 138 /yg. .. 10,500. . .57,500....38,000 


* Computed for NACA standard altitude from 
curves taken at 86 degrees Fahrenheit. 


Fields, Cadwell—Porcelain Insulators 


PRESSURE IN INCHES OF HG. AT 86°F. 


A-C FLASHOVER VOLTAGE- KV RMS 


STRIKING DISTANCE IN INCHES 


Figure 8. A-c bushing-to-bushing flashover 
voltage versus spacing 


A- 6.25 CM SPHERES 


B-FLASHOVER BE- 
TWEEN BUSHINGS 


C-15 F POINTS ON 
Vg-INCH RODS 


A-C FLASHOVER VOLTAGE —KV RMS 


STRIKING DISTANCE —INCHES 


Figure 9. A-c bushing-to-bushing flashover 
voltages showing relationships to sphere and 
point gaps with corresponding spacings 


field, and other factors so that very definite 
relationships cannot be established. 


2. Since the sea-level flashover voltage of 
most bushings designed for operation at 
50,000 feet is far higher than can be with- 
stood by the solid insulation of the appa- 
ratus, it appears best to test the completed 
apparatus in a low pressure chamber to 
assure proper safety factors at high alti- 
tudes. This is particularly true for capaci- 
tors because the location of the lead wire 
and the height of the liquid inside the bush- 
ing, and other factors markedly affecting 
the field change the flashover, espeeaty at 
very low pressures. 


8. The flashover voltage-distance curves 
for very high altitudes (50,000 feet) are so 
flat that it is apparent that no reasonable 
spacing will permit the use of bushings or 
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Diesel-Electric Synchronous Motor Ship 


Drives—Propulsion Control Problems 


E. FRISCH 


NONMEMBER AIEE 


Synopsis: Although the many obvious ad- 
vantages of ship propulsion drives with 
synchronous motors and generators, and 
with power supplied by Diesel engines, have 
been realized for some time, no actual in- 
stallations were made in this country until 
a few years ago when a trial installation was 
completed on a 12,000 horsepower twin- 
screw vessel. Experience gained from opera- 
tion of this vessel has established that this 
type of drive in many respects is superior to 
other drives, and indications are that it 
may find extensive use on future vessels. 
The paper discusses control problems as- 
sociated with the drive and describes meth- 
ods of control and types of control equip- 
ment which have been found best suited 
for the drive. 


URING the last 25 years, a rapidly 
increasing number of naval and 
merchant vessels has been equipped with 
electric propulsion equipment, until by 
now more than 2,000 American vessels 
are electrically propelled. Primary 
power for the propulsion motors is sup- 
plied by Diesel engines or steam turbines 
coupled to electric generators. Up to 
the present time, with very few excep- 
tions, all Diesel engine powered ships 
have d-c generators and motors, while 
synchronous generators and motors are 
used for steam-turbine drives. 

The third possibility of using syn- 
chronous machines and Diesel engine 
prime movers for propulsion has been 
under considerable discussion for years. 


This type of drive has many obvious 
merits, but anticipated operating diffi- 
culties, especially during maneuvering, 
delayed actual installations on American 
vessels for several years. Finally in 
1940, with the encouragement of various 
manufacturing concerns, plans were pre- 
pared and an order placed for a trial in- 
stallation on a twin-screw vessel to dem- 
onstrate the practicability of the drive. 

The vessel, which was completed in 
1942, has two 5,900-horsepower 2,400- 
volt 3-phase synchronous propulsion 
motors. Power is supplied by eight 
1,600-horsepower Diesel engines direct 
connected to 1,150-kva generators. The 
experience gained during sea trials and, 
through actual operation of the vessel for 
three years has proved conclusively that 
this type of drive not only is practical 
but in many respects is superior to similar 
drives using d-c equipment. There also 
is a good possibility that it may offer 
strong competition to turbine-electric 
drives for many applications. 

Among the advantages of the drive, 
the following can be mentioned: 


1. Synchronous machines weigh less and 
cost less than d-c machines of the same 
rating and their efficiency is higher. 


2. Synchronous machines are more reli- 
able and easier to maintain than d-c 
machines. 


3. Machines with higher voltage can be 
used, thereby causing a reduction in cables 


air insulation appreciably above 5,000 volts. 
Connectors taking advantage of solid insu- 

_lation puncture strength, similar to those 
used in aircraft ignition systems, should be 
developed if higher voltages are encountered 
at extreme altitudes. 


4, The curves shown represent the con- 
servative averages of a great many tests 
made under practical conditions, and it is 
believed that they will serve as a guide in 
the selection of porcelain bushings falling 
within the scope of our work. 
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and bus bars and permitting installation of 
units with higher ratings than is practical 
with d-c machines. 


4. High speed Diesel engines with greatly 
increased ratings, now under development, 
will permit installation of high power Diesel- 
electric drives on vessels ordinarily powered 
by steam turbines, thereby dispensing with 
the bulky and highly vulnerable boiler 
plants on these vessels. The use of two or 
more Diesel-electric generating units in- 
stead of one larger turbine-electric unit will 
give additional flexibility and reliability to 
the propulsion drive. 


In view of the above, it is commonly 
believed that Diesel-electric synchronous 
motor propulsion drives will be used ex- 
tensively on future electrically propelled 
vessels. A brief discussion of problems, 
type of equipment, and method of control 
applying to the drives, therefore, should 
be of interest to a great many people who 
in some way are connected with the build- 
ing or operation of ships. 


Diesel Engines 


Diesel engines for propulsion service, 
through constant improvements, have 
attained the high degree of dependability, 
efficiency, and durability required for 
this service. The output and speed of 
the engines have been raised steadily, 
and engines with a continuous rating of 
2,000 horsepower at 800 rpm are now 
available. Engines of considerably 
higher rating and speed are under de- 
velopment and should be available in 
the near future. The engines operate 
satisfactorily at speeds as low as 30 per 
cent of rated speed. They develop rated 
torque down to 50 to 60 per cent 
speed, but at lower speeds the torque 
will be reduced gradually to as low as 


_ 60 per cent of rated torque at 30 per 


cent speed. 

The engine speed is controlled by 
governors of the hydraulic type. As a 
protection against overloading, the gov- 
ernors will automatically limit the amount 
of fuel which is admitted to the engine 
per stroke. This amount decreases at 
low speeds so that the maximum torque, 
at any speed, will not exceed a safe 
value for continuous operation. If the 
torque is exceeded the engines will slow 
down and unload themselves. 

The speed of the engines is adjusted 
remotely from the propulsion control 
board. A master speed control trans- 
mitter, coupled to the speed lever, serves 
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to position receivers on the engine gover- 
nors. Pneumatic or electric positioning 
devices are available for the speed con- 
trol. Since the engines must operate in 
parallel at the same speed, means must 
be provided to equalize the engine load- 
ing. This may be performed automati- 
cally or by means of manual vernier speed 
control transmitters on the control board. 


Starting and reversal of the propulsion 
motor are performed with the engines 
running at minimum speed. For satis- 
factory performance the engines must de- 
velop the highest possible torque during 
this period. The torque limitation, im- 
posed on the engines by the governor 
action, therefore, is removed by energizing 
of magnetic solenoids provided on the 
engine governors for this purpose. This 
will raise the engine torque to a maximum 
value on the order of 85 per cent of rated 
torque, which can be delivered for short 
periods without causing damage. 


Motor Starting Torque 


During maneuvering periods, when the 
propulsion motor is being started or re- 
versed, the motor operates as a squirrel 
cage induction motor with the de-en- 
ergized field connected in series with a 
starting resistor. To develop the neces- 
sary starting and synchronizing torque, 
the motor must be provided with heavy 
damper windings and the associated 
generators must be overexcited with 200 
to 300 per cent normal field current. 
The motor torque is a combination of two 
individual components. One component 
is produced by the current induced in 
the damper winding while the other com- 
ponent is produced by the current induced 
in the field coils. The value of the latter 
component is a function of the value of 
the starting resistance. 


Typical curves, representing the two 
torque components and the resultant 
torque as a function of the resistor value, 
are shown in Figure 1 for 30 per cent 
generator speed. It will be noted that 
the peak value of the field torque com- 
ponents Bl, B2, and B3 is practically 
independent of the resistor value but oc- 
curs at different motor slips. The start- 
ing resistor value should be selected so 
that a maximum resultant motor torque 
will be developed at the highest motor slip 
at which successful synchronizing is 
possible. The resultant torque curve 
C2 fulfills this requirement. Under cer- 
tain conditions it may be necessary to 
bring the motor up to a maximum speed 
with one resistor value, and then increase 
the speed further by shorting out part of 
the resistor before synchronizing is 
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possible. The peak value of the com- 
bined torque occurs at 35 to 50 per cent 
motor slip and should not be less than 50 
to 60 per cent of full load torque when all 
generators are inl service and overex- 
cited. 


Torque Margin 


Torque margin for an electric propul- 
sion drive is defined as the difference be- 
tween the torque required by the pro- 
peller for normal full power running and 
the torque at which the motor pulls out 
of step, expressed as a percentage of the 
propeller torque. 

For Diesel-electric drives, a torque 
margin of 10 to 15 per cent at normal 
generator and motor excitation is suffi- 
cient. This low torque margin is per- 
missible because of the torque limiting 
feature of modern engine governors. 
When operating the vessel in rough 
weather or during periods of acceleration 
the propeller torque requirement fre- 
quently exceeds the pull-out torque. 
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Figure 1. Curves showing the starting torque 


of a synchronous motor as a function of motor 
speed for different values of starting resistance 


A—Torque developed by damper winding 
B—Torque developed by motor field winding 
B1i—Low starting resistance 

B2—Medium starting resistance 

B3—Hisgh starting resistance 

C—Total motor torque 

C1—Low starting resistance 

C2—Medium starting resistance 

C3—Hisgh starting resistance 
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Since the engines cannot develop a torque 
of this value, however, the result is only 
a momentary reduction in engine and 
motor speed and a corresponding reduc- 
tion in the propeller torque requirement, 
but the motor will not pull out of step. 
The transient increase in propeller torque 
builds up at a relatively slow rate, and the 
inertia of engines and generators is so 
low that the engine speed reduces fast 
enough to prevent the actual occurrence 
of torques higher than the pull-out value. 

This is in contrast to conditions en- 
countered on steam turbine drives. The 
torque developed by a turbine cannot 
conveniently be limited by governor ac- 
tion, and may easily exceed rated torque. 
Furthermore, the turbine inertia is 
relatively high and its speed cannot be 
reduced fast enough to prevent occur- 
rence of transient torques, exceeding the 
pull-out torque, even though the tur- 
bine torque was limited. For this rea- 
son, the torque margin built into motors 
and generators for turbine-electric drives 
must be increased, causing an increase 
in weight and dimensions, or provisions 
must be made to increase automatically 
the pull-out torque whenever required. 
This is accomplished by a momentary 
increase in motor and generator excita- 
tion. 


Dynamic Braking 


Typical curves for propeller torque 
requirements during reversal of a vessel 
with four propulsion generators are shown 
in Figure 2. It will be noted that the 
peak propeller torque, which occurs be- 
fore the motor stops, actually is higher 
than the torque required to hold the 
motor at standstill. This peak torque 
is of particular interest because it occurs 
at a point where the available motor 
torque is low and, in most instances, is 
not sufficient to overcome the peak torque. 

To illustrate this condition, a series of 
curves representing the available motor 
torque for two, three, and four generators, 
operating at 30 per cent speed, have been 
shown for comparison. Examination of 
the curves discloses that the propeller 
cannot be stopped by motor torque alone, 
even with four generators in service, and 
that the condition is equally adverse for 
2-generator operation, although the pro- 
peller torque is reduced, as a result of the 
lower ship speed in this case. 

To stop the propeller preparatory to a 
reversal, two methods are available: 


1. Permit the vessel to slow down without 
power on the motor until the propeller 
torque is reduced below the corresponding 
motor torque at all speed points, and then 


TRANSACTIONS 661 


apply reverse power. The time required 
for the slow-down, however, is excessive, 
especially for large vessels, and this method 
is not acceptable. 


2. Stop the motor by dynamic braking. 
By this means the motor can be brought to 
practically standstill and reverse power ap- 
plied in a few seconds. Since the additional 
equipment, required for dynamic braking, 
is relatively inexpensive, this method should 
be incorporated on all drives of this type as 
a means for reducing the time required for 
motor reversal. 


Dynamic braking of the motor is pro- 
duced by connecting a 3-phase resistor to 
the motor terminals and energizing the 
motor field with normal field current. 
The effect of the value of the braking 
resistance on the braking torque is illus- 
trated in Figure 3, where curves are shown 
for braking torque as a function of motor 
speed for three different resistance values. 
It will be noted that the value of the peak 
braking torque is practically independent 
of the resistance value. However, the 
torque peak occurs at a higher motor 
speed when the resistance value is in- 
creased. 

The propeller torque curve for maxi- 
mum ship speed also is shown to illus- 
trate the relation between this torque and 
the braking torque. The points of in- 
tersection of the curves give the minimum 
value to which the motor speed will be 
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Figure 2. Curves showing motor and pro- 
peller torque as a function of motor speed 
during reversals; vessel moving at full speed 


ahead 

A1—Propeller torque, four generators in 
service 

A2—Propeller torque, two generators in 
service 


B—Torque developed by propulsion motor 
B2—Two generators in service 

B3—Three generators in service 

B4—Four generators in service 
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reduced for different values of braking 
resistance. The speed decreases with 
decreasing resistance value. For very 
low resistance values, however, the brak- 
ing torque is not sufficient to overcome 
the propeller torque at higher motor 
speeds, as illustrated by curve Al, and 
the motor speed will not be reduced below 
speed C. This must be kept in mind 
when designing the starting resistor, 
and a check should be made to ascertain 
that the braking torque is higher than 
the motor torque at all speeds, as illus- 
trated by curve A2. 


General Control Scheme 


A complete propulsion plant consists of 
two or more Diesel engines directly con- 
nected to synchronous generators, a syn- 
chronous propulsion motor, an excitation 
supply, and the propulsion control equip- 
ment. 

The method of control is very simple 
and should not vary greatly for different 
installations. The general description 
given in this paper gives a fairly complete 
picture of the type of equipment, con- 
trol scheme, and operating procedure for 
most installations. A simplified sche- 
matic diagram of a typical control scheme 
is shown in Figure 4 for a synchronous 
drive with three generators. 

Any combination of the generators can 
be connected to a common generator 
bus by means of three high voltage con- 
tactor groups. The contactors for gen- 
erator number one are numbered 1G1, 
1G2, and 1G3. The motor can be con- 
nected to the same bus by means of re- 
versing contactors R1 to R4, of which 
R2 and R3 close for ‘‘ahead’’ operation 
and R1 and R4 close for ‘‘astern’” or 
“back’”’ operation. Quick stopping of 
the motor is made possible by connecting 
a dynamic braking resistor to the motor 
terminals by the closing of contactors R5 
to R7. 

The excitation for the propulsion ma- 
chinery is supplied by a motor-generator 
set with separate exciters for motor and 
generator excitation. The exciter fields 
are energized from a constant voltage 
control bus through a magnetic field con- 
tactor F, which remains closed for normal 
operation. The generator and motor ex- 
citer fields are energized by the closing 
of starting switches S4 and S6. The 
generator and motor fields are connected 
to the associated exciter busses by means 
of field switches as shown. When a 
field is de-energized, it is connected to a 
discharge or starting resistor to prevent 
high inductive voltage peaks. 

The cooling of the field coils becomes 
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less effective when the speed of the pro- 
pulsion motors and generators is reduced. 
The exciter voltage, therefore, must be 
decreased for low speed operation, by 
means of rheostats in the exciter field 
circuits, to prevent overheating of the 
coils. The rheostats are coupled to the 
speed control lever, and so designed that 
the exciter voltage will be reduced to ap- 
proximately 75 per cent of normal when 
the speed lever is moved from the “‘fast’’ 
to the “slow” speed position. The 
rheostats are shorted by means of starter 
switches S5 and S7 during the starting 
period when maximum excitation is 
needed to obtain the required starting 
and synchronizing torques. The genera- 
tor exciter voltage must be raised to 200 
to 300 per cent of normal during this pe- 
riod. A resistor is connected in series with 
the generator exciter rheostat to reduce 
the exciter to voltage to normal when 
switch S5 opens in the “‘run’’ position. 

For the sake of simplicity it is assumed 
that all contactors and switches, shown 
in the diagram, are of the cam operated 
type arranged in groups and controlled 
manually by means of operating levers 
in a control stand at the front of the 
control board. A diagram of the control 
stand is shown in Figure 5. 

Incorrect operation of the starting 
levers is prevented by means of mechani- 
cal interlocking as indicated in the lever 
diagram. The purpose of the interlock- 
ing is as follows: 


1. The motor speed lever and the starter 
lever are interlocked to prevent starting of 
the motor unless the engine speed is a mini- 
mum. It also is necessary to reduce the 
speed to a minimum before stopping the 
motor. 


Weer TORQUE 


Figure 3. Curves showing dynamic braking 
torque as a function of motor speed for 
different values of braking resistance 


A—Dynamic braking torque 

A1—Low dynamic braking resistance 

A2—Medium dynamic braking resistance 

A3—High dynamic braking resistance 

B—Propeller torque, vessel moving at full 
speed ahead 
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2. The starter lever and the reverser lever 
are interlocked to prevent moving the starter 


lever from the ‘‘stop’’ position, unless the 
reverser lever is in the ‘‘ahead”’ or the ‘‘back”’ 
position. Inversely, the reverser lever can- 
not be moved unless the starter lever is in 
the ‘‘stop’”’ position. Since, in this case, 
the speed lever must be in the slow speed 
position, it follows that the reversing con- 
tactors cannot be operated unless the gen- 
erator speed is a minimum and the genera- 
tor field is de-energized. The operating 
duty of the contactors, therefore, is consider- 
ably lightened. 


A speed control transmitter is con- 
nected to the speed lever for the purpose 
of controlling the speed of the engines 
and, consequently, of the motor over the 
speed range. Exciter rheostats, required 
for reduction of generator and motor 
excitation at reduced speeds, also are 
coupled to the lever. 


Motor Starting 


The generators, which will be used for 
propulsion, are connected to the genera- 
tor bus by placing the generator levers in 
the “run” position while the engines are 
running at idling speed. The generator 
field switches (1G4 and 1G5 for generator 
number one) close and connect the fields 
to the exciter, which, however, is de- 
energized since the starter lever is in the 
“stop” position and switch S4 is open. 


OcTOBER 1946, VOLUME 65 


Figure 4. Simplified schematic 
control diagram for synchronous 
: motor propulsion drive 


The generators, therefore, will not be 
synchronized but will run at approxi- 
mately equal speeds determined by the 
master speed control transmitter. 

As the next step, the reverser lever is 
moved to the “‘ahead”’ position, thereby 
closing contactors R2 and R3 and connect- 
ing the motor armature to the generator 
bus. Although motor field switches S1 
and S2 are closed, the motor field remains 
de-energized since exciter field switches 
S6, S7, and R8 are open. 

Actual starting of the motor takes 
place when the starting lever is moved to 
the ‘‘start 1” position. Motor field 
switches S1 and S2 open and the start- 
ing resistor is connected in the field cir- 
cuit by the closing of switch S38. Switch 
S7 closes and applies maximum excita- 
tion to the motor exciter in preparation 
for the motor synchronizing. Simul- 
taneously, the generator fields become 
overexcited since switches S4 and S5 
close. Although there may be a consid- 
erable difference in the speed of the Diesel 
engines, the synchronizing torque re- 
sulting from the overexcitation is suffi- 
cient to pull the generators into step and 
cause synchronization. Following this, 
the motor starts up as a squirrel-cage 
induction motor and accelerates gradu- 
ally to near synchronous speed. 

When the motor approaches synchro- 
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nous speed, the main motor current drops 
sharply from an almost constant high 
value during the accelerating period and 
thereby furnishes an indication that the 
motor may be synchronized. At this 
point, the starter lever is moved to the 
“start 2” position. Switches S1 and S2 
close and connect the motor field to the 
previously excited motor exciter. Switch 
S3 opens and interrupts the circuit to the 
starting resistor. As a result the motor 
becomes energized and begins operating 
as a synchronous motor. After a few 
seconds hesitation the starter lever is 
moved tothe “run”’ position. Switches S5 
and S7 open and reduce motor and genera- 
tor excitation to normal. The motor 
speed now may be adjusted to any de- 
sired value by means of the speed lever 
which controls the engine speed control 
master transmitter. 


Discussion of Motor 
Starting Sequence 


The starting sequence, outlined above 
is unorthodox and probably will be ques- 


’ tioned. When first confronted with the 


problem it would seem more logical first to 
synchronize and overexcite the genera- 
tors, connected to the generator bus, and 
then to start the motor by connecting it to 
the energized bus. This method is not 
satisfactory, however, for reasons as out- 
lined as follows. 

Before starting the motor, the engines 
run unloaded at a speed only slightly 
higher than their minimum stable speed, 
and the amount of fuel oil, admitted to 
the engines by the governors, is very low. 
When connecting the motor to the over- 
excited generator bus, there will be a se- 
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vere and practically instantaneousincrease 
in the generator loading and a correspond- 
ing rapid reduction in engine speed. The 
governors, consequently, will function to 
increase the amount of fuel oil and the en- 
gine torque, but this action is not instan- 
taneous. During the time required to in- 
crease the engine torque sufficiently to 
equal the generator torque, the engine 
speed frequently will drop below the 
stable speed and stalling results. 

However, when the generators are ener- 
gized after the motor is connected to the 
generator bus, the loading increases 
gradually because of the time constants 
of exciter and generator fields. The re- 
sponse of the governors is sufficiently fast 
to follow the load increase, and there is no 
appreciable reduction in engine speed, and 
stalling of the engines is prevented. 


Motor Reversal 


To reverse the propulsion motor when 
the vessel is making considerable head- 
way, generators and motor first must be 
de-energized by moving the speed lever to 
the ‘‘slow’’ position and the starter lever 
to the ‘‘stop” position. The motor now 
will idle at approximately 70 per cent of 
normal speed, but is brought quickly to 
practically standstill by placing the re- 
verser lever in the ‘“dynamic braking”’ posi- 
tion. Contactors R5, R6, and R7 close 
and connect the braking resistor to the 
motor terminals. At the same time, 
switch R8 closes and applies maximum 
excitation to the motor field. 

As soon as the motor stops, the reverser 
lever is moved to the ‘‘back”’ position and 
the starter lever is moved successively to 
the ‘‘start 1,” the “‘start 2,” and finally to 
the run position. The motor starts up in 
the same sequence as described for normal 
starting except that the phase rotation is 
reversed. 


Control Problems 
During Reversal 


When making a reversal, the speed of 
the engines and generators must be re- 
duced to a minimum, since the torque re- 
quirement of the motor at synchronizing 
speed otherwise would become excessive. 
This presents a serious problem because 
the engine torque is reduced at low speeds, 
and also because the engine operates so 
close to the minimum stable speed that a 
momentary drop in speed may cause 
stalling. 

To improve conditions, the torque 
limitation is removed during maneuvering 
by energizing solenoids on the governors. 
This will raise the engine torque to 85 per 
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cent or more of normal which can be main- 
tained for short periods. The torque re- 
quirement, however, exceeds even the in- 
creased engine torque during full power 
reversals (crash stop) and causes stalling 
unless special precautions are taken. The 
condition becomes especially critical 
where a reversal is attempted with a re- 
duced number of engines. Even normal 
starting from standstill then may cause 
stalling. 

To obtain a clear picture of the prob- 
lems involved, curves representing pro- 
peller, motor, and engine torques as a 
function of motor speed are shown in Fig- 
ure 6. Curve A1 represents the propeller 
torque when the vessel is moving ahead 
at full power speed. A2 and A3 are 
similar curves for reduced ship speeds. 
Curve B1 represents the torque developed 
by the motor at 250 per cent generator ex- 
citation and 30 per cent engine speed. B2 
and B3 are similar curves for reduced 
generator excitation. The torque required 
by the engines to produce the correspond- 
ing motor torque is represented by curves 
Cl, C2, and C3. It should be noted that 
the motor torque, as shown, is a function 
only of the electrical characteristics of 
motor and generators and has no relation 
to the propeller torque requirements. The 
difference between motor and propeller 
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Figure 6. Curves showing propeller, motor, 
and engine torque as a function of motor 
speed during reversals 


A—Propeller torque 

A1—100 per cent ship speed 

A2— 85 per cent ship speed 

A3— 70 per cent ship speed 

B—Propulsion motor torque 

B1—250 per cent generator excitation 

B2—900 per cent generator excitation 

B3—150 per cent generator excitation 

C—Engine torques corresponding to above 

motor torques 

D—Generator field current required to main- 

tain maximum engine torque 
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torque is the torque actually available for 
acceleration. The engine torque is a com- 
bination of the motor torque and the con- 
siderable electric and mechanical motor 
and generator losses. 

An examination of the curves discloses 
that with 250 per cent generator excita- 
tion the torque requirement exceeds the 
maximum available engine torque and the ~ 
engines will stall. To remedy this con- 
dition, the torque requirements must be 
reduced by reduction of the generator 
excitation to match the available 85 per 
cent engine torque. The motor torque 
available for acceleration of the propeller, 
of course, is reduced correspondingly, as 
illustrated. 

When reverse power is applied to the 
motor, after it has been brought to nearly 
standstill by means of dynamic braking, 
the reduced torque is sufficient only to 
raise the reverse motor speed to less than 
ten per cent where the curve for available 
motor torque intersects curve Al. From 
this point on, the motor speed increases 
gradually as the ship speed is reduced, and 
reaches close to synchronizing speed at 70 
per cent ship speed. The generator field 
current required to maintain 85 per cent 
engine torque in the accelerating period is 
represented by curve D. 

The vessel slows down surprisingly fast 
as a result of the combined braking effect 
of hull friction and the reverse propeller 
thrust, and the time required to accelerate 
the motor to synchronizing speed is not 
excessive. The head reach of a vessel with 
this type of drive compares favorably 
with the value obtained for similar vessels 
with d-c drives. 


Automatic Torque Control 


Satisfactory operation during maneu- 
vering to prevent engine stalling requires 
automatic control of the generator field 
current. The current must be maintained 
at the highest value possible without caus- 
ing reduction of the engine speed below a 
permissible minimum value. 

A suitable control to meet this require- 
ment is illustrated in the schematic dia- 
gram, Figure 7, A small permanent mag- 
net d-c pilot generator PG is driven by a 
3-phase induction motor, connected to the 
generator bus through a step-down trans- 
former. The pilot generator voltage is a 
measure of the main generator frequency 
and, consequently, of the engine speed. 
Also coupled to the motor is a regulating 
exciter RE provided with a self-exciting 
field and a separate control field. A re- 
sistor in the self-exciting field circuit is ad- 
justed so that the generator voltage is zero 
when the control field current is zero, but 
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will build up to a high value when a very 
low current is passed through the control 
field. 

The pilot generator is connected in 
“series opposition to a bias voltage across 
part of a resistor energized from the con- 
trol bus, and the voltage difference is ap- 
plied to the control field. The bias volt- 
age is adjusted to equal the pilot generator 
voltage when the engine speed is 30 per 
cent of normal, .At higher engine speed, 
the generator voltage exceeds the bias 
voltage, but current flow through the con- 
trol field is prevented by a rectifier block. 
If the engine speed drops as the result of 
excessive torque requirement, the bias 
voltage exceeds the generator voltage and 
a current will flow through the control 
field in a direction as indicated. The re- 
sulting exciter voltage bucks the control 
bus voltage in the generator exciter field 
circuit and reduces the field current. This 
causes a corresponding reduction in main 
generator excitation and engine torque 
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until stability is regained. The function- 
ing of the torque regulating equipment is 
illustrated in Figure 7 by a series of curves 
showing the relative values of the excita- 
tion and control voltages as the engine 
speed decreases. 

Torque control is required only until 
the motor is synchronized, and the regu- 
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lating equipment is disconnected when 
the starter lever is moved to the “run” 
position by the opening of switches S10 to 
S15. The de-energized rototrol is by- 
passed by switch S9. The governor 
solenoids M1 and M2, which serve to in- 
crease the engine torque during the ma- 
neuvering period, are de-energized and nor- 
mal governor function restored by the 
opening of switch S11 when the starter 
lever is moved to the ‘‘run”’ position. 


Paralleling of Generators 


When, during normal operation with 
one or more generators in service, it be- 
comes necessary to increase the power 
output by connecting an additional gener- 
ator to the bus, the first step is to start the 
associated engine and adjust its speed to 
approximately the same speed as the en- 
gines in service by connecting the gover- 
nor actuator to the master speed control 
transmitter. The next step is to move the 


T 


Figure 7. Schematic diagram of 
automatic engine torque regula- 
tion 

RE—Regulating exciter 
PG—Permanent field pilot genera- 
tor 
M1, M2—Engine governor sole- 
noids 


generator lever to the “‘start’”’ position, 
thereby connecting the generator arma- 
ture to the bus, while the de-energized 
generator field is connected to a field 
resistor (see Figure 4). The generator 
as a consequence, will run as a squirrel 
cage induction motor and will be forced 
into near synchronism with the other 
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generators. When, as the third step, the 
generator lever is moved to the “run” 
position, the generator becomes energized 
and pulls into step. 

To make possible this simple method of 
synchronizing, the same consideration 
must be given to the design of damper 
winding and field resistor for the genera- 
tors as for the propulsion motor. With 
correct design, the synchronizing is very 
positive and it actually is possible, as has 
beendemonstrated,tostartan engine from 
standstill. If the engine starting lever 
previously has been placed in the “run” 
position, the engine will start automati- 
cally and begin to deliver power simply by 
advancing the generator lever to the 
“start’”’ and then to the “‘run”’ position. 


Operation at Subsynchronous 
Speeds 


The minimum propeller speed possible 
with synchronous motor operation is 
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Figure 8. Operation of propulsion motor at 
subsynchronous speeds 


Curves B1 to B5 show motor torque as a func- 
tion of speed for different values of generator 
excitation. B1 is for minimum excitation, B5 is 
for overexcitation, A is propeller torque 
curve for steady running condition 


limited by the minimum stable engine 
speed to approximately 30 per cent of 
normal speed. On a 20-knot vessel, the 
minimum steady speed will be in excess of 
six knots. This speed is somewhat high, 
and it is desirable to operate at lower 
speed on some classes of vessels. 
This is accomplished by operating the 
motor as a squirrel cage induction motor 
at subsynchronous speed. The motor 
speed is controlled by adjustment of the 
generator excitation below its normal 
value, while the de-energized motor field 
is connected to the starting resistor. 
Motor torque curves for several values 
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of generator excitation are shown in Fig- 
ure 8. The intersections between these 
curves and the propeller torque curve give 
the values of the corresponding motor 
speeds for steady running. To prevent 
overheating of motor and generators as a 
result of high magnetizing and damper 
winding losses, the generator excitation 
must be reduced considerably below nor- 
mal value for continuous operation. 
Operation at speeds between the mini- 
mum synchronous speed and 70 per cent 
of this value, therefore, is not possible. 
One speed point at approximately 50 per 
cent of minimum synchronous speed or 15 


Figure 9. 


per cent of maximum motor speed should 
be sufficient. To permit operation at this 
speed, the starter lever has an additional 
position between ‘‘stop” and “start 1” 
positions, in which a field resistor is in- 
serted in the generator exciter field cir- 
cuit. For satisfactory operation at least 
50 per cent of the generators must be in 
service. 


Protection 


The power requirement of a propulsion 
motor is a function of the propeller speed 
for any given installation with minor 
changes caused by the condition of the 
hull. The motors are designed to supply 
the necessary torque for the maximum 
propeller speed and, consequently, cannot 
be overloaded as long as this speed is not 
exceeded. The Diesel engines are de- 
signed to supply the rated generator out- 
put within a narrow margin, thereby pre- 
cluding overloading of the generators. 

Serious overloading of an electric pro- 
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pulsion plant, therefore, is not possible, 
and, since the equipment is under prac- 
tically constant supervision when the 
vessel is under way, normal overload pro- 
tection is not provided. It is only neces- 
sary to protect the main circuits against 
open circuits and short circuits which 
occur more frequently than on land in- 
stallation because of the severe operating 
conditions. 

Phase balance relays in each generator 
circuit are provided as a protection 
against this type of fault. The relays trip 
on a phase unbalance caused by short cir- 
cuits or open circuits, but are insensitive 


Typical propulsion control board mounted on engine builder's test floor 


to the high currents in the circuits during 
maneuvering. The relay contacts are con- 
nected in the coil circuit of a magnetic 
field contactor and will open and de-ener- 
gize motor and generators when a fault 
occurs. The main contactors, therefore, 
are not required to open short-circuit cur- 
rents. The contact PB of a phase balance 
relay is shown in diagram, Figure 4. To 
reset the field contactor after the fault has 
been cleared, the starter lever must be 
moved momentarily to the ‘‘stop”’ posi- 
tion when switch S8 closes. 


Design of Control Boards 


The control boards are of the metal en- 
closed dead front type and should have 
separate compartments for high and low 
voltage apparatus if space permits. In 
accordance with standard marine prac- 
tice, the main and field contactors are 
usually of the manually operated type for 
the sake of reliability. Pneumatically or 
magnetically operated contactors, how- 
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ever, may be more suitable in many ine 
stances, especially on large installations 
since this permits mounting of switch 
units in convenient locations remote from 
the main control station. More positive 
operation is also possible than with 
manual switching. 

Manual contactors usually are operated 
by cam shafts, connected mechanically to 
the operating levers. On installations 
with pneumatically or magnetically oper- 
ated contactors, master switches are pro: 
vided for remote control of the contactors. 
It may be found desirable to retain the 
lever operating stand also for this type of 


Figure 10. 
cam-operated trip-free propulsion contactor 


A 2,500-volt 1,500-ampere 


control and connect the master switches 
to the levers. This also simplifies the 
problem of providing the necessary 
mechanical interlocking. A control board 
of this type is shown mounted on the en- 
gine builder’s test floor in Figure 9. 

The high voltage main contactors 
should be of the air break type. They are 
required to interrupt normal generator 
and motor currents but not short-circuit 
currents. When the contactors are of the 
manual type, it may be necessary to pro- 
vide trip-free features on the generator 
contactors to permit remote tripping from 
the engine gauge boards of associated con- 
tactors in case of engine failure. A typical 
2,500-volt 1,500-ampere cam-operated 
trip-free type contactor is shown in Figure 
10. 
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HE LOAD CAPACITY of mercury 

arc rectifiers must be known in order 
to utilize them to fullest extent and best 
advantage. Knowledge of the factors af- 
fecting rectifier capacity and the relations 
between them has increased so that it is 
now possible to specify the rectifier 
capacity in definite terms. 

Mercury arc rectifier tubes (or tanks) 
are manufactured only in a limited num- 
ber of types and sizes. A large variety of 
rectifier units of different ratings and 
characteristics may be made up from com- 
binations of one or more similar tubes. 
Information regarding the capacity and 
characteristics of each tube (or tank) is 
essential to the design and application 
of such mercury are power converters. It 
is the purpose of this paper to describe the 
load-time and volt-ampere character- 
istics of typical mercury arc tubes of the 
ignitron type and discuss the relations be- 
tween these characteristics and the fac- 
tors affecting them. The control and 
other characteristics of mercury arc tubes 
will be treated in a companion paper. 

The load carrying ability of a mercury 
pool tube may be limited by arc-back, 
voltage surges, loss of control, structural 
failure, or other action. Of these causes, 
arc-back is generally determining as it 
imposes a basic limitation on the rectify- 
ing action involving fundamental proc- 
esses in the arc discharge. The limita- 
tion in rectifier capacity caused by arc- 
back is different in nature from the ther- 
mal load limitations of most electric 
machinery in that it usually results in an 
impairment in reliability, rather than any 
permanent electrical or structural dam- 
age. Furthermore, it is somewhat in- 
definite because of the random occurrence 
of arc-back and the complexity and lack 
of full understanding of the arc processes. 

Temperature rise does not provide a 
measure of the loading on a mercury pool 
tube or indicate its probable life. How- 
ever, the operating temperature of the 
tube does affect its capacity, as it controls 
the mercury vapor pressure and estab- 
lishes conditions for the arc discharge. 
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Thermal limitations of essential com- 
ponents, such as seals, studs, grids, also 
may affect rectifier capacity, although 
such limitations are usually readily diag- 
nosed and easily surmounted. 

As with most electric apparatus, time is 
an important factor in rectifier capacity, 
since the short time capabilities are dif- 
ferent from those for continuous opera- 
tion at a steady sustained load. The time 
required for a mercury pool tube to reach 


Figure 1. Cross section of 
sealed ignitron 


TST PPT TT TST TTT ATT 
PEYOTE 


Figure 2. Cross section of 
pumped ignitron with 
double grids 
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final temperatures is usually short be- 
cause of the low thermal capacity of its 
parts. Furthermore, the time required to 
establish conditions favorable to the 
occurrence of arc-back involves all the 
factors affecting the are action, of which 
temperature is but one. For these reasons 
the relation between magnitude and dura- 
tion of the limiting load of rectifier tubes 
differs materially from that for other 
types of conversion equipment. 


Definition of Loading 


The loading on a rectifying device may 
be described in terms of the magnitude 
and wave form of the current and voltage 
impressed upon it during a cycle. The 
loading is the sum of the effects of both 
separate and concurrent action of current 
and voltage. Inasmuch as the rectifying 
device performs only a switching action, 
the magnitude and wave form of the cur- 
rent and voltage depend almost entirely 
on the power circuit. The loading im- 
posed upon the rectifying device by the 
circuit is termed the circuit duty.? 

The capacity of a rectifying device 
may be expressed in terms of the circuit 
duty that it is capable of withstanding 
without failure. Some of the more im- 
portant elements of the circuit duty are 
as follows: 


1. Voltage—peak inverse and forward 
voltage; initial inverse voltage. 


2. Current—average, peak, and rms cur- 
rent; final commutation rate. 


3. Frequency (of a-c system). 
4. Duration of loading. 


Circuits differ in the amount of duty 
they impose upon the rectifying device be- 
cause of differences in magnitude and 
form of the current and voltage waves. 
Also, the various elements of circuit duty 
have different weightings relative to the 
over-all loading on the rectifier. Since 
the effects of the various elements of cir- 
cuit duty upon rectifier capacity are to a 
large degree mutually dependent, it is 
necessary to state the rectifier capacity 
for several different types of circuit duty 
in order to fully describe its capabilities. 

It is often more convenient to state the 
rectifier capacity in terms of factors more 
directly related to the circuit constants 
and performance characteristics than in 
the elements of circuit duty. Some of 
these factors are: 


1. Mode of operation (number of rectifier 
phases). 


2. Direct voltage. 

3. Direct current. 

4. Amount of phase control. 
5 


Reactance. 
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Figure 3. Results 


of 30-minute load 
limit tests on six 
sealed ignitrons 
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back 
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A full statement of rectifier capacity 
also must include the capabilities and 
limitations under loadings of one cycle 
duration, that is, the fault current capac- 
ity. This capacity is defined as the crest 
value of current which the rectifying 
element can carry without incurring volt- 
age surges during the conduction period 
or arc-back in the succeeding inverse 
period. 


Determination of Capacity 


The design of mercury arc rectifiers is 
based to a large degree on experimental 
data obtained from tests. As a conse- 


quence, each new design requires exten- 


sive tests to check its adequacy and de- 
termine its capabilities. 

Rectifier capacity is determined from 
load test which consist in operating the 
rectifier under loads of increasing severity 
until failure occurs. 

Load tests may be made on either a 
complete unit with a full complement of 
tubes, or on a section with only enough 
tubes to obtain the desired circuit ac- 
tion. Accelerated load tests have been 
termed load limit tests, and the procedure 


70 80 90 100 


PHASE CONTROL 


for making them has been described in a 
previous paper.® 

Typical load limit test data are pre- 
sented for the two ignitron tubes shown 
in Figures 1 and 2. Figure 1 shows a 
sectional view of a sealed ignitron and 
Figure 2 illustrates a sectional view of a 
pumped ignitron with double grids. Load 
limit data obtained with six sealed tubes 
connected to a double-Y transformer are 
shown on Figure 3. Similar data for three 
pumped ignitrons connected to a single 
Y are givenin Figure 4. 

The fault current capacity is deter- 
mined from short-circuit tests which may 
be made either on a complete unit or a 
single tube. The testing procedure con- 
sists in increasing the current on succes- 
sive trials until failure occurs. Typical 
fault current test results are shown in 
Figure 5, which gives data for a sealed 
ignitron. 


Characteristic Curves 


Rectifier capacity usually is presented 
in the form of load-time curves, with the 
load given in amperes and with the other 
factors determining the load entered as 


LOAD CATHODE GURRENT 


Figure 4. Results of load 
limit tests on three pumped 
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ignitrons with double grids 
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ing facilities 
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parameters. These curves may be drawn 
directly from the data obtained on load 
limit tests, as the usual procedure is to 
make tests at a given voltage and vary 
loading by changing the load current. 

Load-time curves for the sealed ig- 
nitron are shown in Figure 6 and for the 
pumped ignitron on Figure 7. The load- 
time curves are plotted most conveniently 
on a semilogarithmic scale because of the 
short thermal time constant of the tube 
and the short duration of the accelerated 
load limit tests. Values for the 30- minute 
and 2-hour points on the curves are ob- 
tained from the 30-minute load limit 
tests,* which are made by increasing the 
load by a fixed increment every half hour. 
The 30-minute point is then the highest 
load which was carried successfully with- 
out arc-back, and the 2-hour point is 
taken as the load three increments below. 
The load-time curves are usually almost 
straight lines, so values for times longer 
than two hours may be estimated by ex- 
trapolation. Final thermal conditions 
usually are attained in less than four 
hours, and experience has shown that the 
continuous capacity of rectifier tubes does 
not differ greatly from their 4-hour capa- 
bilities. The load capabilities indicated 
by these curves are limited by arc-back. 
Where structural features are limiting, dif- 
ferent load time relations may be obtained. 

A load-time curve may be drawn for 
each condition of rectifier operation, such 
as voltage, phase control, reactance, 
temperature, mode of operation. A com- 
plete statement of rectifier capacity there- 
fore requires several families of load-time 
curves. However, it is frequently de- 
sirable to indicate the effect of the other 
load factors directly. The relationships 
between some of these factors and recti- 
fier capacity follow. 


VOLTAGE 


A given mercury poql tube may be 
operated over a wide voltage range. The 
load capacity in amperes decreases as the 


* Previously designated continuous load limit tests. 


re) 
° 


a 
{2} 


fo 
(e} 


RESULTING IN ARC-BACK 
> 
(eo) 


PERCENT OF TRIALS 
Ls 


16 18 20) 5/22 24.26 
TUBE CURRENT (KILOAMPS CREST) 


Figure 5. Fault current capacity of sealed 
ignitron 
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Figure 6. Load-time characteristics of a sealed ignitron 


operating voltage is raised. However, the 
reduction in current capacity is usually 
less than the increase in voltage, in that 
the kilowatt capacity of a rectifier is gen- 
erally increased as the operating voltage 
is raised. 

These characteristics are shown best by 
plotting the rectifier capacity as a volt 
ampere relationship on a_ logarithmic 
scale, as in Figure 8. The volt am- 
pere characteristics of both the sealed 
ignitron and the pumped ignitron are 
shown. Both have a greater slope than 
the constant kilowatt curve, indicating 
an increase in kilowatt capacity as the 
voltage is raised. Adequate data to es- 
tablish the volt ampere characteristics as 
fully as might be desired are not available. 


PHASE CONTROL 


The effect of phase control upon the 
capacity of certain types of tubes is shown 


directly by the load limit data in Figures 
3 and 4, These curves indicate a reduc- 
tion in 30-minute current capacity when 
large amounts of phase control are ap- 
plied. The percentage phase control is de- 
fined as the percentage reduction in out- 
put voltage. 


TEMPERATURE 


The rectifier usually is operated at its 
optimum temperature as determined by 
load limit tests. The operating tempera- 
ture or temperature range, therefore, must 
be included with data on rectifier capac- 


ity. 
MODE OF OPERATION 


The relative effects of the various ele- 
ments of circuit duty upon rectifier capac- 
ity have not beenestablished. Therefore, 
it is not possible to predict accurately 
the rectifier capacity for one mode of 
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Figure 7. Load-time characteristics of a 
pumped ignitron with double grids 


Table I. List of Typical Tube Ratings 
Rated Output* 
Tube Type Class 
and of Kilo- Am- 
Description Service watts Volts peres 
Type A igni- { 150.. 250.. 600 
(thKompresc tees Industrial. . 200.. 600.. 333 
Type B igni- 800.. 250..1,200 
tron Bos Industrial. . { 500.. 600.. 833 
Type C igni- 
tronic Industrial... 8,100..9,000.. 900 
Type D igni- 600.. 250..2,400 
trons sadecwe: Industrial. . { 1,000.. 600. .1,666 
Type E igni- 1,000..° 250. .4,000 
tron Fe} O35 x Industrial. . lola . 600. .3,330 
Type F igni- 
tron ont ete Railway 4,000. .3,000. .1,333 
(Classes 
II and 
III) 
Type G igni- { 1,500.. 250..6,000 
EVO Foy. ee Industrial. . (3,000.. 600..5,000 


* Rating of six tubes in double-Y circuit. 
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A—Sealed ignitron 
B—Pumped _ ignitron 
with double grids 


C—Constant kilowatt 
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operation from data obtained for another. 
Most rectifier applications employ cir- 
cuits having the mode of operation of the 
double-Y circuit, and tests usually are 
taken using this circuit. 

Research has indicated the importance 
of the arc phenomena occurring during the 
initial part of the inverse cycle.‘ The 
mode of operation, voltage, current, re- 
actance, phase control, and frequency are 
all factors entering in this action. Our 
knowledge of this phase of rectifier be- 
havior is not sufficiently complete to per- 
mit a complete treatment of these factors 
at this time. 


Application 


In the application of data on rectifier 
capacity as obtained from load limit tests 
to the design of a rectifier unit a margin 
must be allowed between the rated or 
anticipated load and the capacity indi- 
cated by tests. This tolerance must be 
provided to cover the following contin- 
gencies: 


1. Differences between normal and ac- 
celerated loading. It must be recognized 
that load limit tests are short time or ac- 
celerated tests and do not duplicate accu- 
rately all the effects of sustained operation in 
service. 

2. Differences in circuit duty. Where 
load limit tests are made on a set of three 
tubes, the circuit duty may be less than that 
incurred on a complete rectifier circuit. 

8. Transformer unbalance. Unbalanced 
transformer reactances may cause unequal 
tube currents. Transformers usually are 
designed to permit an unbalance in neu- 
tral currents not exceeding five per cent. 
(The per cent unbalance is defined as 
the ratio of the difference between actual 
and rated neutral current to rated neutral 
current.) 

4. Service requirements. The require- 
ments of various applications differ with re- 
spect to reliability, depending upon the eco- 
nomic penalties or operational hazards in- 
curred by the occurrence of arc-back. 


The amount of the margin will depend 
upon judgment and experience involving 
the above factors. 


Sizes and Ratings 


Table I gives a list of typical tube rat- 
ings for some of the ignitron tubes now 
available. 

As the same tube may be used over a 
wide range of voltages and may be ap- 
plied to different kinds of service, such a 
listing does not completely describe its 
capabilities. 

A fuller description of the tube capa- 
bilities is provided by rating curves of 
the type shown in Figure 9. 
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Mica Capacitors for Carrier Telephone 


Systems 


A. J. CHRISTOPHER 


ASSOCIATE AIEE 


Synopsis: Silvered mica capacitors, be- 
cause of their inherently high capacitance 
stability with temperature changes and 
with age, now are used widely in oscillators, 
networks, and other frequency determining 
circuits in the Bell Telephone System. 
Their use in place of the previous dry stack 
type, consisting of alternate layers of mica 
and foil clamped under high pressures, has 
made possible considerable manufacturing 
economies in addition to improving the 
transmission performance of carrier tele- 
phone circuits. These economies are the 
result of their relatively simple unit con- 
struction and the ease of adjustment to the 
very close capacitance tolerance required. 


RESENT DAY carrier telephone 

systems are placing special demands 
on capacitors used in frequency deter- 
mining and frequency sensitive circuits 
with particular emphasis on initial pre- 
cision, low a-c losses, and high capaci- 
tance stability with temperature and time. 
In these systems mica capacitors are 
used in the oscillating circuits and also 
are used extensively in the electric filters 
employed to segregate the numerous and 
closely spaced carrier frequency channels. 
For these applications the transmission 
potentials applied to capacitors are quite 
low and in general do not exceed a few 
volts. These capacitors, however, must 
meet very stringent requirements for 
capacitance tolerance at the time of 
manufacture, and any subsequent changes 
in capacitance caused by temperature 
changes and age must be held to ex- 


J. A. KATER 


NONMEMBER AIEE 


tremely low values to insure high quality 
transmission for the systems. As a re- 
sult considerable effort has been expended 
by the Bell Telephone Laboratories and 
the Western Electric Company in the 
development of designs of mica capacitors 
which would lend themselves to large 
scale economical production, and at the 
same time provide high initial precision 
of capacitance and high capacitance 
stability over long periods of time under 
service operating conditions. To meet 
these exacting demands, mica capacitors 
having sprayed silver electrodes inti- 
mately bonded to the mica laminations 
were developed and introduced several 
years ago into the Bell System in quan- 
tities to replace the former less stable 
and more expensive designs. 

As a matter of historical interest, 
silvered mica capacitors were manu- 
factured by the Western Electric Com- 
pany and used in the Bell System more 
than 40 years ago as capacitor stand- 
ards in laboratory measurement work. 
These silvered mica capacitors were 
made by the relatively expensive method 
of chemical deposition of the silver on 
the mica. 


Paper 46-151, recommended by the AIEE com- 
mittee on communication for presentation at the 
AIEE summer convention, Detroit, Mich., June 
24-28, 1946. Manuscript submitted January 8, 
1946; made available for printing May 15, 1946. 


A. J. CHRISTOPHER, supervising engineer on capaci- 
tor design, and J. A. KaTeEr, capacitor design engi- 
neer, are with Bell Telephone Laboratories, Inc., 
New York, N. Y. 


Conclusions 


A truly comprehensive statement of 
tube capabilities directly in terms of the 
elements of circuit duty is recognized as 
an ultimate objective. This objective is 
not fully possible with our present knowl- 
edge. 

However, a procedure for the descrip- 
tion of the load capabilities and limita- 
tations of mercury pool tubes has been 
outlined, and a convenient and useful 
form for the presentation of such informa- 
tion has been developed. The adoption of 
a standard form for the specification of 
tube capacity will help application and 
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operating engineers prepare specifications 
for tubes which are to be used in rec- 
tifier equipment. 
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Physical Construction 


Figure 1 illustrates the former type of 
construction known as the dry stack 
mica capacitor. In this construction 


alternate layers of mica and tinned cop- 
per foil are held together under high 
pressure by a clamping arrangement. 
The unit is maintained in a sealed and 
nonimpregnated condition by potting in a 
metal container in a viscous asphaltic 
compound which does not penetrate the 


Figure 1. 


unit appreciably even in its fluid state. 

Two distinct types of silvered mica 
capacitors were developed for general 
use in carrier telephone systems. One 
type known as the potted design was 
provided for applications where the 
highestinitial precision and highest capaci- 
tance stability are required for services 
involving a limited range in operating 
temperature usually from about 60 to 100 
degrees Fahrenheit. These capacitors are 
provided in several sizes of extruded non- 
magnetic containers and provide for any 
desired capacitance value up to 0.4 
microfarad. The other type is provided 
with mica filled molded bakelite casings 
and was developed for applications where 
small physical size is essential, but where 
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Figure 4. Multiple unit construction 
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Dry stack mica capacitor units 


the higher initial precision and higher 
capacitance stability of the potted types 
are not required. This type is provided 
in three physical sizes to cover a capaci- 
tance range from a few micromicro- 
farads up to approximately 20,000 micro- 
microfarads. A more detailed descrip- 
tion of the construction of these two types 
of capacitors will be given. 

Figure 2 shows the area of the mica 
lamination covered by the silver elec- 
trode. This area is coated with a suit- 


SECTION A-A 


OSs ~2 


MICA LAMINATION 


SILVERED AREA 


able silver solution by spraying after 
masking the areas required for margins. 
The laminations then are fired at a high 
temperature for a short period to form a 
tight bond between the silver and mica. 
The laminations then are stacked, as 
shown in Figure 3, with a continuous strip 
of lead foil F interleaved between silvered 
surfaces so that one set of silver elec- 
trodes is joined electrically together and 


Figure 2. Silvered 
mica lamination 


electrodes on the opposite faces of the 
laminations. The purpose of looping- 
in the foil instead of using separately 
laid-in strips of foil is to permit a con- 
tinuous indication of capacitance during 
stacking by means of a precise capaci- 
tance meter connected to the ends of the 
foil. Adjustment for capacitance first is 
made roughly by adding a sufficient num- 
ber of laminations so that the measured 
value is somewhat larger than required. 
Terminals T then are crimped tightly 
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BACKING STRIP 
FOR SUPPORT 


Figure 3. Silvered mica unit construction 


over the ends of the foil to the mica stack 
to complete the unit assembly. The 
assembled unit of the potted capacitor 
after drying and coating with a thin layer 
of mineral wax, then is finally adjusted 
to close tolerance by removing the silver 
coating as required from the upper ex- 
posed surface shown in Figure 3. This 
has made possible the provision of capaci- 
tors meeting commercial tolerances of 
=(0.2%+2 micromicrofarads) after be- 
ing potted in wax in metallic containers. 
The molded case capacitor units are 
treated and adjusted in the same manner 
except that the wax dipping is omitted 
and the final adjustment prior to molding 
is accomplished by removing silver coat- 
ing from the top lamination in a dry condi- 
tion. Because of less predictable capaci- 
tance shift caused by molding the best 
commercial tolerance for molded capaci- 


to the foil. Another strip of foil like- tors is = (0.5 per cent + 1 micromicro- 
wise is connected to the other set of farad). To ‘insure high over-all quality 
ef 
T i 
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Figure 5. Series unit construction 
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Figure 6. Molded silvered mica capacitors in current production 
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Potted silvered mica capacitors in current pro- 
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and performance all assembly operations 
are carried out in air-conditioned space 
where the relative humidity is maintained 
under 40 per cent at 75 degrees Fahrenheit. 

Two or more of these unit assemblies 
are joined together mechanically and elec- 
trically to provide for the higher capaci- 
tances for the potted designs, as shown by 
Figure 4. For applications, such as line 
filters where high surge voltages may be 
encountered, several sections are con- 
nected in series, as shown in Figure 5. 

In the case of the molded design, only 
single units are employed in the assembly 
because of the high molding pressures. 


Figure 9. Variation of Q with frequency for 
potted silvered and dry stack mica capacitors 


1 =silvered mica, 0.026 nf 
'9=dry stack mica, 0.026 uf 


Figure 8. Variation 
of capacitance with 
frequency 
1a=potted  silvered 
mica, 0.01 yf 
1b=molded silvered 
mica, 0.01 uf 
1c=potted dry stack 
mica, 0.01 pf 
8 8 8 88 Q=same as 1, except 
N vt Oo OO 
S = 0.001 uf 


The three sizes are shown in Figure 6. 
Figure 7 shows the five sizes of the wax 
potted designs in extruded containers 
which are provided for use in the Bell 
System plant. 


Electrical and Performance 
Characteristics 


The following discussion will deal with 
the more important electrical character- 
istics of dry stack and silvered mica types 
of capacitors and will cover data obtained 
on commercially made samples considered 
to be typical for these two types. Figure 
8 shows the variation of capacitance with 
frequency over a frequency range of 5 to 
1,000 ke for potted dry stack, potted 
silvered mica, and molded silvered mica 
capacitors of 0.01 and 0.001 microfarad 
capacitance. The capacitance change 


shown up to about 200 ke for the larger 
capacitance value and up to about 400 ke 
for the smaller value is dependent on the 
dielectric coefficient of the mica itself. It 
will be noted that this change is within 0.1 


per cent. At higher frequencies the 
capacitance increases because of the effect 
of series inductance mainly contributed 
by the terminals. In the case of capaci- 
tors intended for operation at high fre- 
quencies, the effect of this inductance 
must be taken into account and proper 
allowance made for it where high capaci- 
tance precision is required. 

Figure 9 shows the change in Q with 
frequency of 0.026 microfarad dry stack 
and silvered mica potted capacitors from 
1 ke to 100 ke, and Figure 10 shows the 
change in Q of 0.001 microfarad potted 
and molded silvered mica capacitors from 
5 to 1,000kce. The average Q of the sil- 
vered mica potted design is higher, and the 
variation of Q with frequency is somewhat 
less than that of the dry stack design. It 
is believed that the inherently higher Q of 
of the silvered mica design results from 
reduced losses caused by the elimination 
of asphaltic potting compound and elimi- 
nation of absorbed hydrocarbon material, 
as well as small traces of. water vapor from 
the surface of the mica by the very high 


Figure 10. Variation of Q with frequency 
for potted and molded silvered mica capacitors 


1 =potted silvered mica, 0.001 uf 
2 =molded silvered mica, 0.001 uf 
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Figure 11. Variation of capacitance with temperature 
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1=potted silvered mica, 0.01 uf, 10 ke 


2=molded silvered mica, 0.01 uf, 10 ke 
3 =potted dry stack mica, 0.01 uf, 10 ke 


firing temperature. The Q of the potted 
silvered mica also is higher than that for 
the molded capacitor of the same capaci- 
tance value. The dielectric losses in the 
phenolic casing and some contamination 
of the unit from the liberation of vapors 
during molding probably account for the 
lower Q of the latter. 

Typical changes of capacitance with 
temperature for the molded and potted 
types are shown in Figure 11. It illus- 
trates a pronounced difference between 
the molded and dry stack potted types 
as compared to the potted silvered mica 
construction. In the case of the molded 
and dry stack potted types, the change of 
capacitance with temperature primarily 
is caused by changes in the physical di- 
mensions of the unit. These changes are 
such as to produce a positive temperature 
coefficient throughout the entire tempera- 
turerange. In the case of the wax treated 
and wax potted silvered mica capacitors, 
the capacitance changes with temperature 
are caused by changes in the physical di- 


Variation of modulation with 
frequency 


Figure 13. 


1 =potted silvered mica 
9=molded silvered mica 
3 =potted dry stack mica 
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mensions of the unit and also by the ef- 
fect of the wax, having a high negative 
temperature coefficient, on the fringing 
capacitance of the unit. As a result the 
temperature coefficent is positive up to 
about 60 degrees and is negative above 
approximately 80 degrees. Between 60 
and 100 degrees, the usual operating 
temperature range for central office in- 
stallations, the temperature coefficient 
is extremely low. 


Figure 12 shows the variations in ca- 
pacitance of a typical potted silvered mica 
capacitor and also, for comparison, the 
same characteristic for a typical dry stack 
potted capacitor with repeated changes in 
temperature from room temperature to 
125 degrees. The drift in capacitance re- 
sulting from repeated temperature cycles 
is caused by such conditions as small per- 
manent displacement of the laminations 
in the assembly, small changes in the ef- 
fective separation of the electrodes, and 
possibly small changes in the effective di- 
electric constant. Figure 12 illustrates 
how the drift in capacitance caused by the 
foregoing conditions, is minimized in the 
silvered mica capacitors. Data indicate 
that the potted silvered mica capacitors, 
also are more uniform from sample to 


1=potted silvered mica 


Figure 12. Variation of capacitance with temperature cycling 


9=potted dry stack mica 


sample in over-all capacitance stability, 
the extreme variations being one-fourth 
to one-fifth the magnitude of the varia- 
tions observed with the dry stack design 
over the usual central office temperature 
range. In the case of the molded capaci- 
tors, while the average capacitance 
changes caused by drift as well as tem- 
perature coefficient are less than for the 
dry stack type, their capacitance changes 
have ,been found to be approximately 
double those of the potted silvered mica 
designs under the same conditons. 
Figures 13 and 14 show the third order 
modulation characteristics for the potted 
and molded types. This characteristic is a 
measure of the capacitor’s creation of new 
and unwanted frequencies while trans- 
mitting frequencies impressed upon it. 
In the case of capacitors, the creation 
of unwanted frequencies is the result of 
nonlinear effects caused by mechanical 
vibration and dielectric hysteresis. Un- 


Figure 14. Variation of modulation with 
applied voltage 


1 =potted silvered mica 
2=molded silvered mica 
3=potted dry stack mica 
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A New Design for the A-C Network 
Analyzer 


J. D. RYDER 


ASSOCIATE AIEE 


N THE PAST FEW YEARS, with the 

heavy demands made on power sys- 
tems, an increased interest has developed 
in network analyzers for public utility 
use. This has resulted in installation of 
several new analyzers and design or plan- 
ning of others. In line with this trend, 
the Iowa State College has been active in 
developing and constructing an analyzer 
for use by utilities of the midwest area. 
Following general educational policy, the 
work was undertaken as a research project 
of the Iowa Engineering Experiment Sta- 
tion to determine the feasibility of apply- 
ing new equipment and new techniques in 
improving the design of the a-c network 
analyzer. 

In beginning the work, investigations 
were made which established a major 
premise, namely, that higher frequencies 
than those employed in the past could be 
used profitably. However, if frequencies 
are carried higher than previously, con- 
ventional instruments become inappli- 
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cable, and it is necessary to adopt as a 
corollary to the major premise, that com- 
plete electronic instrumentation will be 
desirable. Asan additional advantage for 
this system, the instrument burden on the 
network can be reduced to a desirable 
minimum, and no longer serves as a major 
design limit on currents, voltages, and 
impedances employed. 

One reason for raising frequency was a 
desire to draw on the techniques and ap- 
paratus common to electronics and radio, 
to determine if an amalgamation of the 
power and radio fields might lead to an 
improved design. Power levels used in 
network analyzers are approximately 


Paper 46-135, recommended by the AIEE com- 
mittee on instruments and measurements for pres- 
entation at the AIEE summer convention, Detroit, 
Mich., June 24-28, 1946. Manuscript submitted 
April 5, 1946; made available for printing May 13, 
1946. 


J. D. Ryver is an assistant professor, and W. B. 
Boast is an associate professor, both of the elec- 
trical engineering department, Iowa State College, 
Ames, Iowa. 


less these unwanted frequencies are held 
to very low energy levels as compared to 
the energy levels of the desired frequen- 
cies, in some cases less than one part in 
ten billion (100 decibels), crosstalk be- 
tween carrier channels or noise or both 
seriously may impair high fidelity trans- 
mission of carrier telephone systems. 
It will be observed that over the fre- 
quency and voltage range shown, the 
silvered mica potted capacitors are ap- 
proximately 15 decibels better than the 
molded designs. It is believed that this 
is because of the damping of mechani- 
cal vibration by the wax in the potted 
designs. 


Conclusions 


Current practice in the design of carrier 
telephone and other communication sys- 
tems is imposing special requirements on 
capacitors used in frequency sensitive cir- 
cuits. The exacting requirements of wire 
communication usually are not encoun- 
tered to the same extent in other fields of 
communication engineering. The multi- 
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plicity of channels on a single pair of con- 
ductors, the large number of elements in- 
volved in a long circuit, and the constant 
use of these channels for years without ad- 
justment or replacement of circuit ele- 
ments impose very stringent require- 
ments on capacitance tolerance at the 
time of manufacture, and on permissible 
changeincapacitance subsequent tomanu- 
facture, to insure high fidelity transmis- 
sion of voice and similar signals. 

As has been described, two types of 
silvered mica capacitors were developed 
to meet these requirements. One type is 
wax sealed in a seamless metal container 
and has a practically flat capacitance tem- 
perature characteristic over the operating 
temperature range most commonly en- 
countered, low modulation, and greater 
uniformity in the commercially manu- 
factured product. The other type is pro- 
vided in a low loss molded casing and 
satisfies a demand for small size and low 
loss capacitors, primarily for application 
where the higher precision and stability of 
the silvered mica potted types are not re- 
quired. 
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those encountered in electronic equip- 
ment. Therefore, much of the standard- 
ized high production equipment for elec- 
tronic service might be incorporated prof- 
itably in a network analyzer, instead of 
using scaled down power machinery and 
techniques. An example of the advantage 
of electronic equipment was found in the 
design of electronic generators for an ana- 
lyzer. The electronic generator can be 
built with performance improved over 
that of the conventional induction motor 
phase shifter type, and at a much reduced 
cost. 

An important economic factor influenc- 
ing the decision to operate at a higher 
than normal frequency was the possibility 
of lowering cost through use of smaller 
values of inductance and capacity for 
given values of reactance. A valuable 
technical advantage which could be re- 
alized at a higher frequency was the elimi- 
nation of iron cores in the inductive re- 
actors, with consequent improvement in 
constancy of inductance at all current val- 
ues and freedom from wave form distor- 
tion. 

It should be understood that while the 
network analyzer to be described has 
proved its ability and the correctness of 
the fundamental design assumptions, it 
will continue in an experimental state for 
a considerable period of time. Built asa 
small pilot model, to prove the design, 
and to handle only simple problems, the 
analyzer may be increased in size by the 
addition of units in the future. Some 
modifications based on experience may be 
necessary, and compromises in equipment 
choice, forced by wartime conditions, may 
be eliminated in the larger model. 


Fundamental Design Features 


In the design of an analyzer in a new 
frequency range, extrapolated far beyond 
previous experience, many design de- 
cisions had to be made with and without 
adequate analytical background. Most 
of the decisions were interdependent and 
not simply related, but an attempt has 
been made to give the basis of many of 
them in the material below. 


CHOICE OF FREQUENCY 


Since all units are calibrated in terms of 
resistance, reactance, or susceptance, the 
actual frequency chosen fer operation is 
independent of the frequency of the sys- 
tem being studied. Previous designs of 
analyzers have been operated in the 400- 
to 500-cycle range. In view of certain ob- 
vious advantages from the cost stand- 
point, a higher frequency seemed a desira- 
ble choice. These economic advantages 
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are twofold. Raising the frequency re- 
duces the size of inductors and capacitors 
required for given reactance values, thus 
reducing the cost. Also, if the frequency 
is raised sufficiently, the ratings of many 
parts become those common to the radio 
industry, and the high production in this 
industry further reduces the price. Radio 
industry components are made in a great 
variety of sizes and are easily obtainable, 
which are both desirable advantages. 
While of somewhat variable quality, it is 
possible to obtain radio parts which are 
entirely dependable. This can be accom- 
plished by careful selection of the manu- 
facturer and avoidance of parts obviously 
built down to a price. 


The curve shown in Figure 1 illustrates 
the variation in price of 100 ohms of ca- 
pacitive reactance at various frequencies. 
They are list prices for good quality ca- 
pacitors, and it is assumed that units of the 
exact required capacitance could be pur- 
chased with no paralleling of small units 
being necessary. It is probable that in- 
ductor costs also would show a consider- 
able drop with frequency, although, as 
inductors are not common items of com- 
merce, comparable prices cannot be ob- 
tained. The curve shown in Figure 1 is 
not meant to apply to capacitors alone, 
but is intended to give an indication of the 
trend in both inductor and capacitor 
costs with frequency. 

Based on this reasoning, a tentative se- 
lection of the frequency base for the ana- 
lyzer wasmade. This selection was sub- 
ject, of course, to confirmation or change 
as other design features were checked. 
The frequency chosen for the Iowa State 
College a-c network analyzer was 10,000 
cycles per second. This represents a 
major extrapolation of previous expe- 
rience. Choice of a frequency substan- 
tially below 10,000 cycles per second 
would have made inclusion of iron cores 
in the inductors a necessity, and choice of 
a frequency much higher would have led 
to difficulties caused by reactance and 
susceptance of interconnecting leads, as 
will be discussed. An additional factor in 
the choice of a frequency of exactly 10,000 
cycles per second was the commercial 
availability of a satisfactory source of low 
cost. 


FREQUENCY SOURCE 


As the analyzer was to be operated 
from a small power system of rather un- 
stable frequency and because a rotary 
machine of small power rating at 10,000 
cycles with sine wave form might be diff- 
cult to obtain, all-electronic operation of 
the analyzer was decided upon. This de- 
cision meant the use of a temperature- 
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(@) 2000 4000 6000 8000 10,000 
FREQUENCY-CYCLES/SEC. 

Figure 1. Estimated cost of 100 ohms of 

capacitive reactance at various frequencies 


controlled quartz-crystal standard-fre- 
quency oscillator, operating at 100,000 
cycles per second as the primary fre- 
quency source. By occasional checking 
against standard frequency signals from 
radio station WWV of the Bureau of 
Standards in Washington, this oscillator 
can be maintained within one cycle at 
100,000 cycles, an accuracy in frequency 
of 0.001 per cent. In actual service, with- 
out adjustment, the error has never been 
found greater than five cycles at 100,000 
cycles. 

With frequency dividing circuits, the 
100,000-cycle signal is subdivided by a 
factor of ten, yielding a 10,000-cycle out- 
put of a few volts, with reasonably good 
wave form, as the primary frequency 
source for the analyzer. This voltage 
then is filtered for wave form improve- 
ment and applied to amplifier circuits 
which are used to develop the power 
needed in the outputs of the equivalent 
generating stations of the analyzer. 


CHOICE OF E, I, AND Z BASE VALUES 


With metering limitations somewhat 
removed in setting base values of voltage, 
current, and impedance, various other 
factors to be considered are physical size 
of units, and electric and magnetic cou- 
plings. Also needing consideration are the 
resistance and reactance drops and sus- 
ceptance currents in leads connecting the 
units to busses and transfer jacks. 

A low impedance base decreases induc- 
tor reactance and reduces the effects of 
stray shunt capacities. Shunt capacitor 
ratings are increased, but, in the radio 
capacitor field, physical sizes are so stand- 
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ardized that an increase in rated capacity 
over a ten to one range may mean no ap: 
preciable change in physical size or cost. 
Capacitor sizes, and expected effects of 
shunt lead capacities, indicated that a 
100-ohm impedance base would be de- 
sirable and it was adopted. To keep elec- 
tric coupling between circuits within 
units to a minimum, a voltage of ten 
volts was selected, resulting in a base cur- 
rent of 0.1 ampere. The power dissipated 
in the network is so low that small resis- 
tors may be used safely without fear of 
burning out on accidental overloads. 


INTERCONNECTION OF UNITS 


For accurate operation of the analyzer, 
all leads from units to busses, transfer 
jacks, and so forth, should introduce neg- 
ligible resistance, reactance, and suscep- 
tance into the circuit. At 10,000 cycles 
the problem of inductive and capacitive 
coupling between circuits can be severe 
unless transposition or shielding is used. 
Various types and sizes of wire for these 
lines were investigated with respect to re- 
sistance, series reactance, and current 
taken by the susceptance. Standard tol- 
erances were set up as 0.1 per cent of base 
values. 

Calculations were made on standard 
types of twisted pair lines used for radio 
frequency transmission, which indicated 
that certain types would meet the speci- 
fications on resistance and reactance, but 
might cause larger than desired shunt 
capacity currents. It was hoped that the 
twisted pair feature would introduce suffi- 
cient transpositions to reduce coupling. 
A better solution for elimination of inter- 
circuit coupling was the coaxial cable, and 
computations indicated that some types 
would have satisfactorily low circuit val- 
ues. The complete absence of external 
field eliminates all circuit coupling, and a 
3/s-inch diameter double conductor 
(Twinax) coaxial cable was adopted for 
interconnections. The double conductor 
and shield feature allows input, output, 
and common ground leads of a line, load, 
or other unit to be carried in a single cable. 
The capacity between the two wires then 
appears shunted across the line or load 
circuit elements. The error introduced 
by this capacity across the circuit ele- 
ments is 0.25 per cent of base value, for 
the longest lead encountered. The ca- 
pacity of the two wires to the shield and 
ground is negligible, causing a current 
flow of only 0.075 per cent of base current 
on the longest lead. The resistance of the 
chosen cable for the longest length is ap- 
proximately 0.1 per cent of base value. 

The reactance of the chosen Twinax 
line was another limiting factor and for 
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the longest lead is 0.1 per cent of base 
walue. This fact influenced the choice of 
10,000 cycles as base frequency. The 
magnitude of these limiting factors indi- 
cates that a cable design with slightly 
larger conductors would be desirable. 
Such a cable was not a commercial prod- 
uct and under wartime conditions it was 
necessary to design around available 
equipment. 


INDUCTIVE REACTANCES 


One of the reasons for the choice of 
10,000 cycles as base frequency was the 
possibility of eliminating all iron in the 
line and load inductors by the use of air 
core coils. Use of air core coils removes 
all anxiety as to wave form distortion by 
the iron, and constancy of inductance at 
all current values. Lower losses or higher 
ratios of reactance to resistance also have 
been achieved than those mentioned for 
iron core coils in lower frequency network 
analyzers. 

Air core coil designs have been devel- 
oped for all sizes of reactors used, which 
give all inductors phase angles of above 
88 degrees, and certain much used load 
inductor values above 89 degrees. All 
coils are shielded in mutually perpendicu- 
lar pairs, and the above phase angle 
measurements are with shielding in place. 
The resistance component introduced by 
any coil of a load unit may be considered 
as two per cent of the rated reactance, and 
of any coil of a line unit as four per cent 
of rated value. Each decade of a reactor 
group is obtained by series switching of 
1-, 2-, 3-, and 4-ohm reactors or multiples 
of these values. 


ACCURACY 


A definite statement of the accuracy to 
be expected from such a complex mecha- 
nism means very little because of additive 
and subtractive errors introduced by so 
many circuit elements in cascade, and to 
usage of meter readings in various types 
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Figure 2. 


analyzer 


It can be stated that all 
resistor elements are accurate to better 
than one per cent of the setting. All in- 
ductive reactors have been adjusted to 
within 0.2 per cent and, because of the air 
core construction, will maintain that ac- 
curacy at all current values. Capacitive 
susceptors have been assembled to match 
the 0.2 per cent maximum deviation re- 
quirement. The metering system has 
been calibrated from d-c standards by 
thermocouple transfer units to one-half 
per cent or better of full scale values for 
normal loading conditions. 


of calculations. 


Use oF STANDARD RADIO EQUIPMENT 


It already has been emphasized that the 
selections for frequency and impedance 
bases made possible the use of standard 
high production radio components and 
coaxial cable. In addition, the radio and 
telephone industries have developed a 
line of standardized instrument racks and 
panels which have advantages in flexibil- 
ity and availability. These panels are 19 
inches wide with heights in multiples of 
13/,inches. The racks are 20 inches wide, 
six feet high, with mounting holes so ar- 


Figure 3. The main 
metering and control 


desk 
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General 
view of the lowa State 
College a-c network 


ranged that panels can be mounted at 
any point desired. Such an arrangement 
will permit easy changes in the future if 
needed. A view of the complete analyzer 
is shown in Figure 2. 


Control Desk 


The main control and metering desk, 
illustrated in Figure 3, was designed in 
modern style and finished to harmonize 
with the panel equipment. Its design 
permits the operator an easy view of the 
complete analyzer and houses all instru- 
ment amplifiers and certain relays. 

The desk combines analyzer controls 
and master instruments on a sloping 
panel. The angle of the panel was chosen 
to be comfortable for the operator in 
either controlling the analyzer or taking 
data. On the panel, and accessible to the 
left hand, are the main 60-cycle power 
controls, lever keys for connecting the in- 
struments to either input or output cir- 
cuits of any analyzer unit, a watts-vars 
switch, and a switch to place the desk in- 
struments in operation. 

Also operated by the left hand are the 
push buttons for preselection of relays by 
which the desk master instruments may 
be connected in any circuit. By simply 
pushing buttons corresponding to the 
number of the unit to be metered, as on an 
adding machine, the relay circuits are se- 
lected. The capacity of the push button 
system is 999 circuits which, by reason of 
the input and output relays on each unit, 
will permit metering at 1,998 distinct 
points should that number ever be re- 
quired. All push buttons are mechani- 
cally interlocked to prevent metering two 
circuits at once. By assigning these con- 
trols to the left hand, a pencil held in the 
right hand for taking data or other work 
need not be dropped during operation. 
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Si 


The desk instruments are subsurface 
mounted and internally illuminated with 
fluorescent lamps, giving a very uniform 


glareless shadow-free light. The upper 
and lower rows of instruments are placed 
at different vertical angles so that an ob- 
server of average height will have a line of 
sight perpendicular to the meter scale for 
both instrument rows. This materially 
reduces the fatigue of the operator. 
Mounted below the instruments are range 
switches for the ammeter and voltmeter 
and a reversing switch for the wattmeter. 
Working in conjunction with the range 
switches are colored signal lights above 
the voltmeter, ammeter, and wattmeter, 
indicating the range multiplier in service 
at any time. 

The instruments used all are operated 
electronically and comprise a voltmeter, 
an ammeter, a watt-varmeter, and two 
phase angle meters. The phase angle 
meters are at each side in the lower row, 
the other instruments being placed in the 
upper row with the wattmeter in the cen- 
ter. Amplifiers for operating these in- 
struments are installed inside the control 
desk. The voltmeter and ammeter are 
fairly conventional electronic amplifier 
types, stabilized by large values of degen- 
erative feedback. The wattmeter is an 
electrodynamometer type with both cur- 
rent and voltage coils supplied from sta- 
bilized amplifiers. A phase shifting cir- 
cuit converts this to a varmeter. The 
phase meters are an unconventional fea- 
ture. One reads angle of the voltage at 
the metered point and the other reads 
angle of the current, both with respect to 
any desired common reference voltage. A 
switch on the desk allows selection of any 
generator electromotive force as a refer- 
ence, or any desired point in the network 
may be connected as a reference through 
the transfer jacks. The phase meters em- 
ploy an electronic circuit® which clips and 
squares the waves before phase compari- 
son, eliminating error caused by ampli- 
tude variation. 

Insertion of the instruments into the de- 


OcTOBER 1946, VOLUME 65 


Figure 4. Front panel 
of a generator unit 


The dials are for adjust- 
ing voltage and phase 
angle 


sired circuit is handled by relays, selected 
by the push buttons. The relays connect 
the circuits of the desired unit to a Twinax 
metering bus, which terminates in cur- 
rent shunts and voltage dividers, across 
which are connected the master instru- 
ments of the desk. The shunt introduces 
a resistance of 0.1 per cent of base value, 
while the voltage divider inserts a loading 
of 0.03 per cent on the circuit. The me- 
tering bus, connected to all units, inserts 
some distributed capacity, and the con- 
tacts of the switching relays in each unit 


CRYSTAL 
FREQUENCY yk 
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OUTPUT 


VOLTAGE SELECTION 
AND CONTROL 


Figure 5. Outline diagram of the generator 
circuit and operation 


insert large lumped capacities in the me- 
tering system. These all have been com- 
pensated for effectively and the resultant 
error is negligible. 


Design of Units of the Analyzer 


The present Iowa State College a-c net- 
work analyzer, although a small pilot 
model, was designed to handle most ad- 
vantageously the simpler problems for 
the utilities of the midwest area. In 
consultation with these utilities, the 
following choice of numbers of units of 
the analyzer was made: 4 generator 
units, 24 line units, 12 load units, 12 
capacitor units, 4 tap changer units. 
and 4 mutual transformer units. Fea- 
tures of the design of each of these units 
will be given. 
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GENERATOR UNIT 


The standard frequency source has an 
output of a few volts and negligible power. 
Each unit simulating a generating station 
of the analyzer must amplify the voltage 
to the desired base level or higher and 
provide sufficient power for input to the 
loads and lines of a given problem. The 
generator also must have independent 
means of adjustment for phase angle and 
magnitude of voltage output. 

The generators for this analyzer con- 
sist of vacuum tube amplifiers of power 
output considerably greater than required 
for rated base output. A generator is 
shown in Figure 4. Phase angle control 
is provided in two 180-degree steps 
through the left hand dial and the ‘‘plus- 
minus’? switch on each generator panel, 
the control operating in the low level am- 
plifier stages. Voltage selection is possible 
by the right hand dial on the generator 
panel. With selection of output voltage, 
an automatic voltage control circuit is set 
to adjust the amplifier gain and maintain 
the desired voltage. A block diagram of 
a generator is shown in Figure 5. 

The performance of the automatic volt- 
age control circuit is shown in Figure 6. 
The control operates to maintain con- 
stant voltage to 250 per cent of base or 
rated output current into a resistance 
load. This represents zero internal im- 
pedance and zero per cent regulation. 
Above 250 per cent load current, the gen- 
erator voltage drops because of an inter- 
nal impedance of about 4.0 ohms. On 
either leading or lagging load, the voltage 
regulation is improved over that for resis- 
tiveload. Contrasting with the generator 
performance under control is the perform- 
ance with no voltage control, as shown by 
the dashed line in Figure 6. 

Connected to each generator is a set of 
instruments to read generated electro- 
motive force, current, and output power, 
as shown in Figure 7. The instruments 
are electronically operated and stabilized 
by degenerative feedback in order to be 
entirely independent of changes in tube 
characteristics and line voltage. All in- 
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Figure 6. Voltage regulation of the genera- 
tors for varying output 
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Individual 
panel 


metering 


Figure 7. 


generator 


struments are calibrated in percentage of 
base values. The wattmeter is arranged 
with zero center scale so that indications 
of reverse power flow can be read easily. 
With the meters permanently connected 
to each generator output, the loading can 
be checked continuously, and the effect of 
adjustments of one generator on the out- 
put of other generators in the system can 
be observed readily. 

Mounted below each generator is an 
inductive reactance panel by which gen- 
erator reactance up to 99-per-cent base 
value by l-per-cent steps may be in- 
serted. Both generator electromotive 
force and terminal connections are avail- 
able at the transfer jacks for ready circuit 
connection. 


LINE UNIT 


In reducing an actual system to a model 
representation on a network analyzer, re- 
tention of each line of the system as an 
entity is highly desirable. In the majority 
of previous analyzer designs, the series re- 
sistance and reactance equivalents have 
been retained in the analyzer line unit, 
but shunt susceptance equivalents of all 
lines emanating from a common bus usu- 
ally have been added and set up on these 
analyzers by a single separate capacitive 
susceptance unit. The direct metering of 
a line for terminal current conditions, 
therefore, was impossible. The line unit 
of the Iowa State College analyzer was 
designed as an entity containing the shunt 


Figure 8. Simplified diagram of the wiring of 
a line unit 


678 TRANSACTIONS 


As- 


line 


Figure 9 (right). 
sembly of a 
unit 


capacitive susceptance as well as the 
series resistance and series inductive re- 
actance. This detail was possible be- 
cause of the favorable space and cost con- 
ditions inherent in the higher frequency 
design. A schematic wiring diagram of a 
line unit is shown in Figure 8, and a photo- 
graph of a line unit panel is shown in Fig- 
ure 9. 

Either a T- or a 7-section design would 
be electrically satisfactory for the line 
unit. However, the cost and space re- 
quirement of an average capacitive sus- 
ceptance element is considerably less than 
that of an average inductive reactance 
and resistance element, and hence the zr- 
section, requiring one set of reactance and 
resistance elements and two sets of sus- 
ceptance elements, was chosen. In each 
line unit, the two sets of susceptance ele- 
ments in the w-section are adjusted simul- 
taneously by a 2-gang switch. 

The series resistance and reactance are 
each adjustable from zero to 99 per cent 
in 1-per-cent steps. The total shunt sus- 
ceptance is adjustable from zero to 9.9 per 
cent in one tenth of 1-per-cent steps. 
Each of these three elements thus was de- 
signed in two decades. 


Loap UNIT 


The basic elements in the load unit de- 
sign are resistance and inductive react- 
ance inasmuch as the majority of load 
conditions in an actual system may be 
represented by these parameters. In rep- 
resenting load conditions on the analyzer, 
often the voltage at the load point is an 
unknown quantity at the time of estab- 
lishing equivalent resistance and react- 
ance values. If a particular power and 
power factor are known conditions, an 
estimate of the voltage usually is made 
and the corresponding circuit parameters 
are calculated and set on the analyzer. 
Measurements then are made of the first 
approximation of the desired power. If 
the power is not that desired, a resetting 
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In the lowa 


of parameters is necessary. 
State College analyzer, the resistance and 
reactance values are viewed electrically 
through a variable ratio autotransformer, 
adjustable by 1-per-cent values from 
1/1.10 to 1.10. If the first estimate of the 
resistance and reactance are within ap- 
proximately plus or minus 20 per cent of 
the actual values required, the adjust- 
ment of the load may be accomplished 
quite simply by adjusting the turns ratio 
of the transformer, thus avoiding a recal- 
culation of the individual resistance and 
reactance parameters. A schematic wir- 
ing diagram of a load unit is shown in Fig- 
ure 10, and photographs of a load unit 
panel and rear assembly are shown in 
Figures 11 and 12. 

The resistance and reactance elements 
may be placed either in series or in parallel 
with one another by the switching plan 
illustrated in the schematic wiring dia- 
gram. This permits more versatility in 
the application of this unit to a variety of 
problems. 

The resistance and reactance are each 
adjustable from zero to 9,990 per cent in 
10-per-cent steps. Each of these two ele- 
ments was thus designed in three decades. 

The output terminals of the load unit 
are retained even though for normal load 
usage this output is closed by a short- 
circuiting plug. By thus providing the 
output terminals, the load unit may be 
used also as a circuit of higher series im- 
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Figure 10. Simplified diagram of the wiring 
of a load unit 
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Figure 11 (above). Front panel view of a load unit 


Figure 12 (right). Rear assembly of a load unit 


pedance rather than a line unit for those 
applications where such a circuit may be 
desirable. 

The autotransformer utilizing a high fre- 
quency low-loss steel core has an equiva- 
lent shunt impedance such that the error 
introduced by the adjusting transformer 
when used with the base impedance is ap- 
proximately 0.6 per cent. The equivalent 
series impedance of the autotransformer 
when set at full ten per cent is 0.7 per cent. 
Each of these errors is comparable to the 
one-half-per-cent accuracy which was the 
design goal of this analyzer. 


CAPACITOR UNIT 


Separate capacitor units are provided 
on the analyzer for increasing the range of 
the susceptance built into the line units, 
adding capacitive loading to the load 
units, or for representing series or shunt 
capacitors at any point in a system. A 
photograph of such a panel is shown in 
Figure 13. 

The capacitive susceptance may be 
used either as a series or shunt element by 
a switching plan similar to that used in 
the load unit. The susceptance is adjus- 
table from zero to 99 per cent in 1-per- 
cent steps. The element thus is designed 
in two decades. 


Tap CHANGER UNIT 


Tap changer units are provided for rep- 
resenting networks which do not possess 
net unity turns ratios around closed loops. 
The unit is a variable ratio autotrans- 
former adjustable from 1.000 to 1.295 by 
0.005 steps. The transformer has a low- 
loss steel core and in design is similar to 
the load adjustor transformer of the load 
unit. The equivalent shunt impedance is 
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practically identical with that of the other 
unit. Incorporated also is a reversing 
switch which changes the turn ratio from 
a step-up to a step-down basis. 


MUuTUAL TRANSFORMER UNIT 


A unity, ratio 2-winding transformer 
with an inductive reactance placed across 
either side is used for representing mutual 
coupling between circuits of a power sys- 
tem. The mutual transformer, utilizing 
a low-loss steel core, introduces losses of 
approximately 0.4 per cent of base power 
if used across a 10-ohm reactor at full 
base current. The equivalent series im- 
pedance of the transformer is also 0.4 per 
cent and introduces negligible error of in- 
sertion. 


MISCELLANEOUS 


The Twinax cable from each unit ter- 
minates at the transfer panels in two sets 
of 2-conductor jacks. One pair of dupli- 
cate jacks connect to the common and in- 
put conductor of the unit and the other 
pair to the common and output conduc- 
tor. By the process of extensions from 
duplicate pairs, a large bus system may be 
established. 

Associated with the input or output 
terminals on each unit are separate jacks 
which permit the interconnection of other 


Figure 13. Panel 
view of a capacitor 
panel 
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units inside the point at which the meters 
are inserted by the relay system. Thus a 
single instrumentation of a composite 
group of units is possible when this is de- 
sirable, as for example if capacitive load- 
ing were added to a load unit by inserting 
a capacitor unit inside the metering point 
of a load unit. 


Operating Experience 


Although commercial operating experi- 
ence of the analyzer as a whole is rather 
limited at the present date, such system 
problems as have been set up on the ana- 
lyzer have yielded results which check at 
nodes and loops quite consistently within 
the design tolerances previously men- 
tioned. 

Several 2- and 3-generator problems 
which have been calculated have been 
set up on the analyzer, and measured 
values on these problems likewise have 
been within the design tolerances of the 
units and the instruments. 

As elements of the analyzer have been 
completed over a period of the past 
15 months, each has undergone extensive 
testing in the component form; and, 
where the experimental measurements 
did not conform to the design tolerance of 
one-half-per-cent accuracy, further modi- 
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Synopsis: As rectifier capacity is increased, 
it becomes desirable to use larger capacity 
rectifying elements. The choice of recti- 
fying element size requires careful considera- 
tion in order to provide a complete range 
with a minimum number of units. The 
sizes of industrial ignitron tubes for welding 
control and for rectifier service have been 
chosen on a preferred number scale provid- 
ing a proportionate increase at each incre- 
ment. The development of a 400-ampere 
ignitron for rectifier service was undertaken 
to provide the next larger size tube in the 
series. Development work on the 400- 
ampere ignitron disclosed that design prob- 
lems become more complex as the physical 
size of the tube is increased. The ability 
of a tube to rectify a given current with a 
minimum number of arc-backs is affected 
by circuit duty and by control of ionization, 
particularly at the end of the current com- 
mutating period. None of the factors in- 
volved have indicated an upper limit in 
size, but rather a need for a more exact 
understanding of the phenomena involved. 


HE DEVELOPMENT of the ignitor 

introduced a new and different con- 
cept in the utilization of mercury pool 
cathodes for mercury arc rectifying de- 
vices.! The ignitor permitted the starting 
of a new cathode spot for each conducting 
period at the precise instant that conduc- 
tion was desired. With this mechanism 
it was possible to design mercury pool 
tubes of the single-anode half-wave type 
having the control characteristics of the 
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Sealed ignitrons for welder service 
ranging in capacity from 300 to 2,400 kva at 
250 to 600 volts (rms) 


Figure 1. 


thyratron, the versatility of the half-wave 
tube in circuit application work, and the 
very high emission capacity of the mer- 
cury pool. This emission capacity seems 
partly caused by the ability of the cathode 
spot to divide and subdivide above cur- 
rents of the order of 15 to 20 amperes un- 
til a sufficient number exist to supply the 
current demand of the circuit in which the 
rectifying element is connected. 

Further recognition of the greater effi- 
ciency of the single-anode half-wave de- 
sign for power conversion work in com- 
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able for printing May 14, 1946. 


H. C. Sterner and H. N. Price are both with the 
electronics department, tube division, General 
Electric Company, Schenectady, N. Y. 


fications of design to incorporate new fac- 
tors were made until the one-half-per-cent 
tolerance was satisfied. 


Conclusion 


It is expected that the present a-c net- 
work analyzer will be expanded in the 
future to include sufficient units to per- 
mit solving almost any problems that may 
arise among the utilities of the area. 

The objective of lowered costs has been 
achieved to some extent. Because of the 
research involved, its inseparability in 
the costs, the lack of production facilities, 
and the effect of wartime conditions on 
choice of materials and on labor obtain- 
able, exact cost figures from the project 
are meaningless. However, it is believed 
that the use of electronic equipment and 
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techniques has reduced the expense in- 
volved in erection of an analyzer by a fac- 
tor of 40 to 50 per cent. 
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parison with the older multianode recti- 
fiers has been made recently in the devel- 
opment of an excitron tube.? With this 
tube, continuous excitation of a cathode 
spot on the mercury pool is maintained, 
and control of the starting of the anode 
current is accomplished electrostatically 
by means of grids as in the thyratron. 

It is the purpose of this paper to review, 
briefly, the progress that has been made 
in the development and application of ig- 
nitron tubes and to outline some of the 
design considerations in the development 
of higher current sealed tubes. 


Status of Ignitron Tube 
Development and Application 


PUMPED IGNITRONS 


The largest field of application for con- 
tinuously evacuated ignitron tanks has 
been in the electrolytic refinement of 
aluminum and magnesium. Here, large 
amounts of direct current are required 
for a single line of reduction cells. Capaci- 
ties as high as 30,000 kw, 50,000 amperes 
at 600 volts are needed. Initially, to sup- 
ply this capacity, individual rectifiers of 
the order of 3,000 kw were operated in 
parallel. The rectifying element of each 
unit consisted of 12 tanks having a con- 
tinuous average current capacity slightly 
over 400 amperes per tank. Continued 
development supplemented by field ex- 
perience has increased this capacity so 
that tanks of 1,000 amperes are practic- 
able. 


WELDING CONTROL IGNITRONS 


Initialapplication of permanently evacu- 
ated sealed ignitron tubes was made in 
an entirely new field—that of control and 
timing for resistance welding.® 

In resistance welding, two pieces of 
metal are held together in close contact 
and a high current passed for a sufficient 
time to heat the parts to a welding tem- 
perature. The parts then are forged to- 
gether. Control of the time is essential if 
uniform repetitive welds are to be made. 
Some progress had been made previously 
with the use of thyratrons to control the 
number of cycles in the weld, the current 
capacity of the thyratron being matched 
against the welder transformer primary 
requirements by means of a series trans- 
former. Two ignitron tubes connected 
in parallel, but with current flow in oppo- 
site directions, provide a simple low-in- 
ertia switch with sufficient current carry- 
ing capacity to conduct the welding trans- 
former primary current directly. In con- 
junction with thyratrons to initiate con- 
duction, this precise control not only im- 
proves the quality of welds in materials 
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usually fabricated by resistance welding, 
but also permits materials to be fabri- 
cated which heretofore had been consid- 
ered too difficult to weld. As a result, 
welding methods have been extended 
from simple spot welds to line welding (a 
series of overlapping spots) to sequence 
control (in which provision is made for 
preheating, welding, forging, cooling, and 
annealing periods) and to flash welding. 
Sealed ignitron tubes developed for this 
service range in capacity from 300- to 
2,400-kva demand for two tubes at supply 
voltages of 250 to 600 volts (rms). Figure 
1 shows the general appearance of the 
welder ignitrons. All are water-cooled 
directly except the smallest, in which the 
heat is transferred to a heavy clamp that 
in turn may be either air- or water-cooled. 

An interesting application of the igni- 
tron contactor principle has been made to 
provide rapid interruption of the plate 
power supply in case of arc-over or short 
circuit in radio transmitters.‘ Ignitron 
contactors have been placed in each of the 
three 2,300-volt lines supplying power to 
the rectifier transformer. Ignition power 
is supplied through thyratrons. In case 
of fault, overcurrent operates small high 
speed d-c relays in the transmitting tube 
circuits that block the thyratrons, and the 
ignitron tubes in turn cease conduction. 
Interruption of fault currents occurs in 
slightly over one cycle of the 60-cycle sup- 
ply frequency. Damage to the trans- 
mitter equipment from flashover and to 
the transmitter tubes is negligible. 


RECTIFIER IGNITRONS 


Rectifier duty is more severe than 
welder control and it was necessary to 
modify the design of the sealed tubes 
somewhat, as discussed later, in order to 
provide service essentially free from arc- 
back. Two sizes of tubes were developed 
which in 300-volt d-c service have con- 
tinuous average current ratings per tube 
of 100 and 200 amperes. At 600 volts, 
the current capacities are 75 and 150 am- 
peres. In addition, overload capacity is 
required since rectifier equipment for in- 
dustrial, mine, and railway service has 
standard 2-hour and 1-minute ratings. 
These standards vary, depending on the 
service, from 125 to 150 per cent at the 2- 
hour point and from 200 to 300 per cent 
at one minute. To meet these require- 
ments, the continuous or design capacity 
of the tubes must approach the overload 
requirements because the mass of the tube 
electrodes is small, in general, and there 
is relatively low heat storage capacity. 

With these two sizes of tubes, it was 
possible to provide sealed ignitron recti- 
fier equipment ranging in capacity from 


OcTOBER 1946, VOLUME 65 


75 to 500 kw at 300 volts, and from 100 to 
1,000 kw at 600 volts by proper choice of 
the circuit and number of tubes.5 Trial 
installations were made in the industrial, 
mining, and electrolytic field, and for 
building service d-c supply. Sufficient 
experience had been obtained at the be- 
ginning of World War II to provide field 
tested and proved equipment for the 
great industrial expansion that took 
place. 


400-Ampere Sealed Ignitron 


In the initial development of steel enve- 
lope sealed ignitron tubes, there were 
two predominant considerations—vacuum 
life and ignitor life. Rectifier duty, in 
particular, is continuous in nature and it 
is essential that sealed tubes for this serv- 
ice have a long life to avoid the inter- 
ruptions of frequent replacements. Ex- 
perience has demonstrated amply that 
tubes properly degassed and tightly 
sealed retain the required vacuum condi- 
tions for years. In fact, the action of the 
arc and the walls of the tube exert a con- 
siderable cleanup action which tends to 
improve the initial vacuum.® Under or- 
dinary service conditions, ignitors show 
very little wear or erosion. Under im- 
proper conditions, such as accidental re- 
versal of the ignitor current, the life may 
be very short—a matter of minutes— 
since a cathode spot then forms on the 
ignitor and material is blasted away 
rapidly. Actual life of some of the tubes 
in initial installations has exceeded five 
years with these tubes still in service. 

With substantiation through field ex- 
perience of the basic factors of vacuum 
and ignitor life and the excellent perform- 
ance of the higher current rectifiers for 
aluminum and magnesium reduction, it 
was felt that development of the next 
larger size of sealed ignitron tube was de- 
sirable and could be undertaken. 


SIZE 


It is fully as important to choose a 
proper series of sizes in electronic tubes as 
in other electric or mechanical devices. 
Preferred number scales which provide a 
proportionate increase in size or capacity 
at each increment offer a logical means of 
determining the number of sizes required 
to serve a given field. Sizes for both the 
welder and rectifier ignitron tubes were 
established on this basis. In the case of 
the rectifier ignitrons, the series 25, 50, 
100, 200, 400, 800, 1250, 2500 gives a sat- 
isfactory spacing in average current per 
tube. At the lower end of the scale, 25 
amperes and below, thermionic-cathode 
tubes of the thyratron type are used be- 
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cause of the reduction in required auxil- 
iary equipment. The number of sizes re- 
quired above the 400-ampere point will 
depend primarily on application trends. 
In general, it is preferable to use larger 
sized tubes rather than increased numbers 
for increased capacity, provided proper 
wave shape and induction co-ordination 
factors are maintained. 


DESIGN 


Ignitron tubes are basically heat-trans- 
fer devices in which maximum tempera- 
tures establish the limiting operating 
conditions as in other forms of electric 
equipment. The limiting temperatures 
are not those, in general, at which grad- 
ual deterioration or burning takes place, 
but rather those at which complete fail- 
ure of the rectifying properties occur. 
Such failures rarely cause destruction 
of the rectifying element itself unless 
the arc-backs are allowed to persist. 
Normally, restoration of conditions below 
the limiting ones restores the rectifying 
action. 

The insulating patch theory developed 
by K. H. Kingdon and E. J. Lawton 
seems to offer the most reasonable and 
consistent explanation of the cause of arc- 
back.? Briefly, it is assumed that small 
microscopic insulating particles exist on 
the surface of the anode or are carried 
there by the vapor stream. These patches 
become charged from the ionization pres- 
ent. If the charge becomes sufficiently 
great and the distance separating the 
charge from the anode is sufficiently small, 
field emission will release enough electrons 
to establish a glow discharge. The re- 
sulting increase in ionization favors the 
establishment of a cathode spot on the 
anode, which is followed by are conduc- 
tion of current in the reverse direction. 
The probability of exactly the right con- 
ditions occurring depends on the density 
of ionization in the immediate vicinity of 
the anode, the rate of ion collection, the 
frequency of trial, and the size and leak- 
age resistance of the insulating patch. 
For a given design, the majority of the 
factors depend on or are related to circuit 
requirements so that a knowledge of these 
provides a basis for predicting tube per- 
formance. 

From the tube design view point, it is 
difficult to isolate the effects of the fac- 
tors influencing arc-back since they are 
interrelated and interdependent. The 
more important ones are as follows: 


Vapor pressure. 
Ionization. 
Anode current. 
Anode voltage. 
Circuit duty. 
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VAPOR PRESSURE 


Energy losses occur in an ignitron tube 
as a series of pulses. These pulsations are 
averaged by the mass of the enclosing 
envelope to an even flow of heat which is 
removed by the water-cooling. The water 
temperature therefore determines a base 
or datum plane above which the instan- 
taneous pressure rises during the conduct- 
ing cycle. The instantaneous pressures 
are the result of vaporization of mercury 
by the action of the cathode spot. Mer- 
cury is vaporized at a rate of approxi- 
mately 7.2X107% grams per coulomb, 
and this mercury blast creates pressures 
during the conducting period far in excess 
of the pressure determined by the wall 
temperature. The pressure during con- 
duction is of little importance as regards 
arc-back, except as its magnitude influ- 
ences the ability of the condensing walls 
to reduce the pressure at the end of con- 
duction to a value below the breakdown 
point. A typical pressure breakdown 
curve for static conditions in mercury is 
shown in Figure 2. Since the pressure 
waves travel with a velocity approxi- 
mately that of sound, there is a time lag be- 
tween the current and the corresponding 
instantaneous pressure at the end of con- 
duction which tends to delay deioniza- 
tion. This lag increases as the size of the 
tube increases. 

In addition to the vaporized mercury, 
the action of the cathode spot ejects rela- 
tively large (visible) mercury droplets 
which travel at a rate very much slower 
than the pressure wave. The droplets 
may be observed in glass tubes by block- 
ing out the glow during conduction witha 


BREAKDOWN POTENTIAL — VOLTS 
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Figure 2. Breakdown voltage between two 

electrodes in mercury vapor as a function of 

the product (Paschen's law) of the vapor 
pressure P and the gap length D 
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Figure 3. Comparative deionization rates in 100-, 200-, and 
400-ampere tubes as indicated by the potential of a probe 


A—3'/2 inch diameter tube 


B—5 inch diameter tube 
C—8 inch diameter tube 
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synchronously rotating slotted disk and 
by illuminating the vacuum space with 
the light from a tungsten filament lamp. 
The initial velocities of individual drops 
vary widely since droplets are visible at 
the top of their trajectories over nearly 
the entire length of the tube. These drop- 
lets undoubtedly create high transient 
pressures when they strike relatively 
high temperature objects, and because 
of their random character may account for 
some of the arc-backs that are found to 
occur late in the inverse cycle when both 
the residual ionization and inverse voltage 
have decreased appreciably from their 
maximums. 


IONIZATION 


The problem of ionization becomes in- 
creasingly important as the size and ca- 
pacity of the tube is increased. 

Under low pressure conditions, the 
mean free path of the ions is relatively 
long, and the arc voltage needed to pro- 
duce the required ionization is relatively 
high. Under extremely low pressures, 
there is a condition in tubes having con- 
stricted arc paths where there are insuffi- 
cient ions to neutralize the space charge 
and for an instant the tube behaves as 
though it were a high vacuum tube. The 
current is reduced abruptly, and this 
change in conjunction with associated 
circuit inductance produces high voltage 
surges. The point at which pressures be- 
come low depends largely on the tube de- 
sign. In tubes of small volume and open 
construction, the possibility of constric- 
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tion surges is remote at any temperature 
above zero degree centigrade (vapor pres- 
sure, 0.16 micron) because the action of 
the cathode spot very rapidly establishes 
the vapor density required to provide the 
necessary ions. As the size of the tube in- 
creases, and particularly as grids are 
added to control the ionization, the mini- 
mum pressure must be increased. In mul- 
tiple grid high voltage tubes, minimum 
pressures of the order of four to eight mi- 
crons (35-45 degrees centigrade) are re- 
quired for currents of 4,000 amperes. The 
minimum pressures usually are deter- 
mined by the short-circuit current that 
the tube may be required to conduct, 
rather than the normal load currents. 

At the end of conduction, the intensity 
of residual ionization becomes extremely 
important because of its direct relation to 
arc-back. In tubes of small volume, the 
deionization rate is rapid and equilibrium 
between ionization and anode current is 
reached quickly so that the ion density is 
relatively low when inverse voltage is ap- 
plied at the end of commutation, or trans- 
fer of current from anode to anode. As 
the cross section and volume of the tube 
increase, for higher capacities, the volume 
of ionized gas increases and the time re- 
quired for the ions to diffuse to the walls 
is increased, with the result that the den- 
sity of ionization at the end of conduction 
is correspondingly higher. Figure 3 shows 
the time required for the ionization to 
decay to a given value for a fixed value of 
anode current in the 100-, 200-, and 400- 
ampere sizes of tubes. The curves repre- 
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Figure 4. Cross section of a 2,400-kva con- 
trol ignitron 
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Figure 5. Cross section of a 200-ampere 
rectifier ignitron 


sent the auxiliary anode-to-cathode volt- 
age as seen on a cathode ray oscilloscope, 
with the auxiliary anode used as a probe 
and connected to a negative bias to collect 
positive ions as indicated in the connec- 
tion diagram insert. The point in the 
curves at which the auxiliary anode volt- 
age begins to increase negatively indi- 
cates the time required for the ionization 
to decay to a value just at which the 
probe current can be supplied without an 
increase in voltage. The effects of in- 
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creased tube diameter, arc volumes, and 
particularly increased vapor density are 
clearly shown. 

In the development of the 400-ampere 
tube, it was expected that the general de- 
sign of the smaller tubes could be ex- 
tended to this size. However, operation 
tests indicated that both the ionization 
density and time of deionization must be 
decreased. One of the most effective 
methods of accomplishing this in the lar- 
ger tubes is to enclose the anode within a 
grid. The grid functions primarily as a 
shield to isolate the anode from the ioniza- 
tion in the arc chamber. The small vol- 
ume of ionization between the grid and 
anode insures rapid deionization of this 
space. Probably of equal importance is 
the current density level that can be col- 
lected on any part of the anode. 


ANODE CURRENT 


The magnitude and wave shape of the 
anode current influences the magnitude 
and wave shape of the. vapor pressure 
wave and affects the ionization density. 
These factors depend, in general, on the 
mode of operation of the rectifier circuit 
employed. The delta 6-phase double-Y 
circuit (proposed AIEE Standards nomen- 
clature) commonly is used and in this cir- 
cuit there is a ratio of three to one be- 
tween the peak and average currents. 


AC SUPPLY 


LINE VOLTAGE 


This ratio usually varies from two, three, 
four, six to one, depending on the type of 
circuit. At the end of conduction, the 
current wave shape, and particularly the 
magnitude of the ionization resulting from 
the current, depends on both the commu- 
tating reactance of the transformer and 
supply and the voltage that is available 
to transfer the current from one phase to 
another. 


ANODE VOLTAGE 


The degree of positive ion bombard- 
ment and the thickness of the ion sheathes 
that form around the anode during the 
negative part of the cycle are functions of 
the magnitude of the inverse anode volt- 
age. This voltage therefore influences 
the factors involved in arc-back directly. 
The magnitude of the inverse voltage de- 
pends on the circuit and is higher for cir- 
cuits having low ratios of peak-to-average 
currents and lower for those having high 
ratios. Two periods in the inverse voltage 
wave are of particular interest. The 
initial inverse voltage occurs at the end of 
commutation at the time the residual 
ionization is highest. Its magnitude de- 
pends on the circuit, the transformer com- 
mutating reactance, the current commu- 
tated, and the amount of phase control. 
The maximum inverse voltage depends on 
the circuit and usually occurs later in the 
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(a) No phase retard 
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cycle when the residual ionization is re- 
duced. Under large amounts of phase 
control (70-to 100-per-cent voltage reduc- 
tion), the initial inverse voltage ap- 
proaches or equals the maximum in mag- 
nitude. 


Circuir Duty 


The influence of the circuit duty on the 
tube design is shown in Figures 4 and 5. 
The figures show, respectively, a sealed ig- 
nitron for welder service and one for rec- 
tifier service. The two tubes have essen- 
tially the same physical dimensions and 
operate at inverse voltages of about the 
same magnitude. 

In welder service, two tubes are con- 
nected back to back to conduct both 
halves of the a-c wave. The conditions 


Table I. Tube Ratings 
Maximum Anode 
Current, Amperes 
300 Volts 600 Volts 
Direct Direct 
Current Current 
Instantaneous, Ae nts, ceaied ar 3,600.... 2,400 
Average 
Contiiuots eee: ciereeieine 400%. eo00 
22HOUt EAs chav acter e ae 600.... 450 
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Surge (0.15 second maximum). . 25,000... .19,000 
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for welder service are shown in Figure 6 
for several current cycles in a single spot 
weld, followed by an off period before the 
next weld. For the no-phase retard con- 
ditions shown in Figure 6a, only the last 
tube to conduct in the final cycle must 
withstand an inverse voltage when appre- 
ciable ionization is present. Under phase 
controlled conditions as shown in Figure 
6b, the current wave becomes discontinu- 
ous so that each tube must withstand com- 
mutating conditions in each conducting 
cycle, and the resulting duty therefore is 
increased by the increased number of 
trials. Recognition of this is made in the 
recommended application practice by re- 
ducing the peak current in proportion to 
the phase control. 

In rectifier service, the tubes must with- 
stand successfully commutating condi- 
tions in every cycle. Figure 7 shows the 
tube conditions in a delta 6-phase double-Y 
rectifier with no-phase retard (a) and 
phase retard (b). The tube current at 
commutation is a segment of a short-cir- 
cuit current wave whose magnitude is 
limited primarily by the commutating 
impedance of transformer and by the tube 
arc-drop. Under phase retard conditions, 
the voltage that is available to force cur- 
rent transfer from one transformer wind- 
ing to another is increased, with the result 
that the transfer time of a current of given 
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Figure 7. Tube voltage and 
current wave shapes for rectifier 


(b) Approximately 30 de- 


magnitude is decreased. The residual 
ionization at the instant inverse voltage 
is applied is therefore higher, and this in 
combination with the higher inverse volt- 
age increases the duty. 

In the foregoing discussion of design 
problems, it should be emphasized that 
the problem of arc-back has been consid- 
ered at limiting conditions and that a 
reasonable reduction in operating condi- 
tions below the limit results in perform- 
ance practically free from arc-back. 


Figure 8. Cross section of the 400-ampere 
ignitron showing the general design 


A—Anode connection 

B—Fernico metal alloy and Pyrex type glass 
seal 

C—Water connection 

D—Graphite grid 

E—Main graphite anode 

F—Stainless steel water jacket 

G—Splash baffle 

H—Auxiliary anode 

I—Starting ignitors 

J—Mercury pool cathode 

K—Tube support and cathode connection 
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Table Il. Combinations of Tubes and Circuits 
Kilowatt Output Num- 
SS eat a Ee ae ber 
300 600 of 
Volts Volts Tubes Circuit 


ZOO er OOO 5 s0 Ot re 
DOO OOO Mint Oss. 


.Delta 6-phase double-Y 
.Delta 6-phase double-Y 


750...1,500....12....Delta, 12-phase quad- 
ruple zig-zag Y 
1,000...2,000....12....Delta 12-phase quad- 
ruple zig-zag Y 
CONSTRUCTION 


The general design and construction of 
the 400-ampere tube is shown in Figure 8. 
The essential materials and general design 
of the earlier ignitron tubes have been re- 
tained. The water-cooling jackets and the 
inner cylinder forming the vacuum cham- 
ber are of stainless steel to minimize cor- 
rosion. The anode insulating and sup- 
porting bushing is of the fernico-glass 
sealing combination that has proved very 
satisfactory, not only from the vacuum 
tightness standpoint but from the view- 
point of strength and shock resistance as 
well. Anode and grid are of special graph- 
ite. Two ignitors are incorporated again 
to provide for circuit reversal or other ac- 
cidents. Only one is required for ignition. 
An auxiliary anode provides cathode spot 
stability for anode currents below three 
to five amperes peak, and permits simpli- 
fication of the ignition circuit control. 

A completed tube is show in Figure 9. 
The water jacket is approximately nine 
inches in diameter and 22 inches tall. 
Over-all height, including the flexible 


Figure 9. A com- 
pleted 400-ampere 
sealed ignitron 
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anode lead, is 40 inches, and the tube 
weight is approximately 95 pounds. 

In the larger sizes of tubes, the mate- 
rials used in the construction become an 
increasing proportion of the tube cost, 
and, even though warranties protect 
against loss from early failure, it becomes 
desirable to provide in the design the pos- 
sibility of repair. In this tube the header 
closing welds are of the fusion type rather 
than resistance seam welds. This permits 
removal of the headers with relative ease 
for inspection or repair. 


PERFORMANCE AND RATING 


Essential ratings of the 400-ampere 
tube are given in Table I, and Table II 
shows possible combinations of tubes and 


4/40-70 


AVERAGE CURRENT 
PER TUBE — AMPS D-C 
wW 
[e) 
(e) 


Owns SAO Ip Sw ahert ay 
TIME — HOURS 
Figure 10. A 600-volt operation test at 
rated continuous 2-hour and 1-minute load 
currents for zero phase retard 


circuits to provide industrial rectifiers 
of standard capacities at the 300- and 
600-volt levels. 

Rectifier performance tests usually are 
made on the load increment plan for a 
chosen water temperature and flow and 
at the desired operating voltage levels.® 
The commutating impedances are ad- 
justed to give output voltage regulation 
and short-circuit currents comparable to 
these expected in actual service. The 
load usually is absorbed by motor genera- 
tor sets. 

Prior to determining limits, an opera- 
tion run usually is made to check the 
performance at rated continuous 2-hour 
and 1-minute loads. Figure 10 shows the 
time-current plot of such a run for opera- 
tion at 600 volts direct current. 

Figure 11 shows the general shape of the 
load limit current curve for the 400-am- 
pere ignitron as the output voltage of the 
rectifier is reduced progressively to zero 
by means of phase control. Limits as far 
as the tubes are concerned are determined 
by arc-back. Under phase retard condi- 
tions, the combined effects of a higher 


Steiner, Price—400-Ampere Sealed Ignitron 


a 
(2) 


bh 
(eo) 


ANODE CURRENT — 
PERCENT OF MAXIMUM 
(2) 


[o} 


O 20 40 60 80 100 
OUTPUT VOLTAGE REDUCTION — PERCENT 


Figure 11. Continuous average anode current, 
determined by load limit tests, as a function 
of output voltage reduction by phase control 


The dots indicate arc-backs 


initial inverse voltage and greater ion 
density produce a higher tube duty, which 
is reflected by a reduction in load current. 


Conclusion 


The development of the 400-ampere 
sealed ignitron revealed no factors which 
would tend to limit the size and capacity 
that could be designed. Undoubtedly, 
larger tubes would require different treat- 
ment and probably different forms. The 
development did show the very great part 
played by ionization and the need, in 
spite of the excellent fundamental work 
that has been done, for additional work 
with particular emphasis on the problem 
of rectification. i 
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The Application of Series Capacitors 
to Flash Welders 


JAMES F. DEFFENBAUGH 


ASSOCIATE AIEE 


HE APPLICATION of series capaci- 

tors to spot, projection, and seam 
welders no longer presents any difficult 
problems, and they have been used suc- 
cessfully with these types of welders for 
several years. 

Essentially, enough capacitive react- 
ance is placed in the primary circuit of 
the welder transformer to neutralize the 
inductive reactance of the welder. This 
theoretically produces unity power fac- 
tor and reduces the kilovolt-ampere de- 
mand to the level of the kilowatt de- 
mand. Since the voltage across the 
capacitor units is directly proportional to 
the current flowing through them, units 
must be selected with a voltage rating 
high enough so that this rating is not ex- 
ceeded unless they are protected by an 
overvoltage device. 

The flash welder, however, presents an 
entirely different problem since the weld- 
ing operation is composed of two phases 
which differ widely in both power factor 
and kilovolt-ampere demand. 

The first phase is termed flashing and 
occurs when the pieces to be welded are 
brought in contact and heated to a plastic 
state by the passage of the current as it 
flows from one piece to the other. There 
is some doubt as to whether this current 
flow is caused by metallic or gaseous con- 
duction. However, we do know that 
there is not good contact. between the 
two pieces, and we will speak of the condi- 
tion during current passage as an arc. 
The flashing kilovolt-ampere demand is 
less than the final upset phase, the power 
factor is relatively high, and the wave 
shape of the current is rather irregular, 
as shown in Figure 1. 

When the plastic temperature has been 
reached, the upset phase takes place. 
Here the pieces are forced together 
quickly and are forged, producing the 
complete weld. Since the resistance at 
the weld region is lower at upset than 
when flashing, the kilovolt-ampere de- 
mand is greater, the power factor lower, 


Paper 46-141, recommended by the AIEE com- 
mittee on electric welding for presentation at 
the AIEE summer convention, Detroit, Mich., 
June 24-28, 1946. Manuscript submitted April 
26, 1946; made available for printing May 14, 
1946. 
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and because of the absence of arcing, the 
wave shape of the current is smooth, as 
illustrated in Figure 2. 

An example of this type of machine is 
the barrel welder. Figure 3 is a simplified 
drawing of the essential parts. Note that 
as the cam appearing at the extreme right 
revolves, the movable platen, in which is 
clamped one edge of the sheet forming the 
barrel, moves slowly toward the edge of 
the sheet which is clamped in the station- 
ary platen. The edges are brought 
in contact as the cam begins rotating, 
and, because of the inherent irregularities 
and minute projections along the edges 
of the stock, the contact resistance 
is high and the current flow is re- 
stricted to small areas. This produces 
a flashing action which burns away the 
multiplicity of projections. It is evident 
that there are two current paths in par- 
allel: one short path through the weld 


Figure 1. Oscillo- 

gram of current and 

voltage during flash- 
ing 


Figure 2. Oscillo- 
gram of current and 
voltage during upset 
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region and the other, a longer path, 
through the cylinder. The relatively 
high resistance offered by these two 
paths in parallel therefore results in a 
comparatively low kilovolt-ampere de- 
mand and high power factor. 

When the upset block on the cam 
meets the movable platen, the edges 
of the stock are forced together, the 
are extinguished, and, because of the 
resulting decreased resistance, the cur- 
rent flowing through the weld region in- 
creases greatly. The ratio of the resist- 
ance to the inductive reactance of the 
secondary circuit decreases with an ac- 
companying decrease of power factor. 

A series of tests were made on a stand- 
ard 350-kva 440-volt 42-inch barrel 
welder welding a standard 16-gauge 55- 
gallon drum to determine the possibility 
of applying series capacitors to reduce the 
kilovolt-ampere demand and _ increase 
the power factor. 

Oscillograms were taken before any 
power factor correction was attempted 
and it was found that the demand during 
flashing was about 350 kva at 92 per cent 
power factor, and at upset the demand 
increased to 1,200 kva at a power factor 
of 48 per cent. The relative magnitudes 


are shown graphically in Figure 4. 
Suppose we add enough capacitance to 
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ARMS -ACTUATED 
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FLASH OR DIRT REACH- 
ING TRANSFORMER 


PATH OF A-C WELDING 
CURRENT 


Figure 3. Essential parts of a drum welder 


the primary circuit of the welder to ob- 
tain approximately unity power factor 
during the flashing period. Proceeding 
exactly as is done in applying series 
capacitors to any other type of welder, 
it is found that 29 230-volt capacitors are 
required. Figure 5 gives vectorially the 
voltages existing in the circuit at this 
time. 

During the upset stage of the weld, the 
current increases, thereby producing a 
proportional increase in the primary cur- 
rent which now flows through the capaci- 
tor bank. This results in a voltage drop 
across the capacitors which is approxi- 
mately 150 per cent greater than the 
maximum permissible voltage of the 
units. Of course, units with a greatly 
increased voltage rating could have been 
chosen initially, but the number required 
would have been approximately four 
times that actually selected, so that this 
is clearly not an economical solution. 
The demand also has increased to a value 
approximately 25 per cent greater than 
it was before the capacitors were applied. 
The upset portion of Figure 5 gives these 
values. 

Let us now increase the capacitance to 
that required to correct the upset portion 
of the weld to unity power factor. We 
find that it is necessary to use 36 575- 
volt units. However, the resulting series 
circuit at upset impresses a voltage of 
about 21/2 times the normal supply 
voltage across the welder transformer, as 
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4 


SAU 
40 PER CENT OF THE CURRENT 
TRAVELS THIS CLOSED PATH 


ALIGNMENT MAINTAINED BY WATER 
COOLED DIES WITH ELKONITE 
INSERTS 


FLEXIBLE 
CONNECTION 


TRANSFORMER 


shown in Figure 6. There are two 
methods that can be used to maintain the 
secondary voltage appearing across the 
platens at the value it was before the 
capacitors were applied. One method is 
to increase the welder transformer ratio, 
and the other is to use a step-down trans- 
former in the supply circuit. In this 
instance let us choose the first method 
and increase the transformer ratio. 

As shown in the flashing section of 
Figure 6, we immediately meet com- 
plications during the flashing period 
since the characteristics of the circuit 
now are such that the voltage impressed 
on the welder transformer primary is 
reduced to 60 per cent of that required 
for proper flashing. This would result 
in an imperfect weld. 

We now are able to conclude that, when 
there is an appreciable difference between 
the flashing and upset demands, we will 
have one of two undesirable conditions 
present if we apply series capacitors to 
flash welders, according to conventional 
theory: 


1. Correction of the flashing demand will 
result in excessive condenser voltage during 
upset. 


2. Correction of the upset demand will 
result in a welder transformer voltage lower 
than that required for proper flashing. 


Since, in general, it is not economical 
to use high voltage capacitor units, we 
will provide a means of increasing the 
voltage across the welder transformer 
during the flashing period and use a 
value of capacitance which will give 
unity power factor during upset, since 
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Figure 4. Initial uncorrected values of 


kilovolt-ampere demands and power factors 
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Figure 5. Vector diagrams of currents and 
voltages existing when the flashing period is 
corrected to unity power factor 
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Figure 6. Vector diagrams of currents and 
voltages existing when the upset period is 
corrected to unity power factor 
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Figure 7. Schematic diagram of circuit used 
in test 


the power factor at flashing is rather high 
without correction. 

In order to accomplish this condition, 
the circuit shown in Figure 7 was made. 
A cam has been placed on the shaft which 
rotates the platen-moving cam, a limit 
switch which is actuated by this cam 
has been added, a second tube contactor 
has been placed in parallel with the origi- 
nal contactor, and an autotransformer 
has been connected in the supply line. 
The series capacitors are placed in the 
circuit between the contactors and the 
welder transformer primary winding. 

The sequence of operation of the cir- 
cuit is as follows. 

When the limit switch is closed, con- 
tactor B is closed and contactor A is 
left open. The tap on the autotrans- 
former to which contactor B is connected 
is selected so that approximately normal 
supply voltage is impressed on the welder 
transformer. This energizes the circuit 
correctly for the flashing operation. The 
added cam is adjusted so that contactor A 
is Closed and contactor B is opened about 
one cycle before the platen-moving cam 
starts the upset movement. This ad- 
justment was necessary as there was an 
interval of one cycle during the switching 
of contactors in which there was no cur- 
rent flow. However, it is possible to 
eliminate this period by the use of proper 
controls. Figure 8 shows this interval. 
Contactor A is connected to a lower volt- 
age tap on the autotransformer and re- 
sults in normal supply voltage being im- 
pressed on the welder transformer during 
upset. 

In order to simplify the calculations, 
the assumption is made that the source is 
of infinite capacity. This assumption 
changes the values slightly from those 
actually existing during the tests. 
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Figure 8. Oscillo- 
gram of contactor 
switching interval 


The first step is the calculation of the 
inductive reactance of the welder during 
upset. This calculation is the value, in 
ohms, of the capacitive reactance that 
must be supplied by means of the capaci- 
tor units in order to obtain approxi- 
mately unity power factor at upset. The 
circuit voltage conditions are as shown 
by the vector diagram in solid lines in 
Figure 9. It is evident that the voltage 
to be supplied by the autotransformer 
is the welder voltage Ew multiplied by 
the power factor during upset, plus the 
tube contactor drop of approximately 15 
volts. 

The next step is the determination of 
the circuit constants during flashing. 
The net reactance is the difference of the 
capacitive and inductive reactances. 
This value then is combined vectorially 
with the flashing resistance to find the 
resulting impedance. The voltage at the 
autotransformer then must be equal to 
this impedance multiplied by the primary 
flashing current. This current is ap- 
proximately equal to that occurring 
during the uncorrected flashing condi- 
tion. See Appendix II for exact calcula- 
tion. 

The vector diagram composed of 
broken lines illustrates the voltages ex- 


440 VOLTS 


Figure 9. Vector 
diagram of currents 
and voltages existing 
during flashing and 
upset after capaci- 
tors have been ap- 
plied in final ar- 
rangement 
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isting during flashing. The power fac- 
tor is slightly lagging because of the fact 


that the inductive reactance during 
flashing is greater than during upset. 
We are not certain as to the exact reason 
for this change in reactance, but it may 
be caused by the harmonics present dur- 
ing flashing. 

Figures 10 and 11 illustrate oscillo- 
grams of the current and voltage as 
measured at the supply side of the auto- 
transformer after the capacitors had been 
applied. Note that the power factor 
during upset is not quite unity and that 
the power factor during flashing is less 
than at upset. 

Figure 12 shows graphically a com- 
parison between the kilovolt-ampere 
demand and power factors before and 
after applying correction in the actual 
test, the dashed lines giving the corrected 
values. ; 

It is evident from an examination of 
Figure 12 that while the low kilovolt- 
ampere demand and high power factor 
of the flashing phase has not been al- 
tered appreciably, the upset kva demand 
has been reduced to approximately one- 
third of its uncorrected value, and the 
power factor has been increased from 48 
to 95 per cent. 
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Figure 10. 


Appendix |. Notation 


E,=supply line voltage 

£4 =autotransformer output voltage 

Eco =capacitor voltage 

7=output current of autotransformer 

9=angular difference between current and 
voltage in high tension winding of 
welder transformer 

The foregoing refer to upset values. 

With prime notation they refer to flash- 

ing values. 

9,=phase difference between current and 
voltage in supply line during flashing 
after capacitors had been applied 


Appendix Il. Calculations 


Upset period: 
7 Eu X107 _440°X107 


=0.161 ohm 
1,200 


kva 


X,=ZX sin 61 degrees 
=0.161 X0.875 
=0.141 ohm 


Therefore X¥¢= X,=0.141 ohm and power 
factor becomes theoretically unity. 


E,=£,X cos 61 degrees 
=440 X0.48 
= 211 volts 

Ec =EywX sin 61 degrees 
=440 X0.875 
=385 volts 


Corrected kva=uncorrected kvaX cos 61 
degrees 
= 1,200 X0.48 
= 575 kva 
kva (corrected) 
Ha x Ose 
a ie 
oT x0! 
= 2,725 amperes 


[(corrected) = 
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Oscillogram of current and voltage during flashing after 
addition of capacitors 


Figure 11. 


Flashing conditions: 
E,2X1073 
kva 
44021073 
350 
= 0.554 ohm 
X',=Z'X sin 23 degrees 
=0.554 X0.39 
=0.218 ohm 
X,(net)=X’,—X¢ 
=0.218—0.141 
=0.077 ohm 
R’'=Z' X cos 23 degrees 
=0.554 X0.92 
=0.51 ohm 


WA 


Thus the power factor with capacitors is 


X (net) 
n aay 
X , (net) 
R’ 
_ 0.077 


* 0.51 
=0.151 
0x =8.6 degrees 
cos 6x =0.988 


cos”! ta 


tan 6y = 


Power factor = 98.8 per cent 


E’wX cos 23 degrees 


cos 8.6 degrees 
_ 440 X0.92 
0.988 
=409 volts 
E'o=E'wX sin 23 degrees—E’,X sin 8.6 
degrees 
= (440-0.39) — (409-0.1495) 
=171—61.2 
=109.8 volts 


Kilovolt-amperes (corrected) 
_kvaX cos 23 degrees 


E',= 


cos 8.6 degrees 
_ 350 X0.92 


0.988 
=326 kva 
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Oscillogram of current and voltage during upset after 


addition of capacitors 
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Figure 12. Kilovolt-ampere demands and 
power factors measured in test after addition 
of capacitors 


Table |. Circuit Constants Before Correction 
a 
Circuit Constant Value 

Flashing 

BV A eavote evens eiountn, Bcnustor a suaiaveia inline Mitac 350 

Power factor tions. sips . eninge seinaes 92 per cent 
ciated asec mks ks oe wace lhe apehs cha 'c nue tara, oo . 23 degrees 

Dh pnd OO GOS GOO OAOIE cho OOAO DIM GC LENO 440 

Upset 

FIV Gi chal elie bealer os tei fie ve canemorapvleoforeueieh Re vehevertiate 1,200 

POWeR factOfe cc neieeie ces snleueseer sie cee 48 per cent 

GREE Seite sietiek Cine oer sata tahe’e Crone, e 61 degrees 

Supply. voltages semester ee > nals 440 


kva (corrected) 
TRO OK NOt 
326 
=—— 107% 
409 *s 
=797 amperes 


I (corrected) = 


The actual values of the autotransformer 
output voltages necessarily will have to be 
approximately 15 volts greater than the 
values as calculated to compensate for the 
voltage drop in the ignitron contactors. 
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Co-ordination of Insulation and Spacing 


of Transmission Line Conductors 


W. W. LEWIS 


FELLOW AIEE 


SURVEY of practice on existing 

transmission systems shows, for the 
same operating voltage, wide variations 
in the insulation used. Also, wide varia- 
tions occur in the spacing between con- 
ductors and from them to grounded mem- 
bers of the supporting structure. 

These variations are illustrated in Fig- 
ure 1, showing practice in the use of pin 
type insulators;! Figure 2, showing prac- 
tice in the use of suspension insulators ;?'?»4 
Figure 38, showing actual spacings be- 
tween conductors for horizontally ar- 
ranged lines; and Figure 4, showing 
actual spacings between conductors for 
vertically arranged lines.4® These varia- 
tions possibly reflect to some extent the 
different degrees of lightning, wind, snow, 
and sleet encountered in different parts 
of the country, as well as the difference in 
experience and conservatism of the de- 
signers. 

A recent committee report‘ gives data 
on 35 transmission lines in the 190- to 
287.5-kv range. In this report is given a 
comparison of the impulse flashover of the 
insulators and the flashover from the con- 
ductor to the structure through air, with 
the conductor swung at 30 degrees from 
the vertical. In many cases the flash- 
over to the structure through air is con- 
siderably less than the flashover of the 
insulators, indicating a lack of co-ordina- 
tion in the design. 

It is obvious from the preceding discus- 
sion that very little guidance can be ob- 
tained from existing lines as to the suit- 
able number of insulators and spacings 
for projected transmission lines of various 
voltages. The writer, therefore, has 
undertaken to set up criteria for such in- 
sulation and spacings which will offer a 
guide for those engaged in this work, and 
which will be consistent for the various 
voltages. 

In order to simplify the problem, the 
present study will apply mainly to steel 
tower lines with suspension insulators, al- 


Paper 46-175, recommended by the AIEE commit- 
tee on power transmission and distribution for pre- 
sentation at the.AIEE summer convention, De- 
troit, Mich., June 24-28, 1946. Manuscript sub- 
mitted April 11, 1946; made available for printing 
May 23, 1946. 


W. W. Lewis is a transmission engineer with the 
central station engineering division, General Elec- 
tric Company, Schenectady, N. Y. 


690 TRANSACTIONS 


though the question of wood pole lines 
and pin type insulator lines will be 
touched upon. 


Criteria for Minimum Line 
Insulation 


As a basis for the selection of the 
minimum line insulation, the following 
criteria are suggested: 


1. The 60-cycle wet flashover must equal 
or exceed the voltages expected from faults 
and switching surges. The maximum to be 
expected from these causes is five to six 
times normal line-to-neutral voltage. These 
voltages may be reduced by proper neutral 
grounding, by the use of breakers with mini- 
mum tendency for restriking, and by ade- 
quate lightning arrester protection. Under 
the most advantageous conditions, the upper 
limit of low frequency voltages may be 
taken as 3 to 3.5 times normal line-to- 
neutral voltage, and the 60 cycle wet insu- 
lator flashover should equal or exceed this 
value. 


2. The impulse flashover should equal or 
exceed the standard basic impulse insulation 
level for the terminal equipment. 


In Table I are given the 60-cycle dry 
and wet and impulse flashover values of 
standard suspension insulators, ten inches 
in diameter and spaced 53/, inches apart.” 

In Table II are given 60-cycle and im- 
pulse flashover values for standard rod 
gaps.”?. These values may be used for 
gaps in air between conductors, between 
conductors and tower, and so forth. 

In Table III, column 2, are given for 
the standard insulation classes the num- 
ber of insulator disks spaced 53/4 inches 
apart, whose wet 60-cycle flashover will 
equal or exceed 3.5 times line-to-neutral 
voltage. This is the smallest number of 
insulators which will have an impulse 
flashover equal to or greater than the 
basic impulse insulation level. 

Also given in Table ITI are the numbers 
of disks whose wet 60-cycle flashover will 
equal or exceed 4, 4.5,and 5 times the line- 
to-neutral voltage. In column 6, for com- 
parison, are given the numbers of disks 
representing average practice, from Fig- 
ure 2. 

It will be noted that average practice 
follows column 5 up to and including 115 
kv, column 4 for 138 to 230 kv inclusive, 
and column 3 for 287 and 345 kv. These 
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average values are from a curve. Actu- 
ally, the only 287-kv lines in existence 
have the equivalent of 21 disks spaced 
53/4 inches apart,‘ and so far there are no 
345-kv lines. The tendency to use a 
greater relative insulation at the lower 
voltages is similar to the tendericy to be 
found in the insulation of apparatus. 


Co-ordination of Spacing 
With Insulation Level 


With each level of insulation, there is 
a proper spacing between conductors and 
to the steel structure to develop the full 
strength of the insulator string selected. 
Let us take the minimum spacing to the 
steel structure A (Figures 5 and 6) as a 
spacing that will have an impulse flashover 
ten per cent greater than the impulse 
flashover of the insulator string. 

Spacing B (Figures 5 and 6), the hori- 
zontal distance from conductor to tower 
when the conductor is hanging vertically, 
will be such that when the conductor is 
swung to 30 degrees from the vertical the 
impulse flashover from conductor to tower 
(spacing A) will be ten per cent greater 
than the insulator string flashover. It is 
assumed that during the summer season, 
when lightning prevails and there is no 
ice or snow, 30 degrees is ample to con- 
sider for the conductor swing. 

Having determined spacing B from 
conductor to tower, spacing D between 
conductors for the horizontal arrangement 
(Figure 5) becomes two times spacing B, 
plus the width of the tower leg. 

For the vertical arrangement (Figure6), 
the spacing between horizontal planes 
through the conductors, spacing C, is a 


ELECTRICAL ENGINEERING 


o 


NUMBER OF 
INSULATOR DISKS 
Ov) 


ce) 40 80 120 


minimum of two times the spacing 4, 
Since the insulator string itself has a 
length approximately equal to spacing A. 
On the tower illustrated in Figure 6, on 
account of the slope of the crossarm brac- 
ing, the spacing between conductor planes 
naturally will be somewhat greater than 
2A. In other types of towers without 
crossarm bracing, this may not be the 
case, and the minimum spacing 2A can be 
used. 

In order that the conductors may be 
fully shielded from direct strokes, it has 


Table I. Flashover of Suspension Insulators 
With 10-Inch Diameter and 53/,-Inch Spacing 


Barometer 30 Inches, Temperature 77 Degrees 
Fahrenheit, Vapor Pressure 0.6085 Inch 


60 Cycles RMS 


Number of 
Insulator Dry Wet Impulse 
Units Ky Kv* Ky 
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From reference 7, except as otherwise noted. Im- 
pulse values based on 1.5x40 microseconds positive 
wave. Values for 21 units and more are extra- 
polated. 


« From Locke Insulator Corporation catalog. 
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Figure 2. Practice in the use of suspension 
insulators 


been found that the two overhead 
ground wires are necessary, either for 
horizontal or vertical arrangement of con- 
ductors. If the two ground wires are 
placed close together, they blanket each 
other and the full benefit of the two wires 
is not secured. The effect is much the 
same as the effect of two rods driven in 
the ground. If the rods are close to- 
gether, the combined resistance is only 
slightly less than that of one rod, but if 
they are far enough apart, the combined 
resistance will approach one-half of that 
of one rod. 

In a single circuit line of the usual de- 
sign, with the conductors horizontally ar- 
ranged (Figure 5), it works out well me- 
chanically to place the ground wires above 
the tower legs or above the poles in a 
wooden H-frame arrangement, that is, on 
a vertical plane about midway between 
the two conductors. This has proved in 
practice to give good protection. 

In the double circuit vertical arrange- 
ment (Figure 6), the ground wires are well 
coupled with the top conductors but are 
more remote from the middle and especi- 
ally the bottom conductors, so that the 
coupling factor is rather low. To offset 
this loss of coupling factor, the ground 


wires should be spread farther apart. A 
good position in practice has been found 
to be about directly above the outermost 
conductors, which are usually the middle 
conductors. 

The ground wires should be high enough 
above the conductors to avoid flashover 
between conductors and ground wires at 
midspan. However, if the ground wires 
are too high, the coupling with the con- 
ductors will be small and in case the tower 
voltage is raised above ground by light- 
ning current in the tower, the voltage 
across the insulator string will be greater 
than it would have been with the ground 
wires closer to the conductors. 

It has been found by experience that a 
height of approximately two-thirds the 
spacing between conductors for the hori- 
zontal arrangement and approximately 
equal to the spacing between conductors 
for the vertical arrangement is about right 
to give good coupling to the conductors, 
and at the same time avoid midspan 
flashover. Spacing C, Table IV, follows 
these criteria. 

In regions where snow, ice, or sleet are 
likely to accumulate on the conductors, it 
happens occasionally on vertical arrange- 
ments (Figure 6) that the bottom con- 
ductor unloads its snow and ice and 
swings up level with or above the middle 
conductor. Also, in case of a coating of 
ice or sleet and a light wind in the proper 
direction, sometimes dancing or galloping 
occurs. In this case, the conductor 
swings in an oval loop (Lissajous figure). 
Lightning is not apt to be present under 
these conditions. Nevertheless, the spac- 
ing between conductors when in their 
closest position should be amply safe, so 


Figure 3. Horizontal arrangement of conduc- 

tors; actual spacing between conductors and, 

for comparison, spacing D for average line 
insulation 
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that the dynamic voltage or overvoltages 
will not flash over. It should be noted 
in this case that the voltage between con- 
ductors is the line-to-line voltage. Spac- 
ing E equal to two-thirds A would have 
a dry 60-cycle flashover approximately 2.5 
times the line-to-line voltage, while spac- 
ing E equal to A would have a 60-cycle 
dry flashover approximately 3.5 times 
the line-to-line voltage. In practice, 
spacing E may be as small as 0.54 for 
favorable snow and ice regions and up to 
1.5A for regions where unloading of ice 
or snow or dancing of conductors may be 
expected. 

Table IV gives the various spacings 
which co-ordinate with the different num- 
bers of insulator disks, all based on 53/4- 
inch spacing between disks. In spacing 
D the width of the tower leg has been 
neglected. These values are plotted on 
Figure 7. If, for example, for a given 
transmission line seven disks are selected, 
then the spacings in Table IV correspond- 
ing to seven disks will co-ordinate with 
this number of disks. If for the same 
line it is desired to use nine disks, then all 
of the spacings should be increased to 
those corresponding to nine disks. 

On Figure 3 are shown spacings D 
based on average line insulation from 
Figure 2, for comparison with the spacings 
found in practice for horizontal arrange- 
ment of conductors. On Figure 4 are 
shown spacings C based on average line 
insulation from Figure 2, for comparison 
with the spacings found in practice for 
vertical arrangement of conductors. 

On lines with pin type insulators, there 
will be no swing of the conductors at the 
structure, so that spacing A could be used 
between conductor and down-lead as far 
as electric clearances are concerned. 
However, mechanical considerations may 
call for larger spacings, and spacing B 
would be applicable. 


Figure 4. Vertical arrangement of conduc- 

tors; actual spacing between conductors and, 

for comparison, spacing C based on average 
line insulation 


Table Il. Flashover of Standard Rod Gaps 


Barometer 30 Inches, Temperature 77 Degrees 
Fahrenheit, Vapor Pressure 0.6085 Inch 


60 Cycles RMS 
Gap rs 


Spacing, Dry Wet Impulse 
Inches Ky Kyv* Ky 
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From reference 7, except as otherwise noted. Im- 
pulse values based on 1.5x40 microseconds positive 
wave. Values for spacing above 100 inches are 
extrapolated. 


*From curve of Pittsfield General Engineering 
Laboratory. 


Wood Pole Lines 


Wood pole lines with hardware bonded 
and connected to grounded down-leads 
would be treated exactly the same as the 
steel tower lines previously discussed. If 
the hardware is not bonded, there will be a 
certain amount of wood insulation in cir- 
cuit, and the impulse value of this wood 
when dry may be evaluated at 100 kv per 
foot, and when wet at 50 kv per foot.®-? 
For conservative design, 50 kv per foot 
or the equivalent of one-half disk insula- 
tor for each foot of wood may be used. 

On account of the possibility of wood 
poles and crossarms splitting from the 
lightning flashover, it is desirable to have 
the flashover go from the conductor to the 
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down-lead through air, rather than via the 
insulator string and crossarm or pole. If 
the impulse flashover through air is made 
about the same as the insulator flashover, 
the added insulation of the wood in series 
with the insulator will ensure that the 
flashover will take place through air to 
the down-lead. 


Tower Footing Resistance 


The selection of a particular insulation 
and co-ordinated spacing of conductors 
does not assure that the line will not flash 
over because of lightning. Flashover can 
only be prevented by 


1. Shielding the conductors from direct 
strokes by properly placed overhead ground 
wires. 


2. Low tower footing resistance so that the 
product of tower current and resistance will 
not exceed the flashover of the insulation 
and spacing selected. 


Lightning currents to be expected may 
be determined from reference 10. Experi- 
ence has shown that flashover usually will 
not take place if the product of tower cur- 
rent and footing resistance does not ex- 
ceed the 1.5x40 positive flashover of the 
insulation or spacing to ground.!! For 
example, on a line with seven insulator 
units having an impulse flashover of 
695 kv, and assuming 100,000 amperes 
tower current, the footing resistance would 
have to be reduced to about seven ohms in 
order to prevent flashover. Reference 10 
indicates a reduction in footing resistance 
during surges as compared with the 
tested resistance. This reduction is 
greater the larger the lightning current 
and the larger the normal resistance. 
The reduction may be considered as a 
factor of safety when figuring on possible 


Figure 5. Single-circuit transmission line with 
horizontally arranged conductors 
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Figure 6. Double-circuit transmission line 
with vertically arranged conductors 


flashover based on the normal resistance. 
Also, by neglecting the coupling factor an 
additional factor of safety is secured. 

In some locations where the ground re- 
sistance is inherently high, it may be 
necessary to reduce the footing resistance 
by driven rods or counterpoise wires. 
Nevertheless, it may not be feasible or 
economical to obtain footing resistance 
valueslow enough. In these cases, it may 
be desirable to supplement the means al- 
ready used with ground-fault neutralizers, 
expulsion protector tubes, or automatic 
high speed reclosing. These supplemen- 


Table Ill. Minimum Number of Insulator Disks for Transmission Lines Based on 53/,-Inch 


Spacing 
(1) (2) (3) (4) (S) (6) (7) 
Number of Disks to Have 60-Cycle Wet 
f Flashover Equal to or Greater Than Average Basic 
Circuit Practice Impulse 
Voltage 3.5XL-N 4XL-N 4.5XL-N 5xXL-N Number Level 
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tary means have been described amply 
elsewhere. 1213-14 | 


Conclusions 


1. The 60-cycle wet flashover of line insu- 
lation should equal or exceed the voltages 
from faults and switching surges, that is, 
under the most advantageous conditions 
from 3 to 3.5 times normal line-to-neutral 
voltage, and under less favorable conditions 
up to 5 or 6 times normal line-to-neutral 
voltage. The impulse flashover should 
equal or exceed the basic impulse insulation 
level for apparatus. 


2. The number of insulators having a wet 
60-cycle flashover of 3.5 times line-to- 
neutral voltage is the minimum number 
which will meet the basic impulse insulation 
level. 


Figure 7. Relation between number of insu- 
lator disks and spacing for transmission lines: 


A—Conductor to nearest tower steel 
B—Conductor to vertical tower members 
C—Between vertical conductors and between 
conductors and ground wires 
D—Between horizontal conductors 


40 - | 
et ies ke = ee! 1 =! 9° t L 
36 cae i i aan FI lest ay Te liana = 
pa ite = Sa ++.e%, Jean | = 
32 3 t Sr = ie ef + + 
I JE ‘ee | | ae 
an Beets C1 aa 
G 
w ile ia | one ele 
tre es - 2 et 
| —— 4 2 
in ls 
oO @ 
2 20-4144 a 4 + pone L 
S) Hes Ly 
My ee 
SEG 1 ; al 
4 + BaRe 
12 + se he 
rit T T 
8 } | = | 
7.1 Ea } 4 BS MN 
| le | Je oI iscatl + 
(0) 
(e) 4 8 12 16 20 24 23 32 


NUMBER OF INSULATOR DISKS 


OcTOBER 1946, VOLUME 65 


Lewis—Co-ordination of Insulation and Spacing 


3. Spacings between conductors, from con- 
ductors to tower, and from conductors to 
overhead ground wires should co-ordinate 
with the impulse flashover of the number of 
insulators chosen. 


Spacing A from conductor to the nearest 
tower steel should have an impulse flashover 
about ten per cent greater than the insulator 
string flashover. In feet this is roughly 
number of disks+1_ 


2 


Spacing B, the horizontal distance from con- 
ductor to tower when the conductor is hang- 
ing vertically, equals 1.5A. 

Spacing C, between horizontal planes 
through conductors in the vertical arrange- 
ment, and between the plane of upper con- 
ductors and plane of ground wires, equals 
2A. The same spacing is used between the 
plane of conductors and plane of ground 
wires in the horizontal arrangement. 


Spacing D, between conductors in the hori- 
zontal arrangement, is 3A. 


Spacing E, between vertical planes through 
middle and bottom conductors in vertical 
arrangement, varies from 0.5 to 1.5A, de- 
pending on severity of snow and ice, and 
wind conditions. 


equal to 


4. Immunity from flashover depends not 
only on the insulation and spacings selected, 


Table IV. Co-ordination of Spacings With 
Number of Insulator Disks 


Number of 


Insulator Spacing Spacing Spacing Spacing 


Disks* A, Feet B, Feet C, Feet D, Feet 
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* Spaced 53/4 inches. 
Spacings for intermediate numbers of disks may be 
interpolated. 


Refer to Figures 5 and 6 for location of spacings 
A, B, C; and D. 
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Transmission Rating of Telephone Systems 
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Synopsis: The problem of rating the trans- 
mission performance of telephone connec- 
tions is considered, including a review in 
considerable detail of a method proposed 
by J. R. Hughes.! With this background, 
a modification of Hughes’ technique is pre- 
sented with indications of certain attendant 
advantages. 


TELEPHONE, by definition, is a 

device for projecting the human 
voice beyond its normal range. There 
are other systems, of course, such as 
broadcasting, public address, paging, and 
recording-reproducing systems which per- 
form this same general function. Each 
has its own type of service, the nature of 
which accounts for the differences in 
equipment and technique peculiar to each 
system. The service offered by the tele- 
phone system makes it the most complex 
of all. Each subscriber must have his own 
telephone set which must have access to 
all other subscribers individually for 2- 
way conversation and be able to establish 
and disengage all possible interconnec- 
tions. The inherent complexity of estab- 
lishing the transmission paths may tend 
to distract attention from the primary 
function of the system, which is to convey 
intelligence by means of the spoken word. 


Since this is the reason for the existence of 
a telephone system, there should be ade- 
quate means of measuring its success in 
accomplishing this end. This is impor- 
tant both to maintain adequate service 
and to point the way for progress in the 
art. 

This paper will discuss the methods of 
rating which have been used from time to 
time throughout the course of develop- 
ment of telephone systems. Special at- 
tention will be given to a technique re- 
cently proposed by J. R. Hughes which 
will be reviewed in considerable detail. 
With this background, a presentation 
will be given of a modification of Hughes’ 
technique with certain indicated advan- 
tages. 

Since this discussion is concerned en- 
tirely with the transmission problem, the 
terms telephone system or connection are 
to be understood to refer to the equipment 
which makes up a complete voice trans- 
mission path from one subscriber to 
another. 


Basis of Rating Methods 


Inasmuch as the fundamental function 
of the telephone system involves the 
transmission of voice-produced electric 


but on adequate shielding by overhead 
ground wires and sufficiently low tower 
footings resistance. In general, flashover 
will not be experienced if the footing re- 
sistance is less than the 1.5x40 microseconds 
positive impulse flashover of the insulation, 
divided by 100,000. 
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currents over a distance, the first essential — 
for the system is satisfactory transmitting 
and receiving equipment. With such 
equipment available it is immediately 
apparent that the loss in the telephone 
line (or other connecting medium) is of 
primary importance since with increased 
loss the weaker signals, and eventually 
all signals received, will fall below the 
audible limit. For that reason, various 
methods for rating of telephone systems, 
which have been used throughout the 
years, use as their unit some measure of 
the loss in a unit length of line. 


Rating Electric Circuit 
Components 


The earliest method used for specifying 
line losses was to indicate the number of 
miles of standard cable in the connection. 
Where lines other than standard (19 
gauge) cable were used, the number of 
miles of standard cable which would give 
the same reduction of current from input 
to output at an average frequency of say 
800 cycles per second would be the meas- 
ure of the line loss. When dealing with 
such lines it was necessary to use some 
measure of current reduction in the line 
to determine the length of standard cable 
which gave equal loss. Accordingly, a 
further step in development was to state 
the line losses directly as a function of this 
current reduction. Thus, the 800-cycle 
mile was born. It is a unit based on the 
loss in passing through one mile of stand- 
ard cable at 800 cycles per second, which 
is defined mathematically as the natural 
logarithm of the ratio of the input to out- 
put currents in one mile of standard cable 
(which is 0.109). Thus the formula for 
determining the number of 800-cyclk 
miles corresponding to any values of input 
and output current on a properly termi- 
nated line is 2.30/0.109 [logio (J in/TI out) J. 
Other circuit components are then rated 
in terms of the number of 800-cycle miles 
corresponding to the current or power re- 
duction resulting from their insertion in 
the circuit. 


Ratings of Transmitters 
and Receivers 


The most difficult problem in telephone 
transmission rating has been the develop- 
ment of an adequate method for deter- 
mining and expressing in simple and in- 
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formative terms the performance of trans- 
mitters and receivers. 

Historically, the earliest attack on the 
problem is found in the volume or loud- 
ness tests. They were based on the fun- 
damental assumption that two over-all 
connections which would produce equal 
loudness in the listener’s ear were equally 
satisfactory and, therefore, would be 
given equal ratings. Observers were 
asked to judge the relative loudness of 
two such connections. A series of obser- 
vations were made with successively dif- 
‘ferent equivalent lengths of a standard 
trunk in one connection as compared to 
the other. When settings of trunk were 
determined which gave equal loudness 
for the two connections, the difference in 
equivalent length or attenuation was 
taken as the difference in rating of the 
two systems. Thus the performance of 
over-all connections, including the effects 
of various subscriber sets, was rated in 
terms of equivalent trunk losses. 

Initially, the standard trunk used for 
such comparisons was the 19-gauge stand- 
ard cable (referred to previously) and 
the ratings were expressed in terms of a 
number of miles of standard cable. It had 
the disadvantage of not producing uni- 
form attenuation throughout the fre- 
quency range. Consequently, adjust- 
ments of the trunk changed not only the 
level but also the response-frequency 
characteristic by producing larger changes 
of attenuation at high frequencies than at 
low frequencies, thus making equality of 
loudness difficult to judge. It eventually 
was decided to replace the standard cable 
by a 600-ohm distortionless trunk. With 
the adoption of this trunk, the unit of 
line loss was replaced by a new unit of 
approximately the same magnitude, but 
defined as 10 logis (P in/P out) and called 
at first the transmission unit (TU) and 
later the decibel (db). 


Quality Differences 


In the course of the loudness compari- 
sons which were used in telephone instru- 
ment ratings, it often would be apparent 
to the observers that when the trunk had 
been adjusted for a loudness match, there 
was still a difference in the sound of the 
reproduced voice over the two systems, 
even when the distortionless trunk was 
used. Such differences commonly are 
described as quality differences. It seems 
evident that when the quality differences 
are large they so significantly may affect 
the intelligibility of speech transmitted 
over the system that volume rating alone 
becomes inadequate as a performance in- 
dex. 
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Judgment Tests 


Earliest attempts to take account of 
quality differences were the judgment 
tests. In these tests after the systems 
under comparison had been adjusted for 
equal volume, various observers were 
asked to listen to representative sentences 
transmitted over the system and give 
their judgmert as to which system they 
preferred. The systems were rated ac- 
cording to the relative number of votes 
cast for each. A glaring weakness of the 
method is that the preferences expressed 
often may be quite unrelated to the actual 
transmission merits of the system and 
thus may be definitely misleading. 


Articulation Testing 


A much more fundamentally sound and 
informative method of evaluating the ef- 
fects of quality differences is the articu- 
lation test. It has been used since before 
1910? and its value still is recognized. 
The test is conducted in the following 
manner. Each of a number of callers 
speaks a list of meaningless monosyllables 
or “logatoms’’ over each of two systems 
to be compared. The logatoms prefera- 
bly are inserted in sentences. A group of 
observers at the receiving end of the sys- 
tems record the logatoms as they under- 
stand them. The percentage of sounds or 
logatoms correctly received is called the 
per cent articulation of the system. Per 
cent articulation is more significant than 
volume rating alone in that it does take 
account of quality differences as well as 
volume differences. A definite disadvan- 
tage, as compared to volume ratings, is 
that ratings of system components may 
not be simply combined to determine 
over-all ratings of connections of varied 
make-up. Itis conceivable, however, that 
series of articulation tests may be taken 
on each system in such a manner that 
their results might finally be expressed 
in tinits suitable for this purpose. This 
will be discussed further in connection 
with immediate appreciation testing. 


Analysis of Quality Differences 


The existence of quality differences be- 
tween systems led to development of 
other kinds of testing in which the spe- 
cific objective was to explain the quality 
differences. Such tests are referred to 
commonly as objective tests, since they 
measure the physical characteristics of 
the system without dependence on the 
user’s judgment or opinion. Their highest 
development is found in the use of artifi- 
cial mouth and ear equipment. They 
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are very valuable tests for their intended 
purpose of analysis of performance. 
However, they do not afford a straight- 
forward means for the rating of over-all 
performance in simple terms which are 
interpreted readily and hence need not 
receive further consideration here. 


The Complete Rating Problem 


The preceding discussions have called 
attention to the fact that one telephone 
connection may differ from another in the 
quality of the received speech as well as 
in volume or loudness. Quality differ- 
ences may be either in frequency distor- 
tion (unsatisfactory balance of response 
throughout the voice frequency range) or 
in nonlinear distortion (the introduction 
by the circuit equipment of additional 
frequencies not present in the original 
speech). In addition to these effects, 
there are differences caused by the fact 
that the circuit is required to provide 2- 
way transmission with an invariable cir- 
cuit, that is, without switching of trans- 
mitter and receiver alternately into the 
circuit for talking and listening, respec- 
tively. The result is the condition com- 
monly described as side-tone, that is, a 
reproduction of a portion of the sound 
picked up by the transmitter of a given 
set in the receiver of the same set. Dur- 
ing transmitting the presence of this side- 
tone causes the user to lower his voice, 
the amount depending on the amount of 
such side-tone. On receiving, side-tone 
introduces noise into the listener’s re- 
ceiver picked up from the room in which 
he is listening, the amount of such noise 
being dependent on the amount of room 
noise and the efficiency of the side-tone 
path. 

It is evident that any figure of merit 
which is intended to serve as a measure of 
the over-all value of a telephone connec- 
tion in conveying intelligence in actual 
service must be obtained in such a way as 
to include the effects of all of these char- 
acteristics of the equipment and- their 
interactions on the users. 


The Repetition Rate Test 


The repetition rate test‘® was con- 
ceived and developed in the Bell Tele- 
phone System as a practical means of pro- 
viding such a figure of merit. In this 
method, the test data are obtained by 
monitors on actual telephone connections 
of known make-up who make records of 
the number of times that the users, in the 
course of their conversations, give evi- 
dence of failure to understand each other. 
The monitors also observe the elapsed 
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time for each conversation. The data are 
summarized to give the number of repeti- 
tions required per unit time. This is 
called the repetition rate for the connec- 
tion. Such data are statistical in nature 
and a large number of such observations 
must be made to give results of acceptable 
precision. Data are taken ona large num- 
ber of different connections to cover the 
range of equipment types to be rated. 
The repetition rate is taken as the funda- 
mental measure of the degree of success in 
carrying on conversations. Advantages 
of the volume rating system are retained 
by including in these tests measures of 
the variation of repetition rate with varia- 
tion of length, or attenuation in decibels, 
of distortionless trunk included as part of 
the connection for this group of tests. It 
is then possible to convert variations of 
repetition rate caused by changes of any 
part or component of a telephone connec- 
tion to equivalent changes in distortion- 
less attenuation expressed in decibels. 
This gives a rating system in which the 
performance of any component of a con- 
nection may be stated in terms of the 
number of decibels of effective trans- 
mission loss as compared with the corre- 
sponding component of a standard refer- 
ence system. 

The basis of these ratings, the repeti- 
tion rate test, has come to be generally re- 
garded as the ultimate criterion of satis- 
factoriness of the over-all transmission 
path of a telephone connection. Disad- 
vantages of this method are that it is 
essentially a field test, not adaptable to 
the laboratory, requires a very long time 
to obtain data, and is not generally prac- 
tical for operating companies or manu- 
facturers to use because of privacy re- 
quirements. The Bell System was able 
to overcome the latter difficulty by using 
several hundred stations in the American 
Telephone and Telegraph Company head- 
quarters building and a like number at 
the Bell Telephone Laboratories. 


The Immediate Appreciation Test 


The immediate appreciation test! is an 
attempt to bring the repetition rate test 
into the laboratory. In other words, it is 
a proposed means of overcoming the dis- 
advantages of the repetition rate test and 
still obtaining a rating which will include 
the effect of all the various system charac- 
teristics and the user’s reactions to them, 

In the application of the method, talk- 
ing and listening crews speaking over the 
connection to be rated use lists of 20 sen- 
tences, each of about six to ten words, 
simple and straightforward in type, and 
extracted from the ordinary news columns 
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IMMEDIATE APPRECIATION—PER CENT 


DISTORTIONLESS TRUNK SETTING-DECIBELS 


Figure 1. Immediate appreciation test—com- 
parison of transmitting substations 


Curve 1—Connection from transmitting sub- 
station A to receiving substation 
Curve 2—Connection from transmitting sub- 
station B to receiving substation 


of a daily newspaper. The listener is 
simply asked to decide whether or not he 
appreciated the meaning of each sentence 
immediately without any sort of delay or 
introspection on his part. On this basis 
he records each sentence as a success or 
failure. The percentage of successes is 
the percentage immediate appreciation 
and is taken as the criterion of perform- 
ance of the system. It is this particular 
testing technique which distinguishes the 
test from other subjective tests. (These 
are tests which use talking and listening 
crews.) Other details which will be dis- 
cussed have to do with means of taking 
account of the effect of service conditions 
(that is, speaker’s volume level and room 
noise) and the means of presenting the 
data and converting it to more useful 
form. 

Assuming the tests are so arranged as 
to take adequate account of service con- 
ditions, it will be seen that the outstand- 
ing difference from the repetition rate test 
is in the fact that the listeners also become 
observers in the test, so that the test data 
come directly from them instead of from 
monitors. The record, however, is based 
on fundamentally the same reaction, the 
difference being that the listener, as a re- 
sult of a failure to appreciate the meaning 
of what has been transmitted, records this 
failure instead of requesting a repetition. 
Advantages are that the tests can be made 
in the laboratory, the required data can be 
obtained in a much shorter time since con- 
tinuity of testing may be obtained, and 
the sensitivity of the method is higher, 
thus reducing the amount of required 
data and testing time. A possible disad- 
vantage is a certain degree of artificiality, 
a fault of any laboratory test. In this 
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respect, however, the immediate appre- 
ciation method has considerable advan- 
tage over the articulation test in which 
meaningless monosyllables constitute the 
matter transmitted. Here again there is 
a considerable advantage in time for the 
appreciation test since consistent results 
are found to be obtainable with much less 
matter transmitted. There is also the ad- 
vantage of practically unlimited source 
of material in contrast to the limited num- 
ber of logatoms available, thus reducing 
practice effects caused by familiarity with 
the material transmitted. The significant 
point, however, in the appreciation tests 
is the fact that the records obtained are 
intended to indicate specifically and di- 
rectly the success of the telephone connec- 
tion in conveying the meaning of con- 
nected words (that is, expression of 
thought) from talker to listener. Aside 
from these disadvantages of the articula- 
tion method, there appears to be no reason 
why the methods to be presented for rat- 
ing of systems by application of the im- 
mediate appreciation technique might 
not use equally well the logatom articu- 
lation technique. 

In the immediate appreciation tests, the 
direct result of a test run on two systems 
to be compared will show for the particu- 
lar test conditions the per cent apprecia- 
tion for each system. This, in itself, is a 
valuable indication of the relative perform- 
ance of two systems. However, in order 
to enable expression of the results in more 
useful form, a number of runs are taken 
on each system, the amount of distortion- 
less trunk in the connection being set at a 
new value for each run. Resultant data 
permit the plotting for each system of a 
curve of per cent appreciation as a func- 
tion of trunk attenuation. Such curves 
are shown in Figure 1. Figure 2 shows by 
block diagram typical circuits which are 
used in obtaining these data. In Figure 
1 the difference R of attenuation in deci- 
bels at a given level of per cent apprecia- 
tion is taken as the difference in effective 
transmission of the two systems for the 
given test conditions. Thus, if this per 
cent appreciation is taken at a value 
which is agreed upon as representing a 
satisfactory standard of communication 
efficiency, it is indicated in the given ex- 
ample that 7.5 decibels more attenuation 
may be inserted in connection 2 than in 
connection 1, and still furnish transmis- 
sion equal to the specified standard. It 
might be argued that 100-per-cent appre- 
ciation should be used. However, for 
practical reasons, a value somewhat short 
of this (95 per cent) is used. One reason 
is that the slope of the curves in this 
region allows the comparison to be made 
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more precisely; also, in general, it is not 
economical to design for perfection. 

This method of interpretation of re- 
sults assumes that it always will be possi- 
ble to obtain a curve of the type shown in 
the figure for any system. A little con- 
sideration will show that it is a funda- 
mental result of the test method. A diffi- 
culty, of course, would be presented by a 
system of such poor characteristics that 
95-per-cent appreciation would be im- 
possible to attain at any attenuation set- 
ting. However, there would be no prac- 
tical interest in trying to rate such a sys- 
tem. ~ 


Treatment of Service Conditions 


In his article on this method, J. R. 
Hughes gives extensive discussion of a 
statistical technique for taking account of 
the range of service conditions. The sta- 
tistical method is based on frequencies of 
occurrence of various values of speaker’s 
volume level and room noise determined 
from a large number of measurements of 
these quantities (in the case of room 
noise at actual subscriber locations). It 
consists of a procedure for weighting the 
observed data in accordance with these 
frequencies of occurrences. In making 
these tests the talker’s volume level has 
to be treated in such a way that any tend- 
ency of the presence of side-tone, which 
he hears from his own receiver, to influ- 
ence the loudness of his voice will be per- 
mitted to have its normal effect. This 
means that no artificial control should be 
exercised, such as the instruction to main- 
tain a constant specified speaking level 
which is the common procedure in the 
usual voice-ear volume tests or articula- 
tion tests. In lieu of such control, the 
method of relating the speaking levels of 
the crew to the range of service distribu- 
tion is by measurement of their natural 
speaking level; that is, the level at which 
they speak most naturally when convers- 
ing, without a telephone, in a quiet room. 

In obtaining the data for application of 
this statistical technique, it is necessary to 
take several families of curves to give the 
required information on variation of per 
cent appreciation with service conditions. 
The several families are taken each for a 
different fixed value of room noise at the 
transmitting end of the connection, each 
curve in a given family being obtained for 
a different value of room noise at the 
listening end. Thus each individual curve 
of each family gives the variation of per 
cent appreciation with attenuation of dis- 
tortionless trunk for a different combina- 
tion of transmitting and receiving end 
room noises. About four families of four 
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curves each are required. Variations of 
speaking level are taken as equivalent to 
variations of distortionless trunk setting. 

By application of the statistical tech- 
nique to these data, a single figure of 
merit is obtained which indicates how 
much more attenuation may be inserted 
in the better of two circuits and still ob- 
tain a grade of transmission at least equal 
to the accepted limiting value (95-per- 
cent appreciation) on the same percentage 
of all calls as on the poorer system. 


A Modified Technique 


In the foregoing discussions of imme- 
diate appreciation testing, interpreta- 
tions of the test data have been made in 
terms of the excess amount of distortion- 
less attenuation which must be inserted 


in the better of two systems in order to. 


make the two systems equivalent in their 
ability to transmit intelligence. In the 
data discussed in connection with the sta- 
tistical technique, this equivalence is es- 
tablished on the basis of an equal per cent 
of calls, enjoying at least 95-per-cent im- 
mediate appreciation; and the resultant 
rating is a composite figure dependent on 
all combinations (suitably weighted) of 
room noise levels and speaking levels oc- 
curring in service. In contrast to this, in 
standard Bell System effective ratings, 
the equivalence of two systems is estab- 
lished on the basis of equal success in con- 
veying intelligence in the presence of a 
single representative (reference) value of 


TRANSMITTING 
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= 
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Figure 2. Diagram of connections for a 
typical immediate appreciation test 


room noise existing at each end of the 
connection in each of the two systems. 
It seemed desirable in developing a labora- 
tory test for rating telephone systems in 
this country to express the ratings on this 
basis. 

The adoption of such a basis would re- 
sult, also, in a very considerable reduction 
(to about 1/16) in the amount of test data 
required. This is true since it would 
mean that the data for determination of 
the several families of curves discussed in 
connection with the statistical technique 
would be reduced to that necessary to 
give a single curve for each system under 
test, such as 1 or 2 shown in Figure 1. 
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The full extent of this simplification is not 
at once evident and may not be permis- 
sible always, since the technique em- 
ployed still must take account of the serv- 
ice range of speaker’s volume level, in- 
cluding the effects of side-tone character- 
istics of the transmitting subsets on this 
level. Accordingly, these tests must be 
conducted without instruction to the 
talkers to maintain any specified speaking 
level. 

In general, it would be necessary to ob- 
tain a family of curves of per cent imme- 
diate appreciation as a function of dis- 
tortionless trunk setting for each connec- 
tion to be rated where the several curves" 
of a family would be taken, each with a 
different crew having a different natural 
speaking level. The difference R (Figure 
1) between the curves for two systems 
being compared would be taken for each 
crew. A weighted average value of R 
then would be obtained in which the 
weighting would be in accordance with 
the frequency of occurrence of the respec- 
tive values of natural speaking level in 
service. 

The ultimate simplification possible in 
the use of this method results by applying 
the fundamental assumption which pro- 
vides the basis for Hughes’ statistical 
technique. This is derived from his ob- 
servation that under actual talking con- 
ditions amplitude distortion, even in sys- 


‘tems using carbon transmitters, is negli- 


gible. The corollary to this is that 
changes in the amount of attenuation in 
the distortionless trunk may be taken as 
representing, also, changes of the speak- 
er’s volume level. Applying this assump- 
tion, for example, to the curves of Figure 
1 leads to the following conclusions. Sup- 
pose that curves 1 and 2 and the resultant 
difference R between the two systems 
have been obtained with a crew having a 
given natural speaking level. Now sup- 
pose that this data were repeated with a 
crew having, for example, a 10-decibel 
higher natural speaking level. Applica- 
tion of the foregoing principle leads imme- 
diately to the prediction that the new 
curve 1’ (not shown) for the connection 
involving transmitting substation A will 
be obtained from curve 1 by adding ten 
decibels to the abscissa for each point, 
that is, the new curve will be displaced 
horizontally ten decibels to the right from 
curve 1. The new curve 2’ (not shown) 
for the connection using transmitting sub- 
station B will be obtained in an exactly 
similar manner from curve 2. Thus the 
difference R’ between curves 1’ and 2’ 
will be identical to the difference R. 
Hence the difference R will be independ- 
ent of the natural speaking level so that 
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only a single curve of per cent apprecia- 
tion as a function of distortionless trunk 
setting need be taken for each connection 
to be rated. 

When the assumption of equivalence of 
variations of attenuation of distortionless 
trunk and of speaker’s volume level are 
not substantiated, the method of using 
several crews having different natural 
speaking levels should be adopted. This 
still would require only about one-fourth 
of the data required by Hughes’ complete 
statistical technique and has the further 
advantage in this caseof taking account of 
any existing amplitude distortion effects 
which are neglectedby the fundamental 
assumption of the Hughes’ method. 

If ratings are desired for other room 
noise levels, they are obtained by repeat- 
ing tests of the foregoing type with the 
room noise adjusted to the required level. 
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As a simplifying approximation, such 
tests may be taken on a representative 
system, and the difference between the 
ratings for average room noise and the 
required room noise may be applied as a 
correction to the rating determined on 
any other system in question at the aver- 
age (reference) room noise level. 


Conclusion 


The simpler form of the modified test- 
ing technique described has had some ap- 
plication in the rating of transmission per- 
formance of subscriber’s sets. The lim- 
ited amount of testing which has been 
done up to this time indicates this tech- 
nique to be quite feasible. The imme- 
diate appreciation test in this general 
form, therefore, gives promise of being a 
very valuable tool in evaluating the over- 
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all merit of developments in telephone 
transmission equipment. 
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HE PROCESSING of starch requires 

large quantities of water. Thus, when 
the United States Sugar Corporation 
recently added the processing of starch 
to their activities, it was natural to install 
their new plant, which makes use of sweet 
potatoes as the raw product, at Clewiston, 
Fla. Clewiston is located in the Ever- 
glades near Lake Okeechobee. Lake 
Okeechobee is a shallow lake but it covers 
an area of over 700 square miles, second 
in area only to Lake Michigan in the 
United States. 

When the new starch plant was 
planned, it was calculated that the maxi- 
mum daily demand for water would be 
4,000,000 gallons with 3,000,000 of these 
gallons requiring purification before being 
used in starch processing. An analysis 
of the water of Lake Okeechobee indi- 
cated that the best source of water for 
the processing of starch on a purity and 
temperature basis was four miles from 
the levee of the lake. These findings re- 
sulted in the decision to build a concrete 
pumping station in Lake Okeechobee, 
‘four miles from the levee and a total of 
seven miles from the water treatment 
plant where the water is treated before 
being used in the starch processing. 

A view of the pumping station is shown 
in Figure 1. The inside diameter of the 
station is 40 feet and the walls are 2'/, 
feet thick. The station is slightly over 40 
feet from top to bottom with the water 
level normally being about 15 feet above 
the lower floor level. 
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A 24-inch-diameter cast iron pipe car- 
ries the water from the pumping station 
to the water treatment plant. The pipe 
is buried approximately four feet below 
the bed of the lake. A 75-horsepower elec- 
tric motor and a 180-horsepower gasoline 
engine are used to pump water through 
the pipe. Electric power is fed to the 
pumping station from the water treat- 
ment plant over a 4,000-volt power cable 
which is laid in the same trench with the 
pipe. 

The relative inaccessibility of the 
pumping station led to the decision to pro- 
vide control of the pumping equipment 
from the water treatment plant rather 
than having an operator located in the 
pumping station. 

The remote control of the pumping 
station could have been accomplished by 
means of wires in a submarine control 
cable which would have had to be in- 
stalled in addition to the power cable, or 
by means of power-line carrier supervisory 


Figure 1. A view of 

pumping station 

showing entrance 
door 
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control operated over the power cable. 
Economic considerations led to the ap- 
plication of carrier equipment to the 
4,000-volt power cable. 

Figure 2 is a single line diagram of the 
essentials of the power system at the 
water treatment plant and at the pump- 
ing station. The connections of the car- 
rier equipment to the power cable also are 
indicated. 

No carrier line traps were necessary on 
this installation because the power cable 
is terminated with the electric motor at 
the pumping station and with an auto- 
transformer at the water treatment plant. 


New Features of Installation 


This installation of carrier-operated su- 


‘ pervisory control equipment incorporates 


quite a number of operating and design 
features not previously employed. Fol- 
lowing is a list of these features: 


1. Operation of power-line carrier equip- 
ment over a submarine cable. 


2. The use of standard low voltage capaci- 
tors for coupling to the power line instead of 
standard coupling capacitors, thus making it 
possible to omit line tuning units. 


3. The complete incorporation of power- 
line carrier equipment including coupling 
equipment in a metalclad switchgear as- 
sembly. 


through the 


telemetering 


4. Selective 


TRANSACTIONS 699 


supervisory control equipment over a single- 
frequency power-line carrier channel with- 
out the use of audio tones for modulation of 
carrier.! 


5. Establishment of communication circuit 
over single-frequency power-line carrier 
channel through supervisory control equip- 
ment. 


Cable Characteristics 


A total of 35,000 feet of 3-conductor 
power cable is used between the water 
treatment plant and the pumping station 
for the transmission of 4,000-volt 3-phase 
power. 

A 22,800-foot length of armored sub- 
marine cable is used from the levee on the 
shore to the pumping station. The ar- 
mored cable is laid in the same trench 
with the 24-inch water pipe. The sub- 
marine cable has number 4 conductors and 
is protected with number 8 Birmingham 
wire gauge galvanized armor. The out- 
side diameter of this cable is approxi- 
mately 2.06 inches. Figure 3 shows the 
construction of the armored cable. 

A 12,200-foot length of rubber-jacketed 
cable is used from the levee, where it is 
spliced to the submarine cable, to the 
water treatment plant. This cable is 
laid in trenches across farm land at a 
depth of approximately four feet. No 
cover protection is used as this is below 
cultivating depth. 

The characteristic impedance of ordi- 
nary high-voltage transmission lines is 
about 800 ohms for line-to-line channels 
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Table I. Calculated Decibel Loss for 4,000-Volt Power Cable (22,800 Feet Armored and 
12,200 Feet Rubber Jacketed) From Field Data* 
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* Decibel loss = 20 logio i. 
Ey 


and about 500 ohms for line-to-ground 
channels.? The characteristic impedance 
of both the armored and the jacketed 
cable used on this installation is approxi- 
mately ten per cent of the usual values 
for ordinary transmission lines, the line- 
to-line impedance being approximately 
85 ohms and the line-to-ground imped- 
ance being approximately 45 ohms. 

When the carrier equipment was first 
placed in operation, the carrier sets were 
used to obtain a check on the line-to- 
ground attenuation values for the cable, 
which had been calculated previously 
from factory test data. 

To obtain data necessary to check the 
factory test data, the carrier equipment 
at each location was set on the proper tap 
of the matching transformer to match the 
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45 ohms characteristic impedance of the 
cable. The accuracy of calculated at- 
tenuation values is dependent on having 
the line terminated in its characteristic 
impedance. The complex nature of the 
carrier receiver circuit makes it impos- 
sible to choose a setting which will pro- 
vide exactly the right termination for all 
frequencies. However, because of the 
relatively high cable losses it was believed 
that only slight inaccuracies would result 
from the termination not being exact at 
all frequencies. The results obtained 
indicate that the carrier equipment pro- 
vided satisfactory termination at all fre- 
quencies. 

The carrier transmitter at the pumping 
station was adjusted to various frequen- 
cies with the high frequency voltage and 
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Figure 2. Single line diagram of power system at the water treatment plant and at the pumping station 
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Figure 3. 


current values being read for each differ- 
ent frequency. The output voltage also 
was read at the water treatment plant for 
each different frequency. 

From the test data obtained it was pos- 
sible to calculate the attenuation values 
of the cable at the various frequencies. 
Transmission losses usually are expressed 
in decibels. The decibel is expressed 
numerically as follows:® 


Py 
db=101 = 
O10 P, 


where 


db = decibel loss (attenuation) 
P,=power in 
P2=power out 


If the two points at which the voltage 
is measured have identical impedances, 
the decibel also can be expressed as fol- 
lows:3 

Ei 


db =20 logio EB 


2 


where 


db = decibel loss (attenuation) 
E, =voltage input 
E,=voltage output 


Table I shows the readings of current 
and voltage as well as the calculated 
values of decibel loss and impedance. 
The values of impedance which were cal- 
culated from the voltage and current 
input readings indicate that the termi- 
nation consisting of the carrier receiver 
at the water treatment plant was not 
exactly correct for all frequencies since 
the calculated impedance values should 
have been the same at all frequencies. 

Curve A of Figure 4 shows the decibel 
loss for the entire cable plotted against 
frequency, the values used being those 
shown in Table I. The values for the en- 
tire cable check well with factory test 
data obtained prior to installation of 
the cable. The factory tests indicated 
somewhat higher losses for the submarine 
cable alone and somewhat lower values 
for the jacketed cable alone. Curve B of 
Figure 4 shows the decibel loss per mile of 
the submarine cable and curve C of Figure 
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Figure 4. Curves of cable attenuation 


A—Total decibel loss for entire cable from 
field data 
B- -Decibel loss per mile of submarine cable 
from factory test data 
C—Decibel loss per mile of jacketed cable 
from factory test data 


4 shows the decibel loss per mile of the 
rubber jacketed cable. Curves B and C 
are plotted from factory test data. 


Carrier Coupling Equipment 


A standard line of coupling capacitors 
is available for introducing carrier fre- 
quencies to power lines.? This line of 
coupling capacitors is available for system 
voltages from 15 kv to 345kv. The de- 
sirability of keeping these coupling capaci- 
tors to a reasonable size resulted in their 
being designed with low values of capaci- 
tance. These low values of capacitance 
result in a relatively high capacitive react- 
ance for even the carrier frequencies from 
45 to 165ke. Since the carrier sets are de- 
signed for matching a line impedance 
which is essentially resistive, a line tun- 
ing unit is used with the standard line of 


coupling capacitors to cancel the capaci- 


tive reactance of the coupling capacitor, 
thus making it possible to match the 
carrier sets to a resistive impedance. 

The smallest carrier coupling capacitor 
which could have been used on this instal- 
lation is for use on 15-kv lines. The size 
of this unit is such that it could not have 
been incorporated conveniently in the 
assembly of metalclad switchgear. Also, 
a line tuning unit would have been re- 
quired since the capacitive reactance of 
this coupling capacitor at a frequency of 
50 ke is 320 ohms whereas the character- 
istic impedance of the cable from line-to- 
ground is only 45 ohms. 

Since the carrier equipment on this in- 
stallation was to be operated from line- 
to-ground, it was decided to use a standard 
2,300-volt capacitor similar to those used 
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Figure 5. Rear view of metalclad unit with 
cover removed showing coupling capacitor 


for power factor correction to couple the 
carrier equipment to the power cable. 
The capacitor chosen has a capacity of 
0.4 microfarad. Due to the small size of 
this capacitor no difficulty was encoun- 
tered in mounting it in the rear compart- 
ment of the metalclad switchgear unit 
which houses the supervisory control and 
carrier equipment. Figure 5 shows the 
capacitor mounted in the metal clad unit 
at the water treatment plant. 

The capacitive reactance of the 0.4- 
microfarad capacitor which was used is 
only eight ohms at a frequency of 50 ke. 
This low value of capacitive reactance 
made it unnecessary to use a line tuning 
unit. The use of a 0.4-microfarad capac- 
itor on this low voltage line results in a 
flow of less than 0.4 ampere of 60-cycle 
current to ground. 

The carrier drain coil, grounding switch, 
and protective gap as shown in Figure 2, 
are all mounted on a protective panel 
mounted on the barrier between the high 
and low voltage compartments of the 
metalclad unit. The front of this protec- 
tive panel can be seen near the top of 
Figure 6. 


Carrier Equipment 


The power-line carrier equipment on 
this installation is of the rack and panel 


TRANSACTIONS 701 


This type of construction makes 
it possible to build a unit for any carrier 
application, by making an assembly of 


type.? 


the necessary standard panels. In this 
case a transmitter panel, receiver panel, 
and modulator panel were required at 
the pumping station and at the water 
treatment plant. 

The carrier equipment at both locations 
is mounted on a swinging panel inside of 
one of the metalclad switchgear units. 
Figure 6 shows the front of this swinging 
panel at the pumping station. 

The carrier equipment is operated from 
125-volt batteries at each location. The 
carrier transmitters and receivers are ad- 
justable over a frequency range from 45 
to 165ke. The transmitters have a nomi- 
nal power output of 15 watts and opera- 
tion is possible with the signal attenuated 
30 decibels. 

The transmitter panel consists of a Col- 
pitts oscillator (one tube) and of a 6-tube 
push-pull amplifier. The amplified car- 
rier frequency output is fed into an iron- 
cored radio frequency transformer whose 
secondary winding couples the carrier to 
the line through the coupling capacitor. 

The receiver panel consists of a biased 
detector which is saturated when a satis- 
factory signal or a stronger than satis- 
factory signal is received. Thus, the 
plate current of the receiver is not ma- 


702 TRANSACTIONS 


Figure 6. View at 


pumping station 

showing front of 

swinging carrier 
panel 


terially altered for wide variations in re- 
ceived signal strength. The output of the 
detector supplies rectified current for the 
supervisory control receiver relay. 

The modulator panel includes the 
matching transformers, resistors, and re- 
lays for modulating the transmitter for 
voice communication, for matching the 
carrier receiver to the telephone receiver, 
and for inserting attenuating resistance 
in the receiver circuit for improved com- 
munication. 

On this installation both transmitters 
and both receivers are operated at the 
same frequency. The equipment is being 
operated at a frequency of 45 ke, since 
the attenuation in the cable is consider- 
ably less at lower frequencies. 


Supervisory Control 


The supervisory control equipment on 
this installation operates by means of 
coded impulses with each code transmit- 
ted being checked bya duplicate code origi- 
nating at the other station. The im- 
pulses are transmitted at the rate of 15 
per second and all selection and control 
impulses are of the same duration. 

Carrier impulses are transmitted by 
the supervisory control equipment by 
having the supervisory control impulsing 
contact close the carrier keying circuit. 


All carrier impulses which are originated 
at either the pumping station or the water 
treatment plant result in the carrier re- 
ceiver relay at both locations being oper- 
ated since both transmitters and receivers 
operate on the same frequency. The car- 
rier receiver relay is of the same general 
type as the rest of the supervisory con- 
trol relays and is mounted in the super- 
visory control relay case. 


Figure 7 shows the metalclad switch- 
gear unit on which the supervisory con- 
trol equipment is located at the water 
treatment plant. This figure shows the 
individual escutcheons or key and lamp 
plates for each of the functions performed 
by the supervisory control equipment as 
well as the supervisory control relay case 
and the water flow indicator. 

The supervisory control equipment per- 
forms the following functions: 


1. Start, stop, and supervise electric motor. 


ES eALt, 
engine. 


stop, and supervise gasoline 


3. Control and supervise automatic—man- 
ual transfer. 


4. Supervise electric motor annunciator. 


Figure 7. 
control unit at water treatment plant 


Front view of carrier supervisory 
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Figure 8. Schematic diagram of automatic and manual control of electric motor and gasoline engine 


5. Supervise gasoline engine annunciator. 
6. Supervise burglar alarm. 


7. Selective telemetering of rate of water 
pumped. 


8. Establishment of communication cir- 
cuits. 


Communication 


Communication between the water 
treatment plant and the pumping station 
is provided over the carrier channel 
through the supervisory control equip- 
ment. Picking up the telephone hand set 
at either location results in the proper 
selection codes being transmitted by the 
supervisory control equipment to ring 
the telephone bell at the location being 
called. The telephone bell continues to 
ring until the call is acknowledged by 
picking up the telephone hand set at the 
called location or until the telephone hand 
set is restored at the calling location. 
When the telephone hand set is picked up 
at the called location, the supervisory 
control equipment automatically locks 
out and the communication circuits are 
established. Push-to-talk communica- 
tion is used since the carrier transmitters 
and receivers all are adjusted to the same 
frequency. When communication is es- 
tablished the carrier receivers are oper- 
ated automatically on the linear portion 
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of the detector tube characteristic curves 
so that undistorted demodulation can be 
effected. 

The supervisory control equipment re- 
mains locked out until the telephone hand 
sets are restored. When both telephone 
hand sets are restored, the sttpervisory 
control equipment automatically unlocks 
and is ready immediately for other opera- 
tions. 


Telemetering 


A recorder with a 7-day chart is in- 
stalled in the pumping station to record 
the rate of water pumped in millions of 
gallons per day. This recorder operates 
on impulses received from a telemetering 
transmitter arranged to measure water 
flow by a venturi tube connection. The 
telemetering transmitter which is used to 
send impulses to the recorder also is con- 
nected to the supervisory control equip- 
ment so that a selective indication of rate 
of water pumped can be obtained at the 
water treatment plant over the supervi- 
sory control channel. 

The telemetering equipment operates 
on the duration of impulse principle. 
Each cycle of the transmitter is divided 
into an on and an off period. Minimum 
reading is obtained on the receiver with 
minimum on period and maximum read- 
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ing is obtained with maximum on period. 
The telemetering equipment used on this 
installation operates on a 5-second cycle. 
At zero water flow there is an on period 
of approximately 0.5 second and at a flow 
of water equalto full scale deflection onthe 
receiver (15,000,000 gallons per day) there 
is an off period of approximately 0.5 sec- 
ond. 

When the telemetering point is selected 
at the water treatment plant, the tele- 
metering receiver is connected to the car- 
rier receiver at the water treatment plant 
and the telemetering transmitter is con- 
nected to the carrier transmitter at the 
pumping station. The supervisory con- 
trol equipment is arranged to be inopera- 
tive to the carrier impulses resulting from 
the operation of the telemetering trans- 
mitter, when the telemetering equipment 
is thus connected to the carrier channel. 
The indication of the amount of water 
being pumped may be retained at the 
water treatment plant as long as desired. 

Release of the telemetering indication 
and restoration of the supervisory control 
equipment is effected by restoring the pull 
type selection key just as for the release 
of other functions. However, in this 
instance, keying of the carrier transmitter 
at the water treatment plant for the su- 
pervisory control reset impulse is auto- 
matically held off until completion of a 
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telemetering impulse, which may be in 
progress. The reset impulse is transmitted 
at the end of the telemetering impulse and 
operates the supervisory control receiver 
relay at both the water treatment plant 
and the pumping station. The duration 
of the supervisory control reset impulse is 
approximately one-fifth of a second so 
that the reset impulse can be completed 
in the off period of the telemetering trans- 
mitter even though the minimum off pe- 
riod of 0.5 second is in effect due to full 
scale reading being obtained. 

The supervisory control receiver relay 
at the pumping station operates on all 
telemetering impulses when the teleme- 
tering function is selected. Operation of 
both the telemetering transmitter con- 
tact and the supervisory receiver relay 
does not allow the supervisory control 
equipment to reset. However, operation 
of the supervisory control receiver relay 
with the telemetering transmitter contact 
open, stich as results when the reset im- 
pulse is transmitted from the water treat- 
ment plant, causes the equipment to reset 
and restore to normal, releasing the super- 
visory control equipment for other func- 
tions. 


Control of Electric Motor and 
Gasoline Engine at Pumping 
Station 


Figure 8 is a schematic diagram of the 
automatic and manual control for the 75- 
horsepower electric motor and the 180- 
horsepower gasoline engine which are used 
to pump water from the pumping station 
to the water treatment plant through the 
24-inch pipe. 

An automatic-manual transfer scheme 
which can be operated either from the 
water treatment plant or the pumping 
station by means of the supervisory con- 
trol equipment is employed. A latching 
type relay 43 is used to effect this transfer. 
It is to be noted from the schematic dia- 
gram that the coils of this relay can be 
operated either from a push button sta- 
tion located at the pumping station or 
from supervisory control interposing re- 
lays. 

When the manual contacts of the trans- 
fer relay 43 are closed, the electric motor 
and the gasoline engine are independently 
under the control of local push button sta- 
tions and the supervisory control equip- 
ment. Thus, when on manual control, the 
operator at the water treatment plant can 
start or stop either the electric motor or 
the gasoline engine at will. Either unit 
can be operated to pump water or both 
units can be operated to pump water at 
the same time. 
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MANUAL CONTROL OF ELECTRIC MOTOR 


When the electric motor is started on 
manual control from either the push but- 
ton station at the pumping station or from 
the water treatment plant by means of 
the supervisory control equipment, motor 
control relay 4M is first energized. This 
relay seals itself in through a make con- 
tact of auxiliary voltage relay 27X. Con- 
tacts of motor control relay 4M energize 
the solenoids of the normal and emergency 
cone values of the pump driven by the 
electric motor providing there is no surge 
of water at the time. When the limit 
switch on the normal cone valve closes, 
motor start relay 6 is energized. A con- 
tact of relay 6 completes the circuit to the 
motor breaker closing relay 52X and relay 
52X in turn energizes the closing coil of 
the motor breaker. The motor thus is 
started and water is pumped. 


If the electric motor is stopped by 
means of the push button at the pumping 
station, by the supervisory control 
equipment, or if voltage relay 27 closes its 
back contact due to loss of voltage or low 
voltage, motor control relay 4M is de- 
energized. This de-energizes the normal 
cone valve solenoid of the electric motor 
pump. When the limit switches on the 
normal cone valve open, the emergency 
cone valve solenoid is de-energized and 
motor start relay 6 is de-energized. A 
contact of relay 6 energizes the trip coil 
of the motor breaker, stopping the motor. 


Emergency shutdown of the electric 
motor results if overcurrent relay 51 or 
thermal overload relay 49 operate. Opera- 
tion of either of these relays energizes 
lockout relay 86 which must be manually 
reset. Relay 86 simultaneously de-ener- 
gizes motor control relay 4M and trips 
the motor breaker. 


MANUAL CONTROL OF GASOLINE ENGINE 


When the gasoline engine is started on 
manual control from either the push but- 
ton station at the pumping station or from 
the water treatment plant by means of 
the supervisory control equipment, en- 
gine control relay 4£ is first energized. 
This relay then seals itself in. Contacts 
of engine control relay 4E energize the 
solenoids of the normal and emergency 
cone valves of the pump driven by the 
gasoline engine and also complete a circuit 
to the gasoline engine starting panel, the 
detailed operation of which is not shown 
on the schematic diagram. Thus, the 
cone valves start to open and the gasoline 
engine starts providing there is no surge 
on the water line and the oil pressure of 
the engine is up. 

When the gasoline engine is stopped 
from either the push button station at the 
pumping station or by the supervisory 
control equipment, engine control relay 
4E is de-energized. When relay 4£ is de- 
energized it immediately releases the sole- 
noid of the normal cone valve of the 
pump driven by the gasoline engine. 


Figure 9. Wiew showing electric motor and gasoline engine in pumping station 
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When the limit switch on the normal cone 
valve opens it releases the solenoid of 
the emergency cone valve and causes the 
engine control to transfer to the idling 
cycle. 


AUTOMATIC CONTROL 


With the automatic contacts of the 
transfer relay closed, the electric motor 
will be running if there is voltage avail- 
able and the lockout relay is not oper- 
ated. When on automatic control the 
electric motor cannot be stopped from 
either the push button station or from the 
water treatment plant by means of the 
supervisory control equipment. If a 
transfer from manual control to automatic 
control is effected from either the 
pumping station or the water treatment 
plant the electric motor will start if it 
was not already running and the gasoline 
engine will stop if it was running. 

If when on automatic control the 4-kv 
voltage should fail at the pumping station 
or the lockout relay 86 should operate, the 
electric motor is stopped and the gaso- 
line engine is started automatically. 
If the electric motor stops as a result of 
loss of voltage and voltage again becomes 
available the gasoline engine automati- 
cally stops and the electric motor starts. 

When on automatic control, either the 
electric motor or the gasoline engine will 
be running if conditions are satisfactory 
for either to be running, with preference 
being given to the electric motor. The 
electric motor and the gasoline engine 
never will pump water simultaneously 
when on automatic control. 


Conclusions 


Power-line carrier equipment has been 
applied to transmission lines for more than 
20 years. The majority of the applica- 
tions have been for protective relaying 
and communication with the carrier in 
most instances being operated over open 
construction transmission lines rated 33 
ky or greater. While there is still much 
information to be obtained concerning 
operation of power-line carrier equipment 
over such lines considerable empirical data 
have resulted from tests made on some of 
these applications so that the perform- 
ance of the carrier equipment usually can 
be predicted fairly accurately for pro- 
posed applications.” 

Up to the present time there have been 
very few applications of power-line carrier 
equipment to low voltage lines. This is 
especially true in the case of power cable. 
The possibility of combined functions on 
carrier channels makes it economically 
sound to apply carrier equipment to lower 
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Factors Affecting Insulation Resistance 


of Large D-C Machines 


J. S. JOHNSON 
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NSULATION RESISTANCE of ro- 

tating machines was considered by 
many to be a haphazard collection of un- 
related numbers. One reason for this 
view was that insulation resistance read- 
ings rarely were taken under the same 
conditions. Many of the factors which 
greatly affect insulation resistance were 
notknown. Inthepast decade, significant 
contributions have been made toward a 
better understanding of the problem.!~4 
The influence of insulation temperature, 
time of application, and magnitude of 
test voltage, moisture, and machine size 
were recognized. 

Study of the problem by the AIEE sub- 
committee on insulation resistance has 
resulted in the preparation of a proposed 
“Recommended Practice for Insulation 
Resistance Testing of A-C Rotating Ma- 
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chines.” Its purpose is to summarize 
existing knowledge, make specific recom- 
mendations for test procedures, and give 
minimum insulation resistance formulas 
for new machines. Reference to d-c ma- 
chines was omitted because it was recog- 
nized that the problem on these machines 
in some respects was different, and that 
further study was necessary. It was 
hoped, however, that in the near future 
sufficient progress would be made on the 
d-c problem to permit extension of the 
proposed recommended practice to in- 
clude both classes of machines. 

To assist in this problem, insulation re- 
sistance data on new d-c machines over 
1,000 horsepower have been accumulated 
by the authors and their associates over 
a 5-year period. The purpose of the pres- 
ent work has been to determine, from a 
statistical examination of these data, the 
relative effect of the principal factors 
which affect the insulation resistance of 
d-c machines. In addition to previously 
recognized factors, such as machine size 
and insulation temperature, the absolute 
humidity of the surrounding air has been 
found to have an important effect on the 
insulation resistance of commutator type 
machines. This study has led to the de- 
velopment of an insulation resistance for- 
mula for d-c machines which includes all 
of these factors. It has been recognized 


voltage lines in many instances, and it is 
expected that there will be many such ap- 
plications in the future. The results ob- 
tained on the installation described indi- 
cate that standard carrier sets which will 
operate through a 30-decibel loss can be 
operated over considerable distances of 
power line cable. There is a need for simi- 
lar installation data on future applica- 
tions so that operation over cable can be 
predicted as accurately as operation over 
open construction power lines. 

This installation of power-line carrier 
on a low voltage line indicates that there 
will be many applications of carrier 
equipment to low voltage lines (either 
open construction or cable) where it will 
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be desirable to consider coupling means 
other than the standard line of coupling 
capacitors from an economic and space 
standpoint. 
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Data based on representative designs of 200 
d-c machines of 100 horsepower and more 


by the authors that for greatest useful- 
ness, such a formula should express the 
relationship of the various factors in terms 
of simple arithmetical processes. Ac- 
cordingly, a linear relationship involving 
rated horsepower, speed, and the winding 
insulation dimensions has been devel- 
oped and compared to the existing for- 
mula. The correction factor for the effect 
of absolute humidity at the time of test, 
which has been included in the formula, is 
a new concept. 

The factors which affect measured val- 
ues of machine insulation resistance may 
be grouped as follows: 


1. The nature and condition of the insula- 
tion material. 


2. The design and construction of the ma- 
chine. 


3. The conditions of test. 


Quantitative evaluation of the effect of 
these influences is difficult because of the 
complex structure of machine insulation. 
There is also a lack of basic knowledge of 
the fundamental processes involved and a 
lack of control of factors which have an 
important effect on machine insulation 
resistance. 


Machine Insulation Structure 


In general, insulation leakage between 
machine components may be segregated 
into two parallel paths, one through the 
body of the insulation itself, the other 
over the surface of the insulation. The 
relative magnitudes of the surface and 
volume leakage currents depend on the 
physical proportions of the insulation 
structure and the extent to which each is 
affected by existing conditions. It is 
usually difficult to determine the relative 
extent that each of these currents con- 
tributes to the total insulation leakage. 
In the case of stator windings of a-c syn- 
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chronous and induction machines, it is 
perhaps reasonable to assume that sur- 
face leakage currents have a negligible 
effect on the total leakage current. Ex- 
perience has shown, however, that at 
least under normal operating conditions 
the insulation resistance of d-c machines 
is determined largely by creepage factors. 
The same also appears to be true of new 
d-c machines under certain conditions of 
atmospheric humidity. 

The basic difference between a-c syn- 
chronous and induction machines and d-c 
machines from an insulation standpoint 
is the existence of relatively large exposed 
creepage areas which are inherent in the 
design of d-c machines. This is caused 
principally by the commutator and to a 
lesser extent by the brush rigging, series, 
commutating, and compensating wind- 
ings. Therefore, it is reasonable to expect 
that the insulation resistance characteris- 
tics of commutator type machines would 
be different from machines without 
commutators and that, in general, the 


commutator type machines would have | 


lower values of insulation resistance. 


Scope of Work 


The insulation structure of large d-c 
machines usually consists of armature 
circuit insulation and shunt field insula- 
tion. The insulation resistance of the 
shunt field winding is usually relatively 
high. The armature circuit insulation 
resistance is of principal importance be- 
cause it is usually lower and more af- 
fected by external conditions. The insula- 
tion of the armature circuit includes 
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that of the armature winding, brush 
rigging, series, commutating, and com- 
pensating windings. The scope of the 
present work has been to study and ana- 
lyze the results of armature circuit insula- 
tion resistance measurements of approxi- 
mately 1,100 d-c machines in the range 
of 1,000 to 7,000 horsepower. Although 
insulation resistance data were not 
available for machines of less than 1,000 
horsepower, it was felt by the authors 
that the dividing line between small and 
large d-c machines should be 100 horse- 
power. Therefore, in the development 
of the size correction which is included in 
the suggested minimum formula, ma- 
chines of 100 horsepower and higher were 
considered. 

In this work effort was directed toward 
estimating from a statistical study of the 
insulation resistance data known design 
proportions of the machines and known 
conditions of test, the probable influence 
of the principal factors which contribute 
to the measured value of insulation resist- 
ance. A further purpose of this work has 
been to relate these factors into a simple 
usable formula for expressing expected 
insulation resistance of new machines in 
terms of parameters which are known or 
easily obtainable. In the development 
of the ideas advanced in this paper, only 
general purpose d-c machines of ratings of 
100 horsepower or more were considered. 
The following, therefore, does not neces- 
sarily apply to special types of d-c ma- 
chines such as are used in the traction 
field. 


Development of Formula Relating 
Rated Horsepower and Speed to 
Machine Size 


One of the factors which influences 
measured values of insulation resistance, 
which is not related to the nature or 
condition of the insulation, is the physical 
size of the machine. A major shortcom- 
ing of the present AIEE minimum insula- 
tion resistance formula is that it makes 
no significant allowance for this factor. 
More rational formulas were proposed in 
1934 by Wieseman which take into ac- 
count effective insulation area and thick- 
ness. Although basically sound, these 
formulas have not enjoyed widespread 
use, largely because of a general unwilling- 
ness to handle formulas involving frac- 
tional powers. For greatest usefulness in 
a practical insulation resistance formula, a 
relationship among the various factors 
which involve relatively simple arithmeti- 
cal processes is desirable. Accordingly, 
an attempt has been made in this work to 
develop a linear formula for armature 
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circuit insulation resistance of d-c ma- 
chines 100 horsepower and higher which 
includes the effect of machine size. 

Under conditions where surface creep- 
age is negligible, machine insulation re- 
sistance would be expected to vary in- 
versely as the ratio of insulation contact 
area to thickness. Where surface creep- 
age has an appreciable effect, the logic of 
making a size correction based on contact 
area, at first glance, would appear ques- 
tionable. More careful analysis, how- 
ever, reveals that there is a substantially 
linear correlation between contact area 
and effective creepage area. Therefore, 
even where surface creepage is not negli- 
gible, it appears that insulation contact 
area can be used as a basis for size correc- 
tion. 

The considerations involved and as- 
sumptions made in the development of a 
linear formula, relating machine size to 
rated voltage, horsepower, and speed are 
as follows: 


1. The total insulation area under con- 
sideration includes that of all the windings 
in the armature circuit. In the develop- 
ment of the formula, only the insulation area 
in the armature slots is considered. The 
other areas involved are comparatively 
small and, in addition, are roughly propor- 
tional to the slot contact area. 


2. The slot contact area of the armature is 
equal to the product of the slot perimeter, 
the number of slots, and the length of the 
armature iron. 


3. Although slot insulation thickness is, 
in general, a function of voltage, the slot 
insulation thickness for large d-c machines 
is substantially constant. Therefore, rated 
voltage need not be included in the formula, 


4. The machine output for a given tem- 
perature rise and average conditions of elec- 
tric and magnetic loading is related to arma- 
ture size by the following fundamental de- 
sign relationship: 


Horsepower 


5 = = K id 2] 
Revolutions per minute 


where d and J are the armature diameter and 
length, respectively. 


5. The slot depth is approximately con- 
stant. 


6. An average value is assumed for the slot 
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pitch (center to center distance between 
slots). Actually, this value may vary by a 
maximum of plus or minus 30 per cent. 


7. An average value is assumed for the 
ratio of armature length to diameter. This 
value may vary by as much as plus or minus 
80 per cent of the average value. Slot area, 
however, varies as the cube root of this 
ratio. 


From the foregoing it follows that 


Kodl 
Slot area =———— = K;-dl = Kad? 
slot pitch 
where a=1/d. 
Horsepower cc d2) & ad? 


Revolutions per minute 


| horsepower V/s 
(revolutions per minute)a 


where d, /, and slot pitch are in inches, 
slot area is in square inches. 


horsepower 


2/3 
Slot area = Kf 2 5 
(revolutions per minute) 


(1) 


The best linear approximation for equa- 
tion 1 was determined and is as follows: 


horsepower 

Slot area = Kj ; = +2 
revolutions per minute 

(2) 


Actually, the values K, and Ks; (equa- 
tions 1 and 2) are not constants because 
of the assumption of average values for 
design factors which affect machine size 
without directly affecting machine out- 
put. Average values, however, were ob- 
tained by substituting actual slot areas of 
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200 representative designs into the for- 
mula and solving for K, and K; in equa- 
tions 1 and 2. The averages thus ob- 
tained for K, and K, were found to be 
4,800 and 1,500, respectively. 

The validity of the foregoing formula 
was checked by comparing the ratio of 
computed to actual slot areas for each 
formula. The computed ratios for the 
200 representative designs were ar- 
ranged in increasing order and plotted on 
arithmetic probability paper (see the 
appendix). Figure 1 shows a comparison 
of correlation for equations 1 and 2 as 
well as the Wieseman formula for 200 
representative designs of d-c machines in 
the range of 100 to 7,000 horsepower. 
For purposes of comparison, a constant 
for the Wieseman formula was determined 
in the same manner as K, and K;. It is 
apparent that the linear formula com- 
pares favorably with the other formulas 
and also has the advantage of simplicity. 
A size correction based on this linear re- 
lationship therefore is included in the 
minimum insulation resistance formula 
suggested by the authors. 


Effect of Absolute Humidity 


Insulation resistance of all rotating 
machines is affected by prevailing atmos- 
pheric moisture conditions. For this. 
reason, machines built and tested during 
the winter months, in general, have ap- 
preciably higher insulation resistance 
values than identical machines built and 
tested during the summer months. This 
effect is, in general, greater on commuta- 
tor type machines where large creepage 
areas from bare copper to ground exist. 
Study of the data reveals that insulation 
resistance of the armature circuit of d-c 
machines is affected by a combination of 
atmospheric moisture conditions at the 
time of test, and during the period of 
manufacture. 

The insulation resistance measurements. 
of the armature circuit windings dis- 
cussed in this work were made shortly af- 
ter the running test. Since condensation 
of atmospheric moisture on the insulation 
surfaces greatly distorts insulation re- 
sistance, all tests were made with insula- 
tion temperatures five to ten degrees 
above room conditions. Measurements. 
were made at 500 volts d-c and one min- 
ute after voltage application. 

The effect of extreme humidity condi- 
tions on the insulation resistance of a d-e 
armature is illustrated in Figure 2. This: 
armature which was initially at equi- 
librium at 70 degrees Fahrenheit and 20 
per cent relative humidity, was exposed 
to 90 per cent relative humidity at 100 
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degrees Fahrenheit for 17 days and then 
returned to the initial ambient conditions. 
A reduction to 1/13 of the initial resist- 
ance after making corrections for tempera- 
ture was observed at the end of the first 
day. The temperature correction is based 
on a ten to one decrease in insulation re- 
sistance for a 50-degree-centigrade tem- 
perature increase. A further reduction of 
one half was observed for the succeeding 
16 days. Upon returning to room condi- 
tions of humidity and temperature, a 
rapid recovery to approximately one half 
of the initial insulation resistance value 
was observed. It, therefore, is apparent 
that the insulation resistance of a d-c 
armature is affected greatly by the pre- 
vailing atmospheric conditions at the time 
of test. 

To evaluate the effect of atmospheric 
moisture conditions on insulation resist- 
ance, correlations of absolute and relative 
humidity at time of test with insulation 
resistivity were attempted. The insula- 
tion resistance of the 1,100 machines was 
corrected for machine size by multiply- 
ing the measured values by the ratio of the 
effective slotarea andinsulation thickness. 
The units of insulation resistivity thus 
obtained were megohm-inches. 

Comparison of insulation resistivity 
with relative humidity at time of test re- 
vealed no significant correlation. How- 
ever, since it was evident from Figure 2 
that humidity conditions at time of test 
should affect the insulation resistance sig- 
nificantly, a correlation between insula- 
tion resistivity and absolute humidity was 
attempted. Absolute humidity differs 
from relative humidity in that it is a 
quantitative measure of atmospheric 
moisture. Relative humidity merely ex- 
presses the ratio of actual atmospheric 
moisture to the maximum or saturation 
conditions for a given temperature. Since 
absolute humidity at saturation varies 
logarithmically with temperature, it is 
evident that relative humidity by itself 
is not a measure of atmospheric moisture. 

For practical purposes vapor pressure 
in inches of mercury is a convenient 
measure of absolute humidity. A record 
of daily average and range of vapor pres- 
sures in the Pittsburgh district for the 
years 1941 through 1945 is shown in Fig- 
ure 3.* These observations were made 
less than five miles from the place of 
manufacture and were assumed to repre- 
sent ambient moisture conditions at the 
plant. 

Figure 4 shows the correlation of me- 
dian insulation resistivity with vapor 
pressure at the time of test (see the ap- 


* Data obtained from original records of the Pitts- 
burgh Weather Bureau. 
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Figure 5. Comparison of insulation resistance 
frequency distributions before and after cor- 
rections—1 ,100 d-c machines 


pendix). Based on this correlation, all 
armature insulation resistivities were 
corrected to a vapor pressure of 0.1 
inch of mercury. Figure 5 shows a com- 
parison of the uncorrected insulation re- 
sistance data, the same data corrected for 
machine size, and the same data again 
corrected for vapor pressure at the time of 
test. It is evident from Figure 5 that cor- 
rections for machine size and vapor pres- 
sure based on the foregoing correlation 
produce an improvement in the central 
tendency of the data. 

Although the correlation shown in Fig- 
ure 4 is based on vapor pressure at time 
of test, it actually includes the effect of 
vapor pressure during manufacture. This 
is true because, in most cases, the aver- 


Table |. Correlation of Average Resistivity 

of 700 Identical D-C Armatures by Months, 

With Average Vapor Pressure at Month of 
Test and Two Months Prior to Test 
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age vapor pressure conditions during 
manufacture and test are substantially 
the same. For purposes of applying a cor- 
rection for vapor pressure at the time of 
test in a minimum insulation resistance 
formula, it is desirable to separate the ef- 
fect of vapor pressure during manufacture 
from that at the time of test. 

An examination was made of the insula- 
tion resistance of a large number of 
identical machines which were built at a 
rate of approximately 50 machines per 
month over a 15-month period. Table I 
shows the average insulation resistance 
of these armatures and the average 
monthly vapor pressures. If the follow- 
ing assumptions are made, it will be seen 
from column 3 of Table I that in most 
cases reasonable approximations for the 
effect of vapor pressure can be made: 


1. Insulation resistance is inversely pro- 
portional to vapor pressure at time of test. 
Figure 2 shows a 13 to 1 initial reduction 
in insulation resistance for a 18 to 1 increase 
in vapor pressure. 


2. Insulation resistance is inversely pro- 
portional to the vapor pressure at time of 
insulation varnish treatment. In the case 
of these machines, the time of varnish treat- 
ment is assumed to be two months prior to 
the month of test. 


8. The over-all correction for manufactur- 
ing and test conditions is the product of the 
individual corrections for each influence. 
This assumption was made because it was 
found from inspection of the data of Table I 
that a correction of this sort correlated the 
observed data. Since only the creepage 
component of insulation resistance is af- 
fected by the vapor pressure at the time of 
test, the foregoing assumption implies that 
the principal effect of the humidity condi- 
tions during manufacture is on the creepage 
resistance. 


Based on the preceding assumptions, a 
formula for correcting all the observed re- 
sistivities to constant vapor pressure 
conditions of 0.1 inch of mercury is as 
follows: 


Corrected resistivity = 


eRe VPi., VP: 
uncorrected resistivity X —— x —— 
Se ont ann 


where VP; and VP2 are vapor pressures 
at the time of test and two months prior 
to the time of test, respectively. Column 
3 of Table I indicates that, except for the 
months of October and November, 
monthly average resistivities corrected to 
constant vapor pressure conditions are 
approximately the same. Corrections, 
therefore, were made individually to the 
entire group of machines excluding those 
tested in October and November. Figure 
6 gives a comparison of the frequency dis- 
tribution of uncorrected and corrected 
data grouped according to multiples and 
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common fractions of the median value of 


resistivity. Figure 7 shows a frequency 
distribution of the corrected data grouped 
in the usual manner. As shown in Fig- 
ures 6 and 7, the corrections significantly 
improve the normality of the observed 
data. Therefore; the assumptions of the 
relative effect on insulation resistance of 
the ambient humidity conditions during 
manufacture and test appear to be rea- 
sonable. 

After a machine is in operation, the 
effect of moisture conditions at the time 
of varnish treatment would be expected 
to diminish, and in time the moisture 
content of the insulation is determined 
by the prevailing ambient and operating 
conditions. The real criterion of the 
moistureproof quality of machine insula- 
tion is not necessarily its moisture con- 
tent, but rather the rate at which mois- 
ture is absorbed under given conditions. 
Under conditions of operation, accumula- 
tions of conducting particles on the ex- 
posed creepage surface may have a pre- 
dominating influence on insulation resist- 
ance. 


Suggested Minimum Formula 


The principal requirement for an ideal 
minimum insulation resistance formula is 
a simple relationship between the factors 
which are known to affect the machine in- 
sulation resistance. These factors should 
be in terms of parameters which are 
known or are easily obtainable at the time 
of test. 


1. Variation of slot area, for d-c machines 
in the range of 100 to 7,000 horsepower, has 
a maximum range of 100 to 1. A simple 
relationship between output and speed rat- 
ing has been developed which makes an av- 
erage correction with a 27 per cent disper- 
sion. Since slot area varies to a certain ex- 
tent independently of the output or speed 
rating, significantly closer correction does 
not appear possible. 


2. Variation of the exposed creepage surface 
of the armature is approximately linearly re- 
lated to the slot area of the armature so that 
any corrections made for slot area also will 
apply to this factor. 


3. Insulation wall thickness, because of the 
limited voltage range of d-c machines, may 
be considered constant. 


4. Insulation temperature for new d-c ma- 
chines, where insulation resistance decreases 
by a factor of approximately ten, increases 
from 25 to 75 degrees centigrade. There is 
a relatively small amount of data on tem- 
perature-insulation resistance slopes of d-c 
machines. More data are needed to estab- 
lish average values and probable dispersions 
for machines both when new and under 
operating conditions. In the meanwhile 
the effect of temperature is minimized best 
by consistently measuring the insulation re- 
sistance at approximately the same tempera- 
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ture! Five to ten degrees above ambient 
would be a convenient temperature. The 
possibility of moisture condensation then 
would be eliminated. If measurements are 
made at or close to room condition, tempera- 
ture correction to 25 degrees centigrade, 
based on an assumed average slope, will 
introduce relatively small errors. 


5. Absolute humidities immediately pre- 
ceding the time of test have been shown to 
affect the measured insulation resistance by 
as much as ten to one for variations normally 
encountered. A simple correction for this 
factor in terms of ambient temperature and 
relative humidity at the time of test is pos- 
sible for this variable. 


It might be pointed out here that insula- 
tion temperature, as well as absolute 
humidity, has a d minishing effect on in- 
sulation resistance of machines operated 
in service under conditions where an ac- 
cumulation of conducting dirt is likely to 
be deposited on the exposed creepage sur- 
faces. 

Assuming that a simple formula which 


Table Il. Correction Factor for Absolute 
Humidity at Time of Test in Terms of Ambient 
Temperature and Relative Humidity 


aT 


Ambient 
Temperature, Correction 
Deg F Factor* 
MO ects cra de tciece Piste a wre ges vepore eleus 0.18 
DY i Pence NeHOW aipVaneieisve/sxeld) diptele ’ eialel ane 0.30 
A a pescessPecsuaeevayeneeat ea clo: ol eer aiie fane7wveis: 9T8 0.48 
PO eee eer ep UP Ey dca PRT AOE ee a 0.70 
Beh ecaetle anetia ni 6 Nas hve Della (0) 9 fo ater 1.00 
GUNN rete erraioneckehete ists lets stetis|creue #iaxensiem 1.47 
iO ieee piccseeial oksbe) eiais: aU sie) ar atiaielre (a: azsieneiiaite ae 
ROL Mree SA Meee lonaUshetsrele ehel-elcca Wi wpekerehe ssi co 2.95 
OO. Fn sleavinglo sy o/sle.riSie wieieew aaa s 3.90 
SRS sche Orne OG EO OE OR 5.50 


* f, =factor X per cent relative humidity. 
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gives the average expected insulation 
resistance of a d-c armature is possible, 
the selection of a suitable minimum insula- 
tion resistance formula depends upon 
what this formula thus determined is in- 
tended to represent. If the criterion is 
the value which is safe for application of 
the proof voltage test, the level of insula- 
tion resistivity set by the formula, if 
moisture is considered to be the contami- 
nating agent, should depend primarily on 
when the insulation contains a sufficient 
quantity of moisture to affect adversely 
the short-time dielectric strength of the 
insulation. It does not appear possible 
at the present time to state definitely 
what this resistivity should be. Explora- 
tory tests for paper-backed sheet-form 
mica insulation indicate that the short- 
time breakdown does not begin to be af- 
fected significantly until the resistivity is 
of the order of 1/10,000 or less of the av- 
erage new machine insulation resistivity. 
However, while moisture contamination 
is the principal source of low insulation 
resistance of new machines, it is not the 
only possible cause. Values of insulation 
resistance, which would be considered 
safe if the assumption could be made that 
the cause was uniformly distributed 
moisture, might not be safe if caused by 
some other factor such as defective or 
damaged insulation. It should be empha- 
sized that a high value of insulation re- 
sistance is no guarantee of adequate di- 
electric strength for test or operation. 
Insulation defects are possible which do 
not affect the insulation resistance. At 
best, insulation resistance indicates the | 
existence and approximate extent of con- 
taminating influences which affect insula- 
tion leakage. It appears that the best 
procedure possible at the present time 
in the selection of a minimum formula is 
to reach some agreement as to 


1. What the average resistivity of new ma- 
chine insulation should be. 


2. Some reasonable method by which the 
minimum insulation resistance shall be cal- 
culated from this average value. It should 
be recognized that the selection of this 
minimum has no logical basis except that it 
represents the best estimate possible at the 
present time. 


Based on the foregoing considerations, 
the following formula is suggested for 
minimum insulation resistance of new d-c 
armatures of ratings of 100 horsepower 
and higher. Essentially, the formula isan 
expression for the expected average arma- 
ture circuit insulation resistance of a new 
machine after correction for machine 
size, insulation temperature at the time 
of test, and absolute humidity at the time 
of test. Since the ground insulation on 
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d-c machines is essentially the same in 
both cases, no distinction is made between 
class A and class B insulation. Also, for 
general purpose d-c machines, the voltage 
range is limited and insulation wall thick- 
ness is substantially unaffected by rated 
voltage. Therefore, the voltage factor 
has been omitted in the formula. 


__ 4,000 
( horsepower 


R= 
a 5 4 tn 
revolutions per minute 


R;=minimum insulation resistance in meg- 
ohms at 25 degrees centigrade 

fn =correction factor for absolute humidity 
at time of test (see Table II) 


In addition to this formula, a 2-megohm 
minimum insulation resistance is sug- 
gested for armatures when the calculated 
value from the formula is below this 
value. In general, these armatures 
would be large and important, and there 
is the ever-present possibility ‘that the 
low insulation resistance might not be 
caused by moisture contamination, but 
might be the result of other localized de- 
fects. 


Summary and Conclusions 


Analysis of insulation resistance data of 
1,100 d-c machines in the range of 1,000 
to 7,000 horsepower has resulted in the 
rationalization of the complex factors in- 
volved. Consideration and segregation 
of the principal factors which influence 
measured values of insulation resistance 
has enabled a better understanding of the 
relative effect of each. In addition to 
previously recognized factors such as ma- 
terial resistivity, insulation temperature, 
and machine size, the absolute humidity 
of the surrounding air has been found to 
affect significantly the insulation resist- 
ance of commutator type machines. The 
total effect of humidity on new machines 
at the factory has been shown to consist 
of 


1. The effect of prevailing atmospheric 
humidity during insulation treatment. 


2. The effect of atmospheric humidity at 
the time of test. 

Prevailing atmospheric humidity dur- 
ing insulation treatment has only a transi- 
tory effect on the machine insulation 
resistance. Ultimate moisture concentra- 
tion in machine insulation depends on 
service conditions. For commutator type 
machines, absolute humidity at the time 
of test is a test condition in the same sense 
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Figure 7. Frequency distribution of volume 
resistivity of 700 identical machines after cor- 
rection for vapor pressure at time of test and 
two months prior to test 


as insulation temperature. This effect 
would be expected to apply also to ma- 
chines under service conditions, except 
where accumulation of conducting parti- 
cles on exposed creepage surfaces has a 
predominating influence. 

The correlation of these various factors 
has resulted in the development of a 
simple linear insulation resistance for- 
mula which is offered for consideration by 
the industry. 


4,000 
R= h 
orsepower 
( ; : +2 Ys h 
revolutions per minute 
where 


R;=minimum insulation resistance at 25 
degrees centigrade for new d-c ma- 
chines over 100 horsepower 

fn =correction factor for absolute humidity 
at the time of test 


Appendix 


Correlation of Computed Slot Area by 
Various Formulas and Actual Slot 
Area of Representative Designs 


In the comparison of the correlation of the 
several formulas discussed in the text, use 
was made of graph paper having linear ordi- 
nate units and abscissa units arranged in an 
arithmetical probability scale. The ratio 
of computed to actual values for each 
formula was arranged in increasing order 
and expressed as a cumulative per cent of 
the total number of designs. 

The interpretation of the ratio 1 cor- 
responding to 50 per cent is that one half of 
the total number of designs have ratios of 
lor less. It is seen, therefore, that for the 
linear approximation the central 90 per cent 
of the distribution have ratios between 0.5 
to 1.5. The scale of the abscissa is such 
that normal distributions plot as a straight 
line. 
the dispersion and a smaller slope indicates 
smaller dispersion. Per ‘cent dispersion, 
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The slope of this line is a measure of. 


which for normal distributions is equal to 
standard Gavia UOr 100: may thevobiaited 


average 
directly from the curve. The standard 
deviation includes approximately the central 
two thirds of the area distribution. There- 


fore, from the curve 


per cent dispersion = 
(R33 Ao Rsp) or (R50 a R6.3) 
Rso 


100 


where 233.7, Rso, and Rig.3 are the ratios for 
the corresponding cumulative percentages 
in the distribution. 


Correlation of Insulation Resistivity and 
Vapor Pressure at Time of Test 


In this correlation the individual values of 
resistivity were classified according to vapor 
pressure at the time of test. For each vapor 
pressure group the median value of insula- 
tion resistivity was obtained. The median 
is defined as the value of the central unit of 
a distribution. If a distribution contains 
101 nurnbers arranged in order of increasing 
value, the value of number 51 is the median 
of the distribution. The median was used 
as a basis for comparison because it gives 
less weight to extreme values of a distribu- 
tion than does the arithmetic average. 


Preparation of Table II 


Table II lists absolute humidity correc- 
tions to be applied in the minimum formula. 
Absolute humidity is a function of the prod- 
uct of ambient temperature and relative 
humidity. Since ambient temperature and 
relative humidities are usually either known 
or easily determined, the absolute humidity 
correction is expressed in these parameters. 

The table was constructed by considering 
as unity an average vapor pressure of 0.35 
inch of mercury. This corresponds to a 
temperature and relative humidity of 50 
degrees Fahrenheit and 100 percent. Rela- 
tive corrections for other temperatures and 
humidities were obtained from psychometric 
tables and expressed in terms of the assumed 
average conditions. In the proposed mini- 
mum formula, the average resistivity used 
is that corresponding to 0.35 inch of 
mercury. 
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Properties and Uses of Thermistors— 


Thermally Sensitive Resistors 


J. A. BECKER 


Synopsis: A new circuit element and 
control device, the thermistor, or thermally 
sensitive resistor, is made of solid semi- 
conducting materials whose resistance de- 
creases about four per cent per degree 
centigrade. The thermistor presents inter- 
esting opportunities to the designer and 
engineer in many fields of technology for 
accomplishing tasks more simply, eco- 
nomically, and better than with available 
devices. Part I discusses the conduction 
mechanism in semiconductors and the 
criteria for usefulness of circuit elements 
made from them. The fundamental physi- 
cal properties of thermistors, their con- 
struction, their static and dynamic charac- 
teristics, and general principles of operation 
are treated. Part II of this paper deals 
These 
include: sensitive thermometers and tem- 
perature control elements, simple tempera- 
ture compensators, ultrahigh frequency 
power meters, automatic gain controls for 
transmission systems, voltage regulators, 
speech volume limiters, compressors and 
expandors, gas pressure gauges and flow- 
meters, meters for thermal conductivity 
determination of liquids, and contactless 
time delay devices. Thermistors with short 
time constants have been used as sensitive 
bolometers, and show promise as simple, 
compact, atidiofrequency oscillators, modu- 
lators, and amplifiers. 


|—Properties of Thermistors 


HERMISTORS, or thermally sensi- 

tive resistors, are devices made of 
solids whose electrical resistance varies 
rapidly with temperature. Even though 
they are only about 15 years old they 
already have found important and large 
scale uses in the telephone plant and in 
military equipments. Some of these uses 
are as time delay devices, protective de- 
vices, voltage regulators, regulators in 
carrier systems, speech volume limiters, 
test equipment for ultrahigh frequency 
power, and detecting elements for very 
small radiant power. In all these appli- 
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cations thermistors were chosen because 
they are simple, small, rugged, have a 
long life, and require little maintenance. 
Because of these and other desirable 
properties, thermistors promise to be- 
come new circuit elements which will be 
used extensively in the fields of communi- 
cations, radio, electrical and thermal in- 
strumentation, research in physics, chem- 
istry and biology, and war technology. 
Specific types of uses which will be dis- 
cussed in the second part of this paper in- 
clude 


1. Simple, sensitive, and fast responding 
thermometers, temperature compensators, 
and temperature control devices. 


2. Special switching devices without mov- 
ing contacts. 


3. Regulators or volume limiters. 


4. Pressure gauges, flowmeters, and simple 
meters for measuring thermal conductivity 
in liquids and gases. 


5. Time delay and surge suppressors. 


6. Special oscillators, modulators, and 


amplifiers for relatively low frequencies. 


Before these uses are discussed in detail, 
it is desirable to present the physical 
principles which determine the properties 
of thermistors. 

The question naturally arises: Why 
have devices of this kind come into use 
only recently? The answer is that ther- 
mistors are made of semiconductors and 
that the resistance of these can vary by 
factors up to a thousand or a million with 
surprisingly small amounts of certain im- 
purities, with heat treatment, methods of 
making contact, and with the treatment 
during life or use. Consequently the po- 
tential application of semiconductors was 


discouraged by experiences such as the 
following: two or more units made by 
what appeared to be the same process 
would show large variations in their prop- 
erties. Even the same unit might change 
its resistance by factors of two to ten by 
exposure to moderate temperatures or to 
the passage of current. Before semicon- 
ductors could be considered seriously in 
industrial applications, it was necessary 
to devote a large amount of research and 
development effort to a study of the na- 
ture of the conductivity in semiconduc- 
tors, and of the effect of impurities and 
heat treatment on this conductivity, and 
to methods of making reliable and perma- 
nent contacts to semiconductors. Even 
though Faraday discovered that the re- 
sistance of silver sulphide changed rapidly 
with temperature, and even though thou- 
sands of other semiconductors have been 
found to have large negative temperature 
coefficients of resistance, it has taken 
about a century of effort in physics and 
chemistry to give the engineering profes- 
sion this new tool which may have an 
influence similar to that of the vacuum 
tube, and may replace vacuum tubes in 
many instances. 

If thermistors are to be generally useful 
in industry: 


1. It should be possible to reproduce units 
having the same characteristics. 


2. It should be possible to maintain con- 
stant characteristics during use, the contact 
should be permanent, and the unit should 
be chemically inert. 

3. The units should be mechanically 
rugged. 

4. The technique should be such that the 
material can be formed into various shapes 
and sizes. 

5. It should be possible to cover a wide 


range of resistance, temperature coefficient, 
and power dissipation. 


Thermistors might be made by any 
method by which a semiconductor could 


Figure 1. Thermistors made in the form of a 
bead, rod, disk, washer, and flakes (left to 
right) 
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Figure 2. Logarithm of specific resistance 
versus temperature for three thermistor ma- 
terials as compared with platinum 


be shaped to definite dimensions, and 
contacts applied. These methods include 


1. Melting the semiconductor, cooling, 
solidifying, cutting to size and shape. 


2. Evaporation. 
3. Heating compressed powders of semi- 
conductors to a temperature at which they 


sinter into a strong compact mass, and 
firing on metal powder contacts. 


Although all three processes have been 
used, the third method has been found to 
be useful most generally for mass produc- 
tion. This method is similar to that em- 
ployed in ceramics or in powder metal- 
lurgy. At the sintering temperatures, the 
powders recrystallize and the dimensions 
shrink by controlled amounts. The pow- 
der process makes it possible to mix two 
or more semiconducting oxides in varying 
proportions, and obtain a homogeneous 
and uniform solid. It is thus possible to 
cover a considerable range of specific re- 
sistance and temperature coefficient of 
resistance with the same system of oxides. 
By means of the powder process, it is 
possible to make thermistors of a great 
variety of shapes and sizes to cover a large 
range of resistances and power handling 
capacities. 

Figure 1 shows thermistors made in the 
form of beads, rods, disks, washers, and 
flakes. Beads are made by stringing two 
platinum alloy wires parallel to each other 
with a spacing of five to ten times the 
wire diameter. A mass of a slurry of 
mixed oxides is applied to the wires. 
Surface tension draws this mass into the 
form of a bead. From 10 io 20 such beads 
are evenly spaced along the wires. The 
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beads are allowed to dry, and are heated 
slightly until they have sufficient strength 
so that the string can be handled. They 
then are passed through the sintering fur- 
nace. The oxides shrink onto the plati- 
num alloy wires and make an intimate 
and permanent electrical contact. The 
wires then are cut to separate the indi- 
vidual beads. The diameters of the beads 
range from 0.015 to 0.15 centimeter with 
wire diameter ranging from 0.0025 to 
0.015 centimeter. 

Rod thermistors are made by mixing 
the oxides with an organic binder and 
solvent, extruding the mixture through a 
die, drying, cutting to length, heating to 
drive out the binder, and sintering at a 
high temperature. Contacts are applied 
by coating the ends with silver, gold, or 
platinum paste such as is used in the ce- 
ramic art, and heating or curing the paste 
at a suitable temperature. The diameter 
of the rods ordinarily can be varied from 
0.080 to 0.64 centimeter. The length can 
vary from 0.15 to 5 centimeters. 

Disks and washers are made in a similar 
way by pressing the bonded powders in a 
die. Possible disk diameters are 0.15 to 
3 or 5 centimeters, thicknesses from 0.080 
to 0.64 centimeter. 

Flakes are made by mixing the oxides 
with a suitable binder and solvent to a 
creamy consistency, spreading a film on a 
smooth glass surface, allowing the film to 
dry, removing the film, cutting it into 
flakes of the desired size and shape, and 
firing the flakes at the sintering tempera- 
tures on smooth ceramic surfaces. Con- 
tacts are applied as described above. 
Possible dimensions are: thickness, 0.001 
to 0.004 centimeter; length, 0.1 to 1.0 
centimeter; width, 0.02 to 0.1 centimeter. 

In any of these forms, lead wires can 
be attached to the contacts by soldering or 
by firing heavy metal pastes. The di- 
mensional limits given above are those 
which have been found to be readily at- 
tainable. 

In the design of a thermistor for a spe- 
cific application, the following character- 
istics should be considered: 


1. Mechanical dimensions including those 
of the supports. 


2. The material from which it is made and 
its properties. These include the specific 
resistance and how it varies with tempera- 
ture, the specific heat, density, and expan- 
sion coefficient. 


8. The dissipation constant and power 


sensitivity. The dissipation constant is the: 


watts that are dissipated in the thermistor, 
divided by its temperature rise in degrees 
centigrade above its surroundings. The 
power sensitivity is the watts dissipated to 
reduce the resistance by one per cent. 
These constants are determined by the area 
and nature of the surface, the surrounding 
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medium, and the thermal conductivity of 
the supports. 


4. The heat capacity, which is determined 
by specific heat, dimensions, and density. 


5. The time constant. This determines 
how rapidly the thermistor will heat or cool. 
If a thermistor is heated above its surround- 
ings and then allowed to cool, its tempera- 
ture will decrease rapidly at first, and then 
more slowly until it finally reaches ambient 
temperature. The time constant is the 
time required for the temperature to fall 63 
per cent of the way toward ambient tem- 
perature. The time constant in seconds is 
equal to the heat capacity in joules per de- 
gree centigrade, divided by the dissipation 
constant in watts per degree centigrade. 


6. The maximum permissible power that 
can be dissipated consistent with good sta- 
bility and long life, for continuous operation, 
and for surges. This can be computed from 
the dissipation constant and the maximum 
permissible temperature rise. This and the 
resistance-temperature relation determine 
the maximum decrease in resistance. 


Properties of Semiconductors 


As most thermistors are made of semi- 
conductors, it is important to discuss the 
properties of the latter. A semiconductor 
may be defined as a substance whose elec- 
trical conductivity at, or near, room tem- 
perature is much less than that of typical 
metals, but much greater than that of 
typical insulators. While no sharp 
boundaries exist between these classes of 
conductors, one might say that semicon- 
ductors have specific resistances at room 
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Figure 3. Logarithm of the specific resist- 


ance of two thermistor materials as a function 
of inverse absolute temperature 


See equation 1 
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The conductivity increases with the amount of 
impurity 


temperature from 0.1 to 10° ohm-centi- 
meters. Semiconductors usually have 
high negative temperature coefficients of 
resistance. As the temperature is in- 
creased from 0 degrees centigrade to 300 
degrees centigrade, the resistance may de- 
crease by a factor of a thousand. Over 
this same temperature range the resist- 
ance of a typical metal, such as platinum, 
will increase by a factor of two. Figure 2 
shows how the logarithm of the specific 
resistance, p, varies with temperature, Te 
in degrees centigrade for three typical 
semiconductors and for platinum. Curves 
1 and 2 are for “material 1” and “‘mate- 
rial 2”. which have been used extensively 
to date. ‘Material 1” is composed of 
manganese and nickel oxides. ““Mate- 
tial 2” is composed of oxides of manga- 
nese, nickel, and cobalt. The dashed 
part of curve 2 covers a region in 
which the resistance-temperature rela- 
tion is not known as accurately as it 
js at lower temperatures. Curve 3 is an 
experimental curve for a mixture of iron 
and zinc oxides in the proportions to form 
zinc ferrite. From Figure 2 it is obvious 
that neither the resistance R nor log R 
varies linearly with T. 

Figure 3 shows plots of log p versus 1 fT 
for ‘material 1” and “material 2”. These 
do form approximate straight lines. 
Hence: 


Pp HPpo eu or paper Oo ; (1) 
where T = temperature in degrees Kel- 


‘vin, po = p when T = © or 1/T = 0, 
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po = p when T = To, € = Naperian 
base = 2.718, and B is a constant equal 
to 2.303 times the slope of the straight 
lines in Figure 3. The dimensions of B 
are degrees Kelvin or degrees centigrade. 
B plays the same role in equation 1 as 
does the work function in Richardson’s 
equation for thermionic emission. For 
material 1, B = 3,920 degrees centi- 
grade. This corresponds to an electron 
energy of 3,920/11,600 or 0.34 volt. 

While the curves in Figure3 are approxi- 
mately straight, a more careful investi- 
gation shows that the slope increases lin- 
early as the temperattire increases. From 
this it follows that a more precise expres- 
sion for p is: 


p =| T~c¢P/T 
or 
log p=log A—c log T+D/2.303T (2) 


The constant c is a small positive or nega- 
tive number or zero. For ‘‘material 1”, log 
A = 5.563, ¢ = 2.73, and D = 3,100. 
For a particular form of “material 2’’, log 
A = 11.514, ¢ = 4.83, and D = 2,064. 

If we define temperature coefficient of 
resistance, a, by the equation 


a=(1/R)(dR/dT) (3) 
it follows from equation 1 that 
a=-—B/T? (4) 


For “material 1”, and T = 300 degrees 
Kelvin, a = —3,920/90,000 = —0.044. 
For platinum, 2 = +0.0037, or roughly 
ten times smaller than for semiconduc- 
tors, and of the opposite sign. From 
equation 2 it follows that 


a= —(D/T*)—(c/T) (5) 
From equation 3 it follows that 
a=(1/2.308) (d log R/dT) (6) 


For a discussion of the nature of the 
conductivity in semiconductors, it is sim- 
pler and more convenient to consider the 
conductivity, o, rather than the resistiv- 
ity, p. 


o =1/p and log «= —log p (7) 


The characteristics of semiconductors 
are brought out more clearly if the con- 
ductivity or its logarithm are plotted as a 
function of 1/T over a wide temperature 
range. Figure 4 is such a plot for a num- 
ber of silicon samples containing increas- 
ing amounts of impurity. At high tem- 
peratures, all the samples have nearly the 
same conductivity. This is called the in- 
trinsic conductivity because it seems to 
be an intrinsic property of silicon. At low 
temperatures the conductivity of different 
samples varies by large factors. In this 
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region silicon is said to be an impurity 
semiconductor. For extremely pure sili- 
con, only intrinsic conductivity is present 
and the resistivity obeys equation 1. As 
the concentration of a particular impurity 
increases, the conductivity increases, and 
the impurity conductivity predominates 
to higher temperatures. Some impurities 
are much more effective in increasing the 
conductivity than others. One hundred 
parts per million of some impurities may 
increase the conductivity of pure silicon 
at room temperature by a factor of 10’. 
Other impurities may be present in 10,000 
parts per million and have a small effect 
on the conductivity. Two samples may 
contain the same concentration of an im- 
purity and still differ greatly in their low 
temperature conductivity. If the impu- 
rity is in solid solution, that is, atomically 
dispersed, the effect is great; if the im- 
purity is segregated in atomically large 
particles, the effect is small. Since heat 
treatments affect the dispersion of impu- 
rities in solids, the conductivity of semi- 
conductors frequently may be altered 
radically by heat treatment. Some other 
semiconductors are not affected greatly 
by heat treatment. 

The impurity need not be a foreign 
element; in the case of oxides or sul- 
phides, it can be an excess or a deficiency 
of oxygen or sulphur from the exact 
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Figure 5. Logarithm of the conductivity of 
various specimens of cuprous oxide as a func- 
tion of inverse absolute temperature 


The conductivity increases with the amount of 
excess oxygen above the stoichiometric value 


in Cu,O 


Data from reference 1 
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stoichiometric relation. This excess or 
deficiency can be brought about by heat 
treatment. Figure 5 shows how the con- 
ductivity depends on temperature for a 
number of samples of cuprous oxide, 
CuO, heat-treated in such a way as to re- 
sult in varying amounts of excess oxygen 
from zero to about one per cent.! The 
greater the amount of excess oxygen, the 
greater is the conductivity in the low 
temperature range. At high tempera- 
tures, all samples have about the same 
conductivity. 

Semiconductors can be classified on 
the basis of the carriers of the current 
into ionic, electronic, and mixed conduc- 
tors. Chlorides such as NaCl and some 
sulphides are ionic semiconductors; other 
sulphides and a few oxides, such as ura- 
nium oxide, are mixed semiconductors; 
electronic semiconductors include most 
oxides such as Mn,.O3, Fe,O3, NiO, car- 
bides such as silicon carbide, and ele- 
ments such as boron, silicon, germanium, 
and tellurium. In ionic and mixed con- 
ductors, ions are transported through the 
solid. This changes the density of car- 
riers in various regions, and thus changes 
the conductivity. Because this is unde- 
sirable, they rarely are used in making 
thermistors, and hence we will concen- 
trate our interest on electronic semicon- 
ductors. 

The theoretical and experimental physi- 
cists have established that there are two 
types of electronic semiconductors which 
can be called N and P type, depending 
upon whether the carriers are negative 
electrons or are equivalent to positive 
“holes” in the filled energy band. In NV 
type, the carriers are deflected by a mag- 
netic field as negatively charged parti- 
cles would be, and conversely for P type. 
The direction of deflections is ascertained 
by measurement of the sign of the Hall 
effect. The direction of the thermoelec- 
tric effect also fixes the sign of the carriers. 
By determining the resistivity, Hall coef- 
ficient, and thermoelectric power of a par- 
ticular specimen at a particular tempera- 
ture, it is possible to determine the den- 
sity of carriers, whether they are negative 
or positive, and their mobility or mean 
free path. The mobility is the mean drift 
velocity in a field of one volt per centi- 
meter. 

The existence of these classifications is 
explained by the theoretical physicist4-? 
in terms of the diagrams in Figure 6. 
In an intrinsic semiconductor, at low 
temperatures the valence electrons com- 
pletely fill all the allowable energy states. 
According to the exclusion principle, 
only one electron can occupy a particular 
energy state in any system. In semicon- 
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Figure 6. Schematic energy level diagrams 
illustrating intrinsic, N, and P types of semi- 
conductors 


ductors and insulators there exists a re- 
gion of energy values, just above the al- 
lowed band, which are not allowed. The 
height of this unallowed band is expressed 
in equivalent electron volts, AE. Above 
this unallowed band there exists an al- 
lowed band, but at low temperatures there 
are no electrons in this band. When a 
field is applied across such a semiconduc- 
tor, no electron can be accelerated, be- 
cause if it were accelerated, its energy 
would be increased to an energy state 
which is either filled or unallowed. As 
the temperature is raised, some electrons 
acquire sufficient energy to be raised 
across the unallowed band into the upper 
allowed band. These electrons can be 
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Figure 7. Logarithm of the resistivity of vari- . 


ous semiconducting materials as a function of 
B in equation 1 


The quantity, B, is proportional to the tempera- 
ture coefficient of resistance as given in 
equation 4 
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accelerated into a slightly higher energy 
state by the applied field and thus can 
carry current. For every electron that is 
put into an activated state there is left 
behind a hole in the normally filled band. 
Other electrons having slightly lower en- 
ergies can be accelerated into these holes 
by the applied field. The physicist has 
shown that these holes act toward the 
applied field as if they were particles hav- 
ing a charge equal to that of an electron 
but of opposite sign, and a mass equal to, 
or somewhat larger than, the electronic 
mass. In an intrinsic semiconductor, 
about half the conductivity is due to 
electrons and half due to holes. 

The quantity AZ is related to B in 
equation 1 by 


2B =(AE)e/k (8) 


in which B is in degrees centigrade, AZ is 
in volts, eis the electronic charge in cou- 
lombs, & is Boltzmann’s constant in joules 
per degree centigrade. The value of e/k 
is 11,600 so that 


AE=B/5,800 (8a) 


The difference between metals, semi- 
conductors, and insulators results from 
the value of AE. For metals AE is zero 
or very small. For semiconductors AE 
is greater than about 0.1 volt, but less 
than about 1.5 volts. For insulators AE 
is greater than about 1.5 volts. 

Some impurities with positive valencies 
which may be present in the semiconduc- 
tor may have energy states such that 
AF; volts equivalent energy can raise the 
valence electron of the impurity atom 
into the allowed conduction band. See 
Figure 6. The electron now can take 
part in conduction; the donator impurity 
is a positive ion which usually is bound 
to a particular location and can take no 
part in the conductivity. These are ex- 
cess or NV type conductors. The conduc- 
tivity depends on the density of donators, 
AF, and T. ° 

Similarly, some other impurity with 
negative valencies may have an energy 
state AF» volts above the top of the filled 
band. At room temperature or higher, an 
electron in the filled band may be raised 
in energy and accepted by the impurity, 
which then becomes a negative ion and 
usually is immobile. However, the hole 
which results can take part in the conduc- 
tivity. 

In all cases represented in Figure 6, an 
electron occupying a higher energy level 
than a positive ion or a hole, has a certain 
probability that in any short interval of 
time it will drop into a lower energy state. 
However, during this same time interval 
there will be electrons which will be 
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raised to a higher energy level by thermal 
agitation. When the number of electrons 
per second which are being elevated is 
equal to the number which are descending 


in energy, equilibrium prevails. The 
conductivity, o, is then 
o = Nev, + Pev, (9) 


where N and P are the concentrations of 
electrons and holes respectively, e is the 
charge on the electron, v,; and v, are the 
mobilities of electrons and holes respec- 
tively. 

This explains the following experimen- 
tal facts which otherwise are difficult to 
interpret: 


1. N-type oxides, such as ZnO, when 
heated in a neutral or slightly reducing 
atmosphere become good conductors, pre- 
sumably because they contain excess zinc 
which can donate electrons. If they then 
are heated in atmospheres which are in- 
creasingly more oxidizing, their conductivity 
decreases until eventually they are intrinsic 
semiconductors or insulators. 


2. P-type oxides, such as NiO, when heat- 
treated in strongly oxidizing atmospheres 
are good conductors. Very likely they con- 
tain oxygen in excess of the stoichiometric 
relation and this oxygen accepts additional 
electrons. When these are heated in less 
oxidizing or neutral atmospheres they be- 
come poorer conductors, semiconductors, or 
insulators. 


3. When a P-type oxide is sintered with 
another P-type oxide, the conductivity in- 
creases; similarly for two N-type oxides. 
But when a P type is added to an N type 
the conductivity decreases. 


4. If a metal forms several oxides, the one 
in which the metal exerts its highest valence 
is N type, while the one in which it exerts 
its lowest valence will be P type.’ 


For several reasons it is desirable to 
survey the whole field of semiconductors 
for resistivity and temperature coefficient. 
One way in which this might be done is to 
draw a line in Figure 3 for each specimen. 
Before long, such a figure would consist 
of such a maze of intersecting lines that 
it would be difficult to single out and fol- 
low any one line. The information can 
be condensed by plotting log po versus B 
in equation 1 for each specimen.® The 
most important characteristics of a spec- 
imen thus are represented by a single 
point and many more specimens can be 
surveyed in a single diagram. Figure 7 
‘shows such a plot for a large number of 
semiconductors investigated at these lab- 
oratories or reported in the literature. 
Values for po and B are given for T = 
25 degrees centigrade. The.points form a 
sort of “milky way.”’ Semiconductorshav- 
ing a high po are likely to have a high value 
of B and vice versa. If a series of semi- 
conductors has points in Figure 7 which 
fall on a straight line with a slope of 
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Figure 8. Static voltage—current curve for a 
typical thermistor 


The numbers on the curve are the degrees 
centigrade rise in temperature above ambient 
temperature 


1/2.3 To, they have a common intercept 
in Figure 3 for (1/T) = 0. 


Physical Properties of Thermistors 


One of the most interesting and useful 
properties of a thermistor is the way in 
which the voltage, V, across it changes as 
the current, J, through it increases. Fig- 
ure 8 shows this relationship for a 0.061- 
centimeter diameter bead of “material 1” 
suspended in air. Each time the current 
is changed, sufficient time is allowed for 
the voltage to attain a new steady value. 
Hence this curve is called the steady state 
curve. For sufficiently small currents, 
the power dissipated is too small to ap- 
preciably heat the thermistor, and Ohm’s 
law is followed. However, as the current 
assumes larger values, the power dissi- 
pated increases, the temperature rises 
above ambient temperature, the resist- 
ance decreases, and hence the voltage is 
less than it would have been had the re- 
sistance remained constant. At some 
current, J,, the voltage attains a maxi- 
mum or peak value, V,,. Beyond this 


100 


point, as the current increases the volt- 
age decreases, and the thermistor is said 
to have a negative resistance whose value 
is dV/dI. The numbers on the curve give 
the rise in temperature above ambient 
temperature in degrees centigrade. 

Because currents and voltages for dif- 
ferent thermistors cover such a large 
range of values, it has been found con- 
venient to plot log V versus log J. Figure 
9 shows such a plot for the same data as 
in Figure 8. For various points on the 
curve, the temperature rise above ambi- 
ent temperature is given. In a log log 
plot, a line with a slope of 45 degrees rep- 
resents a constant resistance, and a line 
with a slope of —45 degrees represents 
constant power. 

For a particular thermistor, the posi- 
tion of the log V versus log J plot is 
shifted, as shown in Figure 10, by chang- 
ing the dissipation constant C. This can 
be done by changing the air pressure sur- 
rounding the bead, changing the medium, 
or changing the degree of thermal cou- 
pling between the thermistor and its sur- 
roundings. The value of C for a particu- 
lar thermistor in given surroundings read- 
ily can be determined from the V versus 
I curve in either Figures 8 or 9. For each 
point, V/Z is the resistance, while V times 
I is W, the watts dissipated. The resist- 
ance data are converted to temperature 
from R versus T, given by equation 2. 
A plot is then made of W versus JT. For 
thermistors in which most of the heat is 
conducted away, W will increase linearly 
with T, so that C is constant. For ther- 
mistors suspended by fine wires in a vac- 
uum, W will increase more rapidly than 
proportional to T, and C will increase 
with 7. For thermistors of ordinary size 
and shape, in still air, C/area is equal to- 
from 1 to 40 milliwatts per degree cen- 
tigrade per square centimeter, depending- 
upon the size and shape factor. 
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Figure 9. Logarith- 
mic plot of static 


voltage—currentcurve 
for the same data as 
in Figure 8 


The diagonal lines 
give the values of al 
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The user of a thermistor may want to 
know how many watts can be dissipated 
before the resistance decreases by one per 
cent. This may be called the power sen- 
sitivity. It is equal to C/ (a X 100) or 
about one to ten milliwatts per square 
centimeter in still air. Both C and the 
power sensitivity increase with air veloc- 
ity. The dependence of C on gas pres- 
sure and velocity is the basis of the use of 
thermistors as manometers, and as ane- 
mometers or flowmeters. Note that in 
Figure 10 one curve can be superposed on 
any other by a shift along a constant re- 
sistance line. 

Figure 11 shows a family of log V versus 
log J curves for various values of R, while 
B, C, and T, are kept constant. This can 
be brought about by changing the length, 
width, and thickness to vary R, while the 
surface area is kept constant. If the re- 
sistance had been changed by changing 
the ambient temperature, T,, the result- 
ing curves would not appear very different 
from those shown. Note that one curve 
can be superposed on any other curve by 
a shift along a constant power line. 

Figure 12 shows a family of log V ver- 
sus log J curves for eight different values 
of B while C, R,, and T, are kept con- 
stant. In contrast to the curves in Fig- 


R= 50,000 OHMS 


TS 300°K 


ures 10 and 11 in which any curve could 
be obtained from any other curve by a 
shift along an appropriate axis, the curves 
in Figure 12 are each distinct. For each 
curve there exists a limiting ohmic resist- 
ance for low currents and another for 
high currents. For B = 0 these two are 
identical. As B becomes larger, the log of 
the ratio of the two limiting resistances 
increases proportionally to B. Note also 
that for B > 1,200 degrees Kelvin, the 
curves have a maximum. For large B 
values this maximum occurs at low powers 
and hence at low values of T — T,. This 
follows as W = C(T — T,). As B de- 
creases, V,, occurs at increasingly higher 
powers or temperatures. For B < 1,200 
degrees Kelvin no maximum exists. 

The curves in Figures 10 to 12 have 
been drawn for the ideal case in which the 
resistance in series with the thermistor is 
zero, and in which no temperature limita- 
tions have been considered. In any actual 
case there always is some unavoidable 
small resistance, such as that of the leads, 
in series with the thermistor, and hence 
the parts of the curves corresponding to 
low resistances may not be observable. 
Also, at high powers the temperature 
may attain such values that something 
in the thermistor structure will go to 


B=3900 


pieces, thus limiting the range of observa- 
tion. These unobservable ranges have 
been indicated by dashed lines in Figure 
12. The exact location of the dashed por- 
tions will of course depend on how a com- 
pleted thermistor is constructed. In set- 
ting these limits we also have considered 
temperature limitations beyond which 
aging effects might become too great. 

The curves in Figures 9 to 12 have been 
computed on the basis of the following 
equations: 


R=R,e (8/7) —G/70) os V/T (10) 


(11) 


For these curves the constants R,, T,, B, 
and C are specified. The values of tem- 
perature, Ti, power, Wn, resistance, Rn, 
voltage, Vn, and current, J,,, that prevail 
at the maximum in the voltage current 
curve are given by the following equa- 
tions in which T,, is chosen as the inde- 
pendent parameter. By differentiating 
equations 10 and 11 with respect to J, put- 
ting the derivatives equal to zero, one ob- 
tains 


W=C(T—-T,)=VI 


Tn? =B(Im—To) (12) 
whose solution is 
Tm =(B/2)(1=~V1—4T 9/B) (13) 


C=5X10 “WATTS/DEG. 


T= 300°K 
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Figure 10 (above). Logarithmic plots of voltage versus current for three 
values of the dissipation constant C 


These curves are calculated for the constants given in the upper part 


of the figure 


Figure 11 (right, above). 


These curves are calculated for the constants given in the upper part 


of the figure 


Figure 12 (right). 


These curves are calculated for the constants given in the upper part 


of the figure 


716 TRANSACTIONS 


Logarithmic plots of voltage versus current we 
for three values of the resistance, R,, at ambient temperature 


Logarithmic plots of voltage versus current for 
eight values of Bin equation 1 
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The minus sign pertains to the maximum 
in Figures 10 to 12 while the plus sign 
pertains to the minimum. Note that 
Tm depends only on B and T,, and not on 
R, R,, or C. From equations 4, 10, and 
11 it follows that 


aad om( Tm — To) =1 (14) 
Wra—C@n— lo) (15) 


Rm =Roe~ 7/7 = Rye“ ![1 —(Tm—T )/Tot+ 
(2/2) { (Im—To/T 0) }?—- ais) J (16) 


Vn= (CR o(Tm— di) ca Tm/To) }/ 
= {CRo(Tm—To)€ 1 —(Tm—To)/Tot+ 
(/2){ (Tm—To)/To}?— -..J}¥2 (17) 


Tia C/ Rg) arias T .)e7™/Topi/2 
= { (C/Ro)(Tm—T 0) €[1+(Im—To)/To+ 
(/2){(Tm—To)/To}2+ . . .J}¥? (18) 


Thus far the presentation has been 
limited to steady state conditions, in 
which the power supplied to the thermis- 
tor is equal to the power dissipated by it, 
and the temperature remains constant. 
In many cases, however, it is important 
to consider transient conditions when the 
temperature, and any quantities which 
are functions of temperature, vary with 
time. A simple case which will illustrate 
the concepts and constants involved in 
such problems is as follows: A massive 
thermistor is heated to about 150 to 200 
degrees centigrade by operating it well 
beyond its peak. At time ¢ = 0, the 
circuit is switched over to a constant cur- 
rent having a value so small that /?R al- 
ways is negligibly small. The voltage 
actoss the thermistor then is followed as a 
function of time. From this, the resist- 


‘ance and temperature are computed. 


Figure 13 shows a plot of log (T — Ta) 
versus ¢ for a rod thermistor of “material 
1’’, about 1.2 centimeters long, 0.30 centi- 
meter in diameter, and weighing 0.380 
gram. In any time interval At, there are 
C(T — T,) At joules being dissipated. 
As a result the temperature will decrease 
by AT given by 

~ HAT =C(T—T,) at 

or 

(T—Ta) = —(H/C)(AT/ At) (19) 


where H = heat capacity in joules per 
degree centigrade. The solution of this 
equation is 


(T—Ta) =(To—Ta)e~ (20) 
in which T, = T when t = 0, and 
r=H/C (21) 


where 7 is in seconds. It commonly is 
called the time constant. From equation 
20 it follows that a plot of log (T — T,) 
versus ¢ should vield a straight line whose 
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slope = —1/2.303 t. If H and C vary 
slightly with temperature, then 7 will 
vary slightly with J and ¢. The line will 
not be perfectly straight, but its slope at 
any t or (T — T,) will yield the appropri- 
ate t or H/C for that T. As previously 


described, C can be determined from a- 


plot of watts dissipated versus T. For 
this thermistor this curve became steeper 
at the higher temperatures so that C in- 
creased for higher temperatures. Table 
I summarizes the values of C, 7, and H at 
various T. 

When a thermistor is heated by passing 
current through it, conditions are in- 
volved somewhat more since the J?R 
power will be a function of time. At any 
time in the heating cycle, the heat power 
liberated will be equal to the watts dis- 
sipated, or C(T — T,) plus watts required 
to raise the temperature, or HdT/dt. The 
heat power liberated will depend on the 
circuit conditions. In a circuit like that 
shown in the upper corner of Figure 14, 
the current varies with time, as shown by 
the six curves for six values of the battery 
voltage E. Ifa relay in the circuit oper- 
ates when the current reaches a definite 
value, a considerable range of time de- 
lays can be achieved. This family of 
curves will be modified by changes in 
ambient temperature and where rather 
precise time delays are required, the am- 
bient temperature must be controlled or 
compensated. 

Since thermistors cover a wide range 
in size, shape, and heat conductivity of 
surrounding media, large variations in 
H, C, and 7 can be produced. The time 
constant can be varied from about one 
millisecond to about ten minutes or a 
millionfold. 

One very important property of a ther- 
mistor is its aging characteristic, or how 


Table |. Walues of C, 7, H as Functions of T 
for a Thermistor of “Material 1" 


Thermistor About 1.2 Centimeters Long’ 
0.30 Centimeter in Diameter, and Weighing 


0.380 Gram. 1T,=24 Degrees Centigrade 
h, 
Joules 
Per 
H, Gram 
Cc; Joules Per 
T, Deg Watts Per T) Per Deg 
Cc Deg C Sec Deg C Cc 
WA Tet store OZOOS Tice woes LG oerevols 0.28...... 0.75 
BA ees tests OS 008 Te aientats TAs oes OP2722.8.. 0.72 
SA eretakels ors 0.0038...... (Oe Atets ON irssisnere 0.71 
LOG rerenss, 0.0037. ..4... 695 esas OU26hra eas 0.68 
1A arctan ate 0.0088...... G8 weet On 2640. ne 0.67 
TAA ee ees 0..0088-.4- . OT access OF 2G2irc0 0.67 
GAT aieleisors BZ0039 ess. OV fticvsne O [267610 0.69 
LS 4eseralsie’« OXOO4T B.Sc. 66a (EY Seiniars Ong 
PAby Se Cee OROOSZ ES srs GG)... ich O28 ei. 0.73 
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Figure 13. Cooling characteristic of a massive 
thermistor—logarithm of temperature above 
ambient versus time 


constant the resistance at a given temper- 
ature stays with use. To obtain a stable 
thermistor it is necessary to 


1. Select only semiconductors which are 
pure electronic conductors. 


2. Select those which do not change 
chemically when exposed to the atmosphere 
at elevated temperatures. 


8. Select one which is not sensitive to 
impurities likely to be encountered in‘mant- 
facture or in use. 

4, Treat it so that the degree of dispersion 
of the critical impurities is in equilibrium, 
or else that the approach to equilibrium is 
very slow at operating temperatures. 


5. Make a contact which is intimate, 
sticks tenaciously, has an expansion coeffi- 
cient compatible with the semiconductor, 
and is durable in the atmospheres to which 
it will be exposed. 


6. In some cases, enclose the thermistor 
in a thin coat of glass or material impervious 
to gases and liquids, the coat having a suit- 
able expansion coefficient. 


7. Preage the unit for several days or 
weeks at a temperature somewhat higher 
than that to which it will be subjected. 


By taking these precautions, remarkably 
good stabilities can be obtained. 

Figure 15 shows aging data taken on 
three-quarter inch diameter disks of 
“material 1” and “material 2” with 
silver contacts and soldered leads. 
These disks were measured soon after 
production, were aged in an oven at 
105 degrees centigrade, and were tested 
periodically at 24 degrees centigrade. 
The percentage change in resistance 
over its initial value is plotted versus 
the logarithm of the time in the aging 
oven. It is to be noted that most of the 
aging takes place in the first day or week. 
If these disks were preaged for a week or a 
month and the subsequent change in re- 
sistance referred to the resistance after 
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preaging, they would age only about 0.2 
per cent in one year. In a thermistor 
thermometer, this change in resistance 
would correspond to a _ temperature 
change of 0.05 degree centigrade. Ther- 
mistors mounted in an evacuated tube or 
coated with a thin layer of glass, age even 
‘less than those shown in the figure. For 
some applications such high stability is 
not essential, and it is not necessary 
to give the thermistors special treat- 
‘ment. 

Thermistors have been used at higher 
temperatures with satisfactory aging 
‘characteristics. Extruded rods of “‘mate- 
rial 1”-have been tested for stability by 
treating them for two months at a tem- 
perature of 300 degrees centigrade. Typi- 
‘cal units aged from 0.5 to 1.5 per cent of 
their initial resistance. Similar thermis- 
tors have been exposed alternately to 
temperatures of 300 degrees centigrade 
and —75 degrees centigrade for a total of 
700 temperature cycles, each lasting one- 
half hour. The resistance of typical units 
changed by less than one per cent. 

In some applications of thertnistors, 
very small changes in temperature pro- 
duce small changes in potential across the 
thermistor, which are amplified then in 
high gain amplifiers. If at the same time 
the resistance is fluctuating randomly by 
«as little as one part in a million, the po- 
tential across the thermistor also. will 
fluctuate by a magnitude which will be 
‘directly proportional to the current. 
This fluctuating potential is called noise, 
and as it depends on the current, it is 
called current noise. In order to obtain 
the best signal to noise ratio, it is neces- 
‘sary that the current noise at operating 
conditions be less than Johnson or ther- 
mal noise.’"* To make noise-free units it 
ds necessary to pay particular attention to 
the raw materials, the degree of sintering, 
the grain size, the method of making con- 
tact, and any steps in the process which 
might result in minute surface cracks or 
(fissures. 

All the thermistors discussed thus far 
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either were heated directly by the current 
passing through them or by changes in 
ambient temperature. In indirectly 
heated thermistors, the temperature and 
resistance of the thermistor are controlled 
primarily by the power fed into a heater 
thermally coupled to it. One such form 
might consist of a 0.038-centimeter diame- 
ter bead of “material 2” embedded in a 
small cylinder of glass about 0.38 centi- 
meter long and 0.076 centimeter in diame- 
ter. A small nichrome heater coil having 
a resistance of 100 ohms is wound on the 
glass and is fused onto it with more glass. 
Figure 16 shows a plot of log V versus log 
I for the bead element at various cur- 
rents through the heater. In this way 
the bead resistance can be changed from 
3,000 ohms to about 10 ohms. Indirectly 
heated thermistors ordinarily are used 
where the controlled circuit must be iso- 
lated electrically from the actuating cir- 
cuit, and where the power from the latter 
must be fed into a constant resistance 
heater. 


{I—Uses of Thermistors 


The thermistor, or thermally sensitive 
resistor, probably has excited more inter- 
est as a major electric circuit element 
than any other except the vacuum tube in 
the last decade. Its extreme versatility, 
small size, and ruggedness were respon- 
sible for its introduction in great numbers 
into communications circuits within five 


years after its first application in this 
field. The next five year period spanned 
the war, and saw thermistors widely used 
in additional important applications. 
The more important of these uses ranged 
from time delays and temperature con- 
trols to feed-back amplifier automatic 
gain controls, speech volume limiters, 
aud superhigh frequency power meters. 
It is surprising that such versatility can 
result from a temperature-dependent re- 
sistance characteristic alone. However, 
this effect produces a very useful nonlin- 
ear volt-ampere relationship. This, to- 
gether with the ability to produce the 
sensitive element in a wide variety of 
shapes and sizes results in applications 
in diverse fields. The variables of design 
are many and interrelated, including elec- 
trical, thermal, and mechanical dimen- 
sions. 

The more important uses of thermistors 
as indication, control, and circuit elements 
will be discussed, grouping the uses as 
they fall under the primary characteris- 
tics: resistance-temperature, volt-am- 
pere, and current-time or dynamic rela- 
tions. 


Resistance-Temperature Relations 


It has been pointed out in part I that 
the temperature coefficient of electrical 
resistance of thermistors is negative and 
several times that of the ordinary metals 
at room temperature. In thermistor ‘‘ma- 
terial 1,’ which commonly is used, the co- 
efficient at 25 degrees centigrade is —4.4 
per cent per degree centigrade, or over 
ten times that of copper, which is +0.39 
per cent per degree centigrade at the same 
temperature. A circuit element made of 
this thermistor material has a resistance 
at zero degrees centigrade which is nine 
times the resistance of the same element 
at 50 degrees centigrade. For compari- 
son, the resistance of a copper wire at 50 
degrees centigrade is 1.21 times its value 
at zero degrees centigrade. 

The resistance-temperature character- 
istics of thermistors suggest their use as 
sensitive thermometers, as temperature 
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actuated controls, and as compensators 
for the effects of varying ambient temper- 
ature on other elements in electric cir- 
cuits. 


Thermometry 


The application of thermistors to tem- 
perature measurement follows the usual 
principles of resistance thermometry. 
However, the large value of temperature 
coefficient of thermistors permits a new 
order of sensitivity to be obtained. This 
and the small size, simplicity, and rug- 
gedness of thermistors adapt them to a 
wide variety of temperature measuring 
applications. When designed for this 
service, thermistor thermometers have 
long-time stability which is good for tem- 
peratures up to 300 degrees centigrade 
and excellent for more moderate tempera- 
tures. A well-aged thermistor used in 
precision temperature measurements was 
found to be within 0.01 degree centigrade 
of its calibration after two months use at 
various temperatures up to 100 degrees 
centigrade. As development proceeds, 
the stability of thermistor thermometers 
may be expected to approach that of pre- 
cision platinum thermometers. Conven- 
tional bridge or other resistance measur- 
ing circuits commonly are employed with 
thermistors. As with any resistance ther- 
mometer, consideration must be given to 
keeping the measuring current sufficiently 
small so that it produces no appreciable 
heating in order that the thermistor re- 
sistance shall be dependent upon the am- 
bient temperature alone. 

Since thermistors are readily designed 
for higher resistance values than metallic 
resistance thermometers or thermocou- 
ples, lead resistances ordinarily are not 
bothersome. Hence the temperature 
sensitive element can be located remotely 


Table Il. Temperature—-Resistance Character- 
istic of a Typical Thermistor Thermometer 
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Temp Coefficients 


a, 


Per Cent 
Temp, Resistance, B, Per Deg 
Deg C Ohms Deg C Cc 

BOT, tN Ae OOO OU: anentn cise SFLU att ove wks —6,1 
Oar sth ae 45 OOO. nxwekays BUSOU wnge ieee =D rat 
PAO SN aR RG O00) oo oa. sine 3,920 —4.4 
SO Tee ee on 1G 400 fecace oe 3980) ieee —3.8 
Tole asd woseprn ee G87OO se. eras eee 4,050 —3.3 
LOOPS 4Fh4: o- O,/Z00 eee 2 4,120 —3.0 
eRe, See be S30 ser 4,260 —2.4 
200 Sheen: BOD Cana ite 4,410 —2.0 
275 TOO eres 8 4,600 —1.5 


Dissipation constant in still air, approximately 4 
milliwatts per degree centigrade; thermal time con- 
stant in still air, approximately 70 seconds; di- 
mensions of thermistor, diameter approximately 
0.11 inch, length approximately 0.54 inch. 
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from its associated measuring circuit. 
This permits great flexibility in applica- 
tion, such, for instance, as wire line 
transmission of temperature indications 
to control points. 

Table II gives the characteristics of a 
typical thermistor thermometer. The 
dissipation constant is the ratio of the 
power input in watts dissipated in the 


thermistor, to the resultant temperature , 


rise in degrees centigrade. The time con- 
stant is the time required for the tem- 
perature of the thermistor to change 63 
per cent of the difference between its 
initial value and that of the surroundings. 
As a sensitive thermometer, this thermis- 
tor with a sinple Wheatstone bridge and 
a galvanometer whose sensitivity is 2 X 
10-19 amperes per millimeter per meter 
will indicate readily a temperature change 
of 0.0005 degree centigrade. For com- 
parison, a precision platinum resistance 
thermometer and the required special 
bridge such as the Mueller, will indicate a 
minimum change of 0.003 degree centi- 
grade with a similar galvanometer. 

Several thermistors which have been 
used for thermometry are shown in Figure 
17. Included in the group are types which 
are suited to such diverse applications 
as intravenous blood thermometry and 
supercharger rotor temperature measure- 
ment. In Figure 17, A isa tiny bead with 
a response time of less than a second in 
air. Bis a probe type unit for use in air 
streams or liquids. C is a meteorological 
thermometer used in automatic radio 
transmission of weather data from free 
balloons. Dis arod shaped unit. Hisa 
disk or pellet, adapted for use in a metal 
thermometer bulb. Disks like the one 
shown have been sweated to metal plates 
to give a low thermal impedance connec- 
tion to the object whose temperature is to 
be determined. F is a large disk with an 
enveloping paint finish for use in humid 
surroundings. The characteristics of 
these types are given in Table III. 

The temperature of objects which are 
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inaccessible, in motion, or too hot for 
contact thermometry, can be determined 
by permitting radiation from the object 
to be focused on a suitable thermistor by 
means of an elliptical mirror. Such a ther- 
mistor may take the form of a thin flake 
attached to a solid support. Its advan- 
tages compared with the thermopile and 
resistance bolometer are its more favor- 
able resistance value, its ruggedness, and 
its high temperature coefficient of resist- 
ance. It can be made small to reduce its 
heat capacity so as to follow rapidly chang- 
ing temperatures. Flake thermistors have 
been made with time constants from one 
millisecond to one second. Since the 
amount of radiant power falling on the 
thermistor may be quite small, sensitive 
meters or vacuum tube amplifiers are re- 
quired to measure the small changes in the 
flake resistance. Where rapidly varying 
temperatures are not involved, thermis- 
tors with longer time constants and sim- 
pler circuit equipments can be utilized. 


Temperature Control 


The use of thermistors for temperature 
control purposes is related closely to their 
application as temperature measuring de- 
vices. In the ideal temperature-sensitive 
control element, sensitivity to tempera- 
ture change should be high and the re- 
sistance value at the control temperature 
should be the proper value for the control 
circuit used. Also, the temperature rise 
of the control element resulting from cir- 
cuit heating should be low, and the sta- 
bility of calibration should be good. The 
size and shape of the sensitive element 
are dictated by several factors such as the 
space available, the required speed of re- 
sponse to temperature changes, and the 
amount of power which must be dissi- 
pated in the element by the control circuit 
to. permit the arrangement to operate 
relays, motors, or valves. 

Because of their high temperature sen- 
sitivity, thermistors have shown much 
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promise as control elements. Their adapt- 
ability and their stability at relatively 
high temperatures led, for instance, to 
an aircraft engine control system using a 
rod-shaped thermistor as the control ele- 
ment. The thermistor, mounted in a 
standard one-quarter inch diameter tem- 
perature bulb assembly, operated at ap- 
proximately 275 degrees centigrade. It 
was associated with a differential relay 
and control motor on the aircraft 28-volt 
d-c system. The power dissipation in the 
thermistor was two watts. The resist- 
ance of a typical thermistor under these 
high temperature conditions remained 
within +1.5 per cent over a period of 
months. This corresponds to about + 
one degree centigrade variation in cali- 
bration. Several other related designs 
were developed using the same control 
system with other thermistors designed 
for both higher and lower temperature 
operation. In the lower temperature 
applications, typical thermistors main- 
tained their calibrations within a few 
tenths of a degree centigrade. 

In general, gas tube control circuits dis- 
sipate less power in the thermistor than 
relay circuits do. This results in less 
temperature rise in the thermistor, and 
leads to a more accurate control. While 
the average value of this temperature rise 
can be allowed for in the design, the varia- 
tions in different installations require 
individual calibration to correct the errors 
if they are large. The corrections may 
be different as a result of variations of the 
thermal conductivity of the surrounding 
media from time to time, or from one in- 
stallation to another. The greater the 
power dissipated in the thermistor, the 
greater the absolute error in the control 
temperature for a given change in thermal 
conductivity. This follows from the rela- 
tion 


AT=W/C (22) 


where AT is the temperature rise, W is 
the power dissipated, and C is the dissi- 
pation constant which depends on ther- 
mal coupling to the surroundings. For 
the same reason, the temperature indi- 
cated by a resistance thermometer im- 
mersed in an agitated medium will de- 
pend on the rate of flow if the temperature 
sensitive element is operated several de- 
grees hotter than its surroundings. 

The design of a thermistor for a ventila- 
ting duct thermostat might proceed as 
follows as far as temperature rise is con- 
cerned: 


1. Determine the power dissipation. This 
depends upon the circuit selected and the 
required over-all sensitivity. 


2. Estimate the permissible temperature 
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rise of the thermistor, set by the expected 
variation in air speed and the required 
temperature control accuracy. 


3. Solve equation 22 for the dissipation 
constant and select a thermistor of appro- 
priate design and size for this constant in 
the nominal air speed. Where more than 
one style of thermistor is available, the 
required time constant will determine the 
choice. 


Compensators 


It is a natural and obvious application 
of thermistors to use them to compensate 
for changes in resistance of electrical cir- 
cuits caused by ambient temperature 
variations. A simple example is the com- 
pensation of a copper wire line, the resist- 
ance of which increases approximately 0.4 
per cent per degree centigrade. A ther- 
mistor having approximately one-tenth 
the resistance of the copper, with a tem- 
perature coefficient of —4 per cent per de- 
gree centigrade placed in series with the 
line and subjected to the same ambient 
temperature, would serve to compensate it 
over a natrow temperature range. In 
practice however, the compensating ther- 
mistor is associated with parallel and 
sometimes series resistance, so that the 
combination gives a change in resistance 
closely equal and opposite to that of the 
circuit to be compensated over a wide 
range of temperatures. See Figure 18. 

A copper winding having a resistance 
of 1,000 ohms at 25 degrees centigrade 
can be compensated by means of a ther- 
mistor of 566 ohms at 25 degrees centi- 
grade in parallel with an ohmic resistance 
of 445 ohms as shown in Figure 18. The 
winding with compensator has a resistance 
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of 1,250 ohms constant to 1.6 per cent 
over the temperature range —25 degrees 
centigrade to +75 degrees centigrade. 
Over this range the copper alone varies 
from 807.5 ohms to 1,192.5 ohms, or +19 
per cent. The total resistance of the cir- 
cuit has been increased only 6.1 per cent 
at the upper temperature limit by the ad- 
dition of a compensator. This increase is 
small because of the high temperature 
coefficient of the compensating thermis- 
tor. The characteristics of such a thermis- 
tor are so stable that the resistance would 
remain constant within less than one per 
cent for ten years, if maintained at any 
temperature up to about 100 degrees cen- 
tigrade. Figure 15 shows aging charac- 
teristics for typical thermistors suitable 
for use in compensators. These curves in- 
clude the change which occurs during the 
seasoning period of several days at the 
factory, so that the aging in use is a frac- 
tion of the total shown. | 

In many circuits which need to func- 
tion to close tolerances under wide ambi- 
ent temperature variation, the values of 
one or more circuit elements may vary un- 
desirably with temperature. Frequently 
the resultant over-all variation with tem- 
perature can be reduced by the insertion 
of a simple thermistor placed at an ap- 
propriate point in the circuit. This is 
true particularly if the circuit contains 
vacuum tube amplifiers. In this manner, 
frequency and gain shifts in communica- 
tions circuits have been cancelled and 
temperature errors prevented in the opera- 
tion of devices such, for instance, as 
electric meters. The change in induct- 
ance of a coil resulting from the variation 


of magnetic characteristics of the core ma- 
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terial with temperature has been pre- 
vented by partially saturating the coil 


with direct current, the magnitude of 


which is directly controlled by the resist- 
ance of a thermistor imbedded in the 
core. In this way the amount of d-c mag- 
netic flux is adjusted by the thermistor so 
that the inductance of the coil is inde- 
pendent of temperature. 

In designing a compensator, care must 
be taken to ensure exposure of the ther- 
mistor to the temperature affecting the 
element to be compensated. Power dissi- 
pation in the thermistor must be consid- 
ered and either limited to a value which 
will not produce a significant rise in tem- 
perature above ambient temperature, or 
offset in the design. 


Volt-Ampere Characteristics 


The nonlinear shape of the static char- 
acteristic relating voltage, current, resist- 
ance, and power for a typical thermistor 
was illustrated by Figure 9. The part of 
the curve to the right of the voltage maxi- 
mum has a negative slope, applicable in a 
large number of ways in electric circuits. 
The particular characteristic shown begins 
with a resistance of approximately 50,000 
ohms at low power. Additional power 
dissipation raises the temperature of the 
thermistor element and decreases its re- 
sistance. At the voltage maximum, the 
resistance is reduced to about one-third 
its cold value, or 17,000 ohms, and the dis- 
sipation is 13 milliwatts. The resistance 
becomes approximately 300 ohms when 
the dissipation is 100 milliwatts. Such 
resistance-power characteristics have re- 
sulted in the use of thermistors as sensi- 
tive power measuring devices, and as au- 
tomatically variable resistances for such 
applications as output amplitude controls 
for oscillators and amplifiers. Their non- 
linear characteristics also fit thermistors 
for use as voltage regulators, volume 
controls, expandors, contactless switches, 
and remote control devices. To permit 
their use in these applications for d-c as 
well as a-c circuits, nonpolarizing semi- 
conductors alone are employed in ther- 
mistors with the exception of two early 


types. 


Power Meter 


Thermistors have been used very ex- 
tensively in the ultra- and superhigh 
frequency ranges in test sets as power 
measuring elements. The particular ad- 
vantages of thermistors for this use are 
that they can be made small in size, have 
a small electrical capacity, can be se- 
verely overloaded without change in 
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calibration, and easily can be cali- 
brated with d-c or low frequency power. 
For this application the thermistor is 
used as a power absorbing terminating 
resistance in the transmission line, which 
may be of Lecher, coaxial, or wave-guide 
form. Methods of mounting have been 
worked out which reduce the reflection of 
high frequency energy from the termina- 
tion to negligible values, and assure ac- 
curate measurement of the power over 
broad bands in the frequency spectrum. 
Conventionally, the thermistor is oper- 
ated as one arm of a Wheatstone bridge, 
and is biased with low frequency or d-c 
energy to a selected operating resistance 
value, for instance, 125 or 250 ohms in 
the absence of the power to be measured. 
The application of the power to be meas- 
ured further decreases the thermistor 
resistance, the bridge becomes unbal- 
anced, and a deflection is obtained on the 
bridge meter. A full scale power indica- 
tion of one milliwatt is customary for the 
test set described, although values from 
0.1 milliwatt to 200 milliwatts have been 
employed using thermistors with different 
sized beads as shown in Figure 19. 

Continuous operation tests of these 
thermistors indicate very satisfactory 
stability with an indefinitely long life. 
A group of eight power meter thermistors, 
normally operated at 10 milliwatts and 
having a maximum rating of 20 milliwatts, 
were operated for over 3,000 hours at a 
power input of 30 milliwatts. During this 
time the room temperature resistance re- 
mained within 1.5 per cent of its initial 
value, and the power sensitivity, which is 
the significant characteristic, changed by 
less than 0.5 per cent. 

When power measuring test sets are 
intended for use with wide ambient tem- 
perature variations, it is necessary to 
temperature compensate the thermistor. 
This is accomplished conventionally by 
the introduction of two other thermistors 
into the bridge circuit. These units are 
designed to be insensitive to bridge cur- 
rents but responsive to ambient tempera- 
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Figure 17. Some forms of thermistors which 
have been used as resistance thermometers 
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ture. One of the compensators maintains 


the zero point and the other holds the 


meter scale calibration independent of 
the effect of temperature change on the 
measuring thermistor characteristics. 


Automatic Oscillator Amplitude 
Control 


Meacham,}° and Shepherd and Wise™ 
have described the use of thermistors to 
provide an effective method of amplitude 
stabilization of both low and high fre- 
quency oscillators. These circuits os- 
cillate because of positive feedback around 
the vacuum tube. The feed-back circuit 
is a bridge with at least one arm contain- 
ing a thermistor which is heated by the 
oscillator output. Through this arrange- 
ment, the feedback depends in phase and 
magnitude upon the output, and there is 
one value of thermistor resistance which, 
if attained, would balance the bridge and 
cause the oscillation amplitude to vanish. 
Obviously this condition never can be 
exactly attained, and the operating point 
is just enough different to keep the bridge 
slightly unbalanced and produce a prede- 
termined steady value of oscillation out- 
put. Such oscillators in which the ampli- 
tude is determined by thermistor nonlin- 
earity have manifold advantages over 
those whose amplitude is limited by vac- 
uum tube nonlinearity. The harmonic 
content in the output is smaller, and the 
performance is much less dependent 
upon the individual vacuum tube and 
upon variations of the supply voltages. 
It is necessary that the thermal inertia of 
the thermistor be sufficient to prevent it 
from varying in resistance at the oscilla- 
tion frequency. This is satisfied easily 
for all frequencies down to a small frac- 
tion of a cycle per second. Figure 20 
shows a thermistor frequently used for 
oscillator control, together with its static 
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electrical characteristic. This thermistor 
is satisfactory in oscillators for frequen- 
cies above approximately 100 cycles per 
second. Similar types have been devel- 
oped with response characteristics suited 
to lower frequencies, and for other resist- 
ance values and powers. 

Where the ambient temperature sensi- 
tivity of the thermistor is disadvantag- 
eous in oscillator controls, the thermistor 
can be compensated by thermostating it 
with a heater and compensating thermis- 
tor network, as shown in Figure 21. 


Amplifier Automatic Gain Control 


Since the resistance of a thermistor of 
suitable design varies markedly with the 
power dissipated in it or in a closely asso- 
ciated heater, such thermistors have 
proved to be very valuable as automatic 
gain controls, especially for use with nega- 
tive feed-back amplifiers. This atrange- 
ment has seen extensive use in wire com- 
munication circuits for transmission level 
regulation, and has been described in some 
detail elsewhere.!2—!4 In one form, a di- 
rectly heated thermistor is connected 
into the feed-back circuit of the amplifier 
in such a way that the amount of feed- 
back voltage is varied to compensate for 
any change in the output signal. By this 
arrangement, the gain of each amplifier in 
the transmission system is adjusted con- 
tinually to correct for variations in over- 
all loss due to weather conditions and 
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other factors, so that constant transmis- 
sion is obtained over the channel at all 
times. In a carrier system now in ex- 
tensive use, the system gain is regulated 
principally in this way. In this system 
the transmission loss variations due to 
temperature are not the same in all parts 
of the pass band. The loss is corrected at 
certain repeater points along the trans- 
mission line by two additional thermistor 
gain controls: slope, proportional to fre- 
quency; and bulge, with a maximum at 
one frequency. These thermistors are 


indirectly heated, with their heaters ac- 
tuated by energy dependent upon the 
amplitude of the separate pilot carriers, 
which are introduced at the sending end 
for the purpose. 

In this type of application, the ther- 
mistor will react to the ambient tempera- 


Figure 19. Power measuring thermistors with 
different sized beads 


Figure 20A (above). 
An amplitude con- 


<A] 


ture to which it is exposed, as well as to 
the current passing through it. Where 
this is important, the reaction to ambient 
temperature can be eliminated by the use 
of a heater-type thermistor as shown in 
Figure 21. The heater is connected to an 
auxiliary circuit containing a temperature 
compensating thermistor. This circuit is 
so arranged that the power fed into the 
heater of the gain control thermistor is 
just sufficient at any ambient tempera- 
ture to give a controlled and constant 
value of temperature in the vicinity of the 
gain control thermistor element. 

Another interesting form of thermistor 
gain control utilizes a heater-type ther- 
mistor, with the heater driven by the output 
of the amplifier and with the thermistor 
element in the input circuit, as shown in 
Figure 22. In this arrangement, the 
feedback is accomplished by thermal, 
rather than electrical coupling. A broad- 
band carrier system, now in use, is regu- 
lated with this type of thermistor. In 
this system a pilot frequency is supplied, 
and current of this frequency, selected by 
a network in the regulator, actuates the 
heater of the thermistor to give smooth, 
continuous gain control. 

By utilizing a heater thermistor of dif- 
ferent characteristics, the circuit and load 
of Figure 22 may be given protection 
against overloads. In this application, 
the sensitivity and element resistance of 
the thermistor are chosen so that the 
thermistor element forms a shunt of high 
resistance value, so as to have negligible 
effect on the amplifier for any normal 
value of output. However, if the output 
power rises to an abnormal level, the 
thermistor element becomes heated and 
reduced in resistance. This shunts the 
input to the amplifier, and thus limits the 
output. Choice of a thermistor having 
a suitable time constant permits the 
onset of the limiting effect to be delayed 
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Figure 20B (right). 
Steady state charac- 
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Figure 21. Circuit employing an auxiliary 

disk thermistor to compensate for effect of 

varying ambient temperature on a control 
thermistor 


for any period from about a second to a 
few minutes. 


Regulators and Limiters 


A group of related applications for 
thermistors depends on their steady state 
nonlinear volt-ampere characteristic. 
These are the voltage regulator, the 
speech volume limiter, the compressor, 
and the expandor. The compressor and 
expandor are devices for altering the 
range of signal amplitudes. The com- 
pressor functions to reduce the range, 
while the expandor increases it. In Fig- 
ure 23, curve 1 is a typical thermistor 
static characteristic having negative slope 
to the right of the voltage maximum. 
Curve 2 is the characteristic of an ohmic 
resistance R having an equal but positive 
slope. Curve 3 is the characteristic ob- 
tained if the thermistor and resistor are 
placed in series. It has an extensive seg- 
ment where the voltage is almost inde- 
pendent of the current. This is the con- 
dition for a voltage regulator or limiter. 
If a larger value of resistance is used, as 
in curve 4, its combination with the ther- 
mistor in series results in curve 5, the com- 
pressor. In these uses the thermistor 
regulator is in shunt with the load resist- 
ance, so that 


a eee; — [Rg (23) 


in the circuit diagram of Figure 23. Here 
E is the voltage across the thermistor 
and resistor R, E, is the output voltage, 
and E,, J and Rg are respectively, the 
input voltage, current, and resistance. 

If the thermistor and associated re- 
sistor are placed in series between the 
generator and load resistance, an expan- 
dor is obtained, and 


fj=H,;-L (24) 


As the resistance R in series with the 
thermistor is increased, the degree of ex- 
pansion is decreased, and vice versa. 

The treatment thus far in this section 
assumes that change of operating point 
occurs slowly enough to follow along the 
static curves. For a sufficiently rapid 
change of the operating point, the latter 
departs from the static curve and tends 
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to progress along an ohmic resistance 
line intersecting the static curve. For 
sufficiently rapid fluctuations, control 
action then may be derived from the re- 
sistance changes resulting from the rms 
power dissipated in the thermistor unit. 
In speech volume limiters, the thermistor 
is designed for a speed of response that 
will produce limiting action for the 
changes in volume which are syllabic in 
frequency or slower, and that will not 
follow the more rapid speech fluctuations 
with resulting change in wave shape or 
nonlinear’ distortion. Speech volume 
limiters of this type can accommodate 
large volume changes without producing 
wave form distortion.!?)!°. 


Remote Control Switches 


The contactless switch and rheostat 
are natural extensions of the uses just dis- 
cussed. The thermistor is used as an ele- 
ment in the circuit which is to be con- 
trolled, while the thermistor resistance 
value is, in turn, dependent upon the en- 


HEATER TYPE THERMISTOR 


Figure 22. Thermal feed-back circuit for 
gain control purposes 


This arrangement has also been used as a pro- 
tective circuit for overloads 


ergy dissipated directly or indirectly in it 
by the controlling circuit. By taking 
advantage of the nonlinearity of the 
static volt-ampere characteristic, it is pos- 
sible to provide snap and lock-in action in 
some applications. 


Manometer 


Several interesting and useful applica- 
tions such as vacuum gauges, gas analyz- 
ers, flowmeters, thermal conductivity 
meters, and liquid level gauges of high 
sensitivity and low operating temperature 
are based upon the physical principle that 
the dissipation constant of the ther- 
mistor depends on the thermal conductiv- 
ity of the medium in which it is immersed. 
As shown in Figure 10, a change in this 
constant shifts the position of the static 
characteristic with respect to the axes. 
In these applications, the undesired re- 
sponse of the thermistor to the ambient 
temperature of the medium can, in many 
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cases, be eliminated or reduced by intro- 
ducing a second thermistor of similar 
characteristics into the measuring cir- 
cuit. The compensating thermistor is 
subjected to the same ambient tempera- 
ture, but is shielded from the effect being 
measured, such as gas pressure or flow. 
The two thermistors can be connected 
into adjacent arms of a Wheatstone bridge 
which is balanced when the test effect is 
zero, and becomes unbalanced when the 
effective thermal conductivity of the me- 
dium is increased. In gas flow measure- 
ments, the minimum measurable velocity 
is limited, as in all hot wire devices, by 
the convection currents produced by the 
heated thermistor. 

The vacuum gauge or manometer 
which is typical of these applications will 
be described somewhat in detail. The 
sensitive element of the thermistor ma- 
nometer is a small glass coated bead 0.02 
inch in diameter, suspended by two fine 
wire leads in a tubular bulb for attach- 
ment to the chamber whose gas pressure 
is to be measured. The volt-ampere 
characteristics of a typical laboratory 
model manometer are shown in Figure 24 
for air at several absolute pressures from 
10-6 millimeters of mercury to atmos- 
pheric pressure. The operating point, in 
general, is to the right of the peak of 
these curves. Electrically this element is 
connected into a unity ratio arm Wheat- 
stone bridge with a similar, but evacu- 
ated, thermistor in an adjacent arm as 
shown in the circuit schematic of Figure 


4162-23 
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Figure 23. Characteristics of a simple ther- 
mistor voltage regulator, limiter, or compressor 
circuit 
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25. The air pressure calibration for such 
a manometer is also shown. The charac- 
teristic will be shifted when a gas is used 
having a thermal conductivity different 
from that of air. Such a manometer 
has been found to be best suited for the 
measurement of pressures from 107° 
to 10 millimeters of mercury. The lower 
pressure limit is set by practical consid- 
erations, such as meter sensitivity and 
the ability to maintain the zero setting 


The physical basis for this use has been 
discussed in part I for the case of a directly 
heated thermistor placed in series with a 
voltage source and a load, to delay the 
current rise after circuit closure. This 
type of operation will be termed the 
power driven time delay. 

By the use of a thermistor suited to the 
circuit and operating conditions, power 
driven time delays can be produced from 
a few milliseconds to the order of a few 


and thermistor variations such as occur 
from unit to unit of the same type. 

After a timing operation, a power 
driven time delay thermistor should be 
allowed time to cool before a second opera- 
tion. If this is not done, the second 
timing interval will be shorter than the 
first. The cooling period depends on 
particular circuit conditions and details of 
thermistor design, but generally is several 
‘times the working time delay. In tele- 
phone relay circuits requiring a timing 
operation soon after previous use, the 
thermistor usually is connected so that it 
is short circuited by the relay contacts at 
the close of the working time delay inter- 
val. This permits the thermistor to cool 
during the period when the relay is locked 
up. If this period is sufficiently long, the 
thermistor is available for use as soon as 
the relay drops out. Time delay thermis- 
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per pressure measurement limit is caused 
by the onset of saturation in the bridge 


VOLTMETER| 
10,000. 


hé Qe ce Figure 24 (left). 
: Characteristics of a 
4 b typical thermistor 
AX manometer _ tube, 
2 YaseUN showing the effect 
|| of gas pressure on 
o, el the volt-ampere and 
6 TS SRP RO See resistance-power re- 
4 _6 lations 
z 
2.0 MM oF io! 
| 8 
8 SoMM ab 6 
6 10-6 MM 
4 a ‘: 
C 7 
{| ad 
eee ROR 
TSAXD »S SOZECNNG 
EEXN® RODEN DASE ! 
lose Ete 4 6 81:0' 2 4 6 8| 2 4 6 810' 2 4 6 810? zl 
CURRENT IN MILLIAMPERES p > 
5 4 
> 
F ; Z 
for reasonable periods of time in the Ws 5 
presence of the variations of supply volt- Zi" 
age and ambient temperature. The up- rd H 
5 
WwW 
3 
o 


unbalance voltage versus pressure char- 
acteristic at high pressures. This is 
basically because the mean free path of 
the gas molecules becomes short com- 
pared with the distance between the ther- 
mistor bead and the inner surface of the 
manometer bulb, so that the cooling ef- 
fect becomes nearly independent of the 
pressure. 

The thermistor manometer is specially 
advantageous for use in gases which may 
be decomposed thermally. For this type 
of use, the thermistor element tempera- 
ture can be limited to a rise of 30 degrees 
centigrade or less above ambient tempera- 
ture. For ordinary applications, however, 
a temperature rise over a range not ex- 
ceeding 200 degrees centigrade in vacuum, 
permits measurement over wider ranges 
of pressure. Special models also have 
been made for use in corrosive gases. 
These expose only glass and platinum 
alloy to the gas under test. 


Timing Devices 
The numerically greatest application 


for thermistors in the communication 
field has been for time delay purposes. 
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Figure 25 (right). 


Operating circuit 
and calibration for a 


vacuum gauge utiliz- 
ing the thermistor of 
Figure 24 


4 6 810-3 


minutes. Thermistors of this sort have 
the advantage of small size, light weight, 
ruggedness, indefinitely long life, and 
absence of contacts, moving parts, or 
pneumatic orifices which require mainte- 
nance care. Power driven time delay 
thermistors are best fitted for applica- 
tions where close limits on the time inter- 
val are not required. In some communi- 
cations uses, it is satisfactory to permit a 
six to one ratio between maximum and 
minimum times as a result of the simul- 
taneous variation from nominal values of 
all the following factors which affect the 
delay: operating voltage + five per 
cent; ambient temperature 20 degrees 
centigrade to 40 degrees centigrade; 
operating current of the relay +25 per 
cent; relay resistance + five per cent; 
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tors have been operated more than half a 
million times on life test, with no signifi- 
cant change in their timing action 

To avoid the limitations of wide timing 
interval limits and extended cooling 
periods between operations usually asso- 
ciated with the power driven time delay 
thermistor, a cooling time delay method 
of operation has been used. In this ar- 
rangement, two relays or the equivalent 
are employed, and the thermistor is 
heated to a low resistance value by pass- 
ing a relatively large current through it 
for an interval, short compared with the 
desired time interval. The current then 
is reduced automatically to a lower value, 
and the thermistor cools until its resist- 
ance increases enough to reduce the cur- 
rent further and trip the working relay. 
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/ 
‘This part of the operating cycle accounts 
for the greater part of the desired time in- 
terval. With this arrangement, the ther- 
mistor is available for reuse immediately 
after a completed timing interval, or, as 
a matter of fact, after any part of it. 
By proper choice of operating currents 
and circuit values, wide variations of 
voltage and ambient temperature may 
occur with relatively little effect upon the 
time interval. The principal variable 
left is the cooling time of the thermistor 
itself. This is fixed in a given thermistor 
unit, but may vary from unit to unit, 
depending upon dissipation constant and 
thermal capacity, as pointed out above. 
In addition to their use as definite time 
delay devices, thermistors have been used 
in several related applications. Surges 
can be prevented from operating relays 
or disturbing sensitive apparatus by in- 
troducing a thermistor in series with the 
circuit component which is to be pro- 
tected. In case of a surge, the high ini- 
tial resistance of the thermistor holds the 
surge current to a low value, provided that 
the surge does not persist long enough to 
overcome the thermal inertia of the 
thermistor. The normal operating volt- 
age, on the other hand, is applied long 
enough to lower the thermistor resistance 
to a negligible value, so that a normal op- 
erating current will flow after a short in- 
terval. In this way, the thermistor en- 
ables the circuit to distinguish between an 
undesired signal of short duration and a 
desired signal of longer duration, even 
though the undesired impulse is several 
times higher in voltage than the signal. 


Oscillators, Modulators, and 
Amplifiers 


_ A group of applications, already ex- 
plored in the laboratory but not put 
into engineering use, includes oscillators, 
modulators, and amplifiers for the low and 
audio-frequency range. Ifa thermistor is 
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biased at a point on the negative slope 
portion of the steady-state volt-ampere 
characteristic, and if a small alternating 
voltage is then superposed on the direct 
voltage, a small alternating current will 
flow. If the thermistor has a small time 
constant, 7, and if the applied frequency 
is low enough, the alternating volt-am- 
pere characteristic will follow the steady- 
state curve and dV/dI will be negative. 
As the frequency of the applied alternat- 
ing voltage is increased, the value of the 
negative resistance decreases. At some 
critical frequency, f,, the resistance is zero 
and the current is 90 degrees out of phase 
with the voltage. In the neighborhood of 
fc, the thermistor acts like an inductance 
whose value is of the order of ahenry. As 
the frequency is increased beyond f,, the 
resistance is positive, and increases stead- 
ily until it approaches the d-c value when 
the current and voltage are in phase. The 
critical frequency is approximately given 
by 


fe= oer 


If t can be made as small as 5 X 107° 
seconds, f, is equal to 10,000 cycles per 
second, and the thermistor would have an 
approximately constant negative resist- 
ance up to half this frequency. Point 
contact thermistors, having such critical 
frequencies or even higher, have been 
made in a number of laboratories. How- 
ever, none of them has been made with 
sufficient reproducibility and constancy 
to be useful to the engineer. It has been 
shown both theoretically and experi- 
mentally that any negative resistance de- 
vice can be used as an oscillator, a modu- 
lator, or an amplifier. With further de- 
velopment, it seems probable that ther- 
mistors will be used in these fields. 


(25) 


Summary 


The general principles of thermistor 
operation, and examples of specific uses 
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have been given to facilitate a better un- 
derstanding of thermistors, with the feel- 
ing that such an understanding will be the 
basis for increased use of this new circuit 
and control element in technology. 
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Characteristics of Resistance Welding 


Transformers 


F. E. MURRAY 


NONMEMBER AIEE 


ESISTANCE WELDING as a labor 

saving production method has made 
tremendous strides in the past decade. 
Its widespread recognition during World 
War II has made it quite evident that 
this art will be used even more universally 
in the postwar era. 

When one considers that the heart of 
the resistance welding machine is its trans- 
former, it appears quite logical that an 
explanation of this type transformer is 
forthcoming. 

It is the purpose of this paper to pre- 
sent the characteristics and functions of 
the resistance welding transformer in ad- 
dition to the design problems encoun- 
tered. 

The subject is much too large to en- 
able a detailed discussion and derivation 
cf all the mathematics required to deter- 
mine the design constants used in this 
field. Emphasis has been placed on the 
general problems of design and the effects 
of deviations from standard practice. 


Functions of a Resistance 
Welding Transformer 


The resistance welding transformer, in 
common with all transformers, is a device 
for transferring energy by means of elec- 
tromagnetic induction. 

The function of a resistance welding 
transformer is to furnish relatively large 
currents at comparably low voltages from 
the mains of its user’s power supply. 
When delivering load the transformer can 
be considered, for all practical purposes, 
as under short-circuit conditions. Its 
current is limited only by the impedance 
of the welder plus a small impedance 
caused by the work. 


Standards Governing Resistance 
Welding Transformers 


The Resistance Welder Manufacturers 
Association has set up standards covering 
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transformers used in resistance welding 
machines, 

The capacity of resistance welding 
transformers is rated in kilovolt-amperes 
at 50 per cent duty cycle. The continu- 
ous duty rating of such transformers then 
becomes 0.707 times the name plate rat- 
ing. 

The duty cycle expressed in per cent is 
considered to be the ratio of weld time in 
cycles per minute to the total cycles in a 
minute times 100. 


Per cent duty cycle on 60 cycles 
cycles of weld time in a minute 


3,600 


x100 (1) 


As the users of resistance welding equip- 
ment usually are more concerned with the 
permissible duty cycle for a given load 
than they are with the name plate rating, 
it often is desired to convert as follows: 


Permissible duty cycle in per cent 
rated kilovolt-amperes X7.07 \?2 (2) 
= load kilovolt-amperes 


These same standards require that the 
exciting currents be limited in proportion 
to the rated current. Transformers rated 
at less than 100 kva are permitted an ex- 
citing current of ten per cent of the rated 
current, while those rated 100 kva or over 
are limited to exciting currents of only 
five per cent of the rated current. 

Insulations are required to be able to 
withstand twice the maximum induced 
voltage plus 1,000 volts for a period of one 
minute. 

The permitted temperature rise is gov- 
erned by the type of insulation used. 
Transformers in which class B insulation 
is used are limited to a temperature rise 
of 80 degrees centigrade, while those in 
which class A insulation is used are per- 
mitted only 60 degrees centigrade rise, as 
measured by the thermocouple method. 


Design Restrictions 


The design of resistance welding trans- 
formers can be approached only after 
consideration of several points of limita- 
tion. 


1. The geometry of the transformer fre- 
quently is determined by the available space 
provided in the welding unit. 
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2. The limitations as set forth by the 
RWMA must be met. 


3. It is desired to minimize the losses. 


4. Economics dictate the manufacture of 
equipment at a reasonable cost. 


5. The number of secondary turns usually 
is limited to one. 


Core Design 


The use of high-grade low-watt-loss 
silicon steel permits the use of higher 
flux densities for the same hysteresis 
losses. 

Flux densities of from 75,000 to 85,000 
lines per square inch (depending on the 
kilovolt-ampere rating) may be used 
when it is desired to limit the exciting cur- 
rents to those values as set forth by the 
RWMA 

From the general formula, 


E=4.44NfKBA X107-8 (3) 


and assuming a stacking factor of 0.95, 
E 

B=395,000— 4) 
NA ‘ 


when f=60 cycles per second. 


(5) 


This formula gives the area of required 
core in square inches per volt per turn for 
a given flux density. Note Figure 1 for 
flux density versus area. 

The core dimensions can be propor- 
tioned to suit the available space within 
certain limitations. A core which takes 
the form of a square results in a mean turn 
of minimum length and is the most eco- 
nomical design. 

Where space dictates the use of other 
proportions, the length should not ex- 
ceed the height by a factor of more than 
three to one. 


Design of the High Voltage Winding 


The high voltage winding usually is ar- 
ranged with eight taps for heat adjust- 
ment. Where electronic controls with in- 
corporated heat adjustment facilities are 
provided, a series-parallel winding with- 
out taps is becoming more popular. 

The principal advantage of the series- 
parallel winding is increased duty cycle 
when less than the maximum load is re- 
quired. This is true because the copper 
cross section remains constant as the heat 
is phased back. 

When resistance welding transformers 
are provided with taps for heat adjust- 
ment the copper cross section of the high 
voltage winding may be reduced as the 
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square of the open circuit volts across the 
low voltage winding. In practical design 
this method of calculating copper densi- 
ties should be used as a minimum with 
space dictating how closely it is ap- 
proached. 

Tapering the copper cross section in 
this manner keeps the permissible duty 
cycle constant for any tap. Mathema- 
tical analysis of this will be shown. 

Duty cycle is a function of kilovolt- 
ampere demand and rating. Then, given 
a welder of known kilovolt-amperes and 
duty cycle, it is desired to maintain the 
duty cycle as the load decreases. 


Esl 


Demand kilovolt-amperes = 
1000 


(6) 


The low voltage winding current varies 
directly as its open circuit volts; hence, 


Ea _Ie ? 
ionare re (7) 
ii _ Ink 8 
Heras (8) 
Els 
iKeVAn— : 
‘~~ 1000 ®) 
Rie 10 
* 1000 oY 
Divide one by the other: 
KVA, Eala 
= =3 (11) 
IRWALS LB les 
Substitute and simplify: 
KVA, EulyEa En’® 
1 Se 14 31 1 at 1 (12) 
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From experience gathered from data on 
many welding transformers, the following 
copper densities may be used without ex- 


Figure 1. Core area versus flux density 


ceeding permissible temperature rises for 
the two types shown: 


1. For a pancake type of winding pressed 
tight against a water-cooled secondary 
winding insulated from primary winding 
with mica barriers, a density of 2,500 am- 
peres per square inch may be used at 50 per 
cent duty cycle rating of transformer. 


2. For a layer type of winding, air-cooled 
and used with a secondary winding not 
water-cooled, the permissible copper den- 
sity is 1,500 amperes per square inch. This 
type of transformer usually has the low 
voltage winding or secondary made of a 
laminated copper band built up to the 
required thickness. The impedance is higher 
than the pancake type of winding. 


Density of Low Voltage or 
Secondary Winding 


The low voltage winding generally is 
made of cast copper having a minimum of 
85 per cent conductivity. Water-cooling 
pipes are cast into or welded to the out- 
side of the casting. When pipes are cast 
integral with the secondary, the casting 
usually is increased in thickness to allow 
for pipe. When copper tubing is welded 
to the outside of the secondary section, 
the thickness can be reduced to the diame- 
ter of the tubing. The impedance, there- 
fore, is lowered by using thin sections ap- 
proximately one-half inch thick and more 
of them than by the use of a thick section. 
Under ordinary conditions of cooling wa- 
ter temperature, the density of current in 
the secondary casting can be 3,200 am- 
peres per square inch at a 50 per cent duty 
cycle rating. 

The secondary winding current will 
tend to crowd at the corners and the mean 
turn with respect to current flow will be 
slightly less than when figured in the con- 
ventional manner. The calculated re- 
sistance, therefore, will give higher copper 


Ne 
bee 


loss than actual measurement during im- 
pedance test. 


Design of 100-Kva Transformer 


This transformer is a 440-volt 60-cycle 
type with 50 per cent duty cycle. The 
required open circuit volts (E,) is 6.67 
with 1-turn low voltage winding. 


CORE SIZE 
B=77,000 lines per square inch (assumed) 
wp E 395,000 _ 6.67 395,000 

UN Ge aR NEP eg 000 


= 34.2 square inches 


(13) 


Hicu VOLTAGE OR PRIMARY WINDING 


100,000 
I, (rated) = 740 =227 amperes (14) 
} 1 
Copper section = 227 x3 500 
=().0908 square inch 
=90,800 square mils (15) 


4 
Number of turns for maximum 2; =——~ = 66 


6.67 
(16) 


The high voltage winding will be pro- 
portioned for a series-parallel arrangement 
as shown in Figure 11. 

The insulation between turns for a class 
B design can be any one of several ma- 
terials. In this case the authors would 
choose 0.020-inch mica. 

The width of primary winding copper 
should be kept as small as practical with 
one-fourth inch as the minimum. An 
increase in width will increase the copper 
loss. A practical width for this design 
would be 0.625 inch. As the primary 
winding is split into two sections, the re- 
quired copper per section is 


90,800 


square mils =45,400 s quare mils 


=().0454 square inch (17)! 


The thickness of the copper per turn is: 
0.0454 


q 


N 


OQ 
FLUX DENS 
IN LINES 
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= 0.0728 inch. Use 0.075 inch X 

0.625 

0.625 inch for practical reasons. 
Therefore, the total height of high volt- 

age winding = (0.075 + 0.020) X 33 = 

3 li sches, 


Low VOLTAGE OR SECONDARY WINDING 


100,000 
Is (rated) =- 
6.67 


=15,000 amperes (18) 


15,000 
3,200 


= 4.68 square inches 
(19) 


Copper section = 


The secondary winding will be one-half 
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Figure 2. Schematic diagram of transformer 
winding 


0.075 X0.625 copper per turn 
0.020 X0.687 mica between turns 


inch wide per sec’ion. The area per sec- 
tion = 4.68/3 = 1.56 square inch. 

Height of section = 1.56 + 1/2, or 3.12 
inches. 


LEAKAGE REACTANCE* 


Coil 1 (With Secondary Winding on One 
Side) 


MT dtd 
L= saxtex™e(s+e4 og Ae 9 (20) 


=3.2 X (33)? X 


1078 


0.625 
mG 125-420 


=39,700 0.500 1078 
=19,850 X 1078 henries 


Coil 2 (With Secondary Winding on Each 
Side) 


MT/. dtd 
L= saxmiexi( s4St% on aa (21) 


= 39,700 X0.38125X1078 
= 12,406 X1078 henries 


Total Z for coils 1 and 2 
= (19,850+ 12,406) 10-§ =32,256 X 1078 
32,256 X 1078 
2 
=16,128X10~‘ henries 
X 1, = 2nfL =377 X16,128 X 1078 
=0.0608 ohm (22) 


Total L for transformer = 


PRIMARY WINDING RESISTANCE 


Mean turn =387 inches=/, 
Number of turns per coil=33=7; 
Area of copper = (0.075 X0.625) (10)®X 
1.27 =59,500 circular mils 


pa PTs _ 10.3737 X33 _) ne 
?“AX12 ~~ -59,500X12 ne 
(23) 
6136-2 
1=3.95 
d; =0.625 


S$=0.1925 


Figure 3. Detail of coil arrangement 
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6/F0-2 


L.V. WINDING CAST COPPER 


COIL4 


[] Al 
SYS) 33 


Mean turn=37 


Weight = 
[(191/,X107/s) 
—(71/2X5)]X 
57/,X0.241 = 
249 pounds 


Figure 4. Detail of core 


Resistance of two coils in series 
=2X0.0177 =0.0354 ohm 
Resistance of series-parallel winding 


0.0354 
arn. | =0.0177 ohm 


p; = 10.37 ohms per circular-mil foot 


SECONDARY WINDING RESISTANCE 
85 Per Cent CONDUCTIVITY 


Mean turn =37 inches =], 
A ='/.X81/,3 =4.87 square inches 
=6,190,000 circular mils 
pol 10.37 X37 


AX12 0.8512 6,190,000 
=6.08 107° ohms 


R= 
(24) 


3 
85 ohms per circular-mil foot 


(cast copper) 


EQUIVALENT RESISTANCE REFERRED 
To PRIMARY WINDING 
66 \? 
Req =0.0177+ 7 6.08 X 107 
=0.0177+0.0265 = 0.0442 ohm 


Equivalent a-c resistance (caused by skin 
effect) = 11/2 0.0442 =0.0663 ohm 


Zp =V Reg? +X 12 = V (0.0663)?+ (0.0608)? 


=0.09 ohm (25) 


IpZp at rated current of 227A 


= 227 X0.09 =20.43 volts (26) 


20.43 
Per cent Zp Serre X100 per cent 
=4.64 per cent (27) 


Req 0.0663 
Power factor =—? = —— =0. 
actor = Z, 0.09 736 (28) 
I’R loss at rated load = (227)?0.0663 


=3,420 watts (29) 


Core Loss 


Core loss (note Figure 4) at 77,000 lines . 


per square inch equals 0.9 watt per pound 
from curves furnished by steel manufac- 


turers. 
Total core loss = 242 X0.9=218 watts (30) 
Total loss =3,420+218=3,638 watts (31) 


* See Figure 3. 
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100,000 


Efficiency at rated load = 100,000-+3,638 
=0.965 (32) 
Summary 


1. Flux densities may be higher than those 
used in power and distribution transformers. 


2. Losses caused by exciting currents have 
little effect on the over-all efficiency of the 
welding unit. 

8. Losses can be minimized by the use of 
narrow sections. 


4, Variations from optimum conditions can 
be made without serious effect on over-all 
efficiency. 


5. Pancake type windings are the most 
efficient for resistance welding transformers. 


6. Economics dictate the design of welding 
transformers having from three to five per 
cent impedance. The benefits of lower im- 
pedance transformers are offset by a greater 
manufacturing cost. 


7. Although no mention has been made of 
transformers designed for frequencies other 
than 60 cycles, the same procedure may be 
followed once the proper flux density is 
determined. 


8. The use of better insulating materials 
in the future will have a definite effect on 
present design constants. 


Nomenclature 


E=volts 

N=turns 

f=frequency 

K=stacking factor 

B=flux density in lines per square inch 

A=area in square inches 

E,=open circuit volts of low voltage 
winding 

ZI, =current in low voltage winding 

I, =current in high voltage winding 

L=inductance in henries 

T, =turns in each high voltage coil 

MT =mean turn 

1=height of high voltage coil in inches 

S=distance between ne and low voltage 
windings 

d, = width of each high voltage coil in inches 

d= width of low voltage coil in inches 

X;,=inductive reactance in ohms 

pi=resistivity of copper in ohms per circular 
mil foot 

p2=resistivity of cast copper in ohms per 
circular mil foot 

R, =d-c resistance of low voltage winding 

R,=d-c resistance of high voltage winding 

Reg =equivalent resistance referred to the 
primary winding 

Z,y =effective impedance referred to the pri- 
mary winding 


Reference 


1. EvecrricaL Macuing Desicn (book), Alex- 
ander Gray. McGraw-Hill Book Company, New 
York, N. Y., 1913, page 445. 
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4,370,000-Kva Short-Circuit Tests on 
Grand Coulee 230-Kv Bus 


W.H. CLAGETT 


MEMBER AIEE 


Synopsis: The unusually large concentra- 
tion of generating capacity at Coulee Dam 
makes possible short-circuit power on the 
230-kv bus considerably in excess of the 
rupturing capacity of circuit breakers now 
available at that voltage. Methods of 
sectionalizing the bus and segregating the 
transmission lines to limit the maximum 
short circuit to less than 3,500,000 kva are 
described in this paper. A group of fault 
tests on one of the 230-kv 3-cycle 3,500,000- 
kva steel tank oil circuit breakers was made 
with a maximum of six generators con- 
nected. Three-phase faults close to the 
breaker rating and single phase-to-ground 
short-circuit currents equivalent to 4,370,- 
000-kva 3-phase were cleared with no ap- 
parent effort by the breaker. These are 
believed to be the heaviest short circuits 
ever interrupted on any power system in 
the world. 


HE GRAND COULEE DAM and 

power plant is situated on the Colum- 
bia River approximately 100 miles west 
of the city of Spokane, in the heart of the 
state of Washington. At this point on the 
river the mean annual runoff is 79,000,000 
acre-feet, the mean annual flow is 109,000 
second-feet, and the dam provides a mean 
hydraulic head of 330 feet for operation of 
the turbines. The power plant is near the 
center of the vast transmission network of 
the Northwest Power Pool, which includes 
11 major interconnected private and gov- 
ernment-owned systems operating in the 
states of Washington, Oregon, Idaho, 
Montana, and Utah. 

The ultimate power plant installation 
is to consist of two similar powerhouses, 
on either side of the river, each housing 
nine units of 108,000-kw capacity, or a 
combined total capacity of nearly 2,000,- 
000 kw. The immense size of these water- 
wheel generators, the largest in service 
anywhere, is indicated by Figure 1 show- 
ing one of the rotors being lowered into 
place. Associated with the power plant 
development is an irrigation pumping 


Paper 46-177, recommended by the AIEE commit- 
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AIEE Pacific Coast meeting, Seattle, Wash., 
August 27-30, 1946. Manuscript submitted June 
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plant which is situated immediately up- 


‘stream from the west powerhouse and 


dam abutment. This pumping develop- 
ment ultimately will consist of 12 65,000- 
horsepower pumps which will lift the wa- 
ters of Lake Roosevelt to an irrigation 
system in the Columbia Basin. Opera- 
tion of these 12 pumps will be from the 
first six main unit generators, L-1 to L-6, 
through six 5,000-ampere 13.8-kv busses. 
Because of provisions being made for con- 
siderable water storage in the canal sys- 
tem, it will be possible to use these first 
six generating units for pumping purposes 
during off-peak load periods, and for com- 
mercial load at other times. Figure 2 
shows a single-line diagram of the west 
power plant only, with dotted lines indi- 
cating the pump installations. 

Such a large concentration of generat- 
ing capacity introduces unique problems 
in circuit breaker application and requires 
special switching arrangements to keep the 
breaker duty within the rated interrupt- 
ing capacity. The high speed 3-cycle 
230-kv breakers on all outgoing line 
positions at Coulee Dam have an inter- 
rupting rating of 3,500,000 kva, and the 
8-cycle generator breakers have an in- 
terrupting rating of 2,500,000 kva. The 
maximum interrupting rating available at 
the time these breakers were purchased 
was 2,500,000 kva. The line position 
breakers subsequently were rebuilt to 


Figure 1. Rotor of 
108,000-kva genera- 
tor being lowered 
into place at Grand 
Coulee Dam 
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3,500,000 kva when interrupters of this 
increased rating became available. 

The power plant installation at the 
time the fault tests were made in Decem- 
ber 1945 consisted of six permanent 108,- 
000-kw units and two smaller 75,000-kw 
units which had been borrowed tempo- 
rarily from Shasta Dam, California Cen- 
tral Valley Project, to augment the capac- 
ity at Coulee Dam during the war. Sys- 
tem calculations of short-circuit currents 
during a line fault immediately adjacent 
to the Coulee switchyard indicated that 
the 3-cycle breaker rating of 3,500,000 kva 
can be exceeded if more than four units 
and three lines are connected to the 
faulted section at any onetime. Because 
of this consideration, it was deemed inad- 
visable to operate with more than four 
units on a bus section, and since an ade- 
quate synchronizing tie is necessary be- 
tween the two bus sections for system sta- 
bility, the interleaved scheme of opera- 
tion was adopted. Figure 3 shows a sim- 
plified diagram of the interleaved line and 
bus arrangement showing the synchroniz- 
ing ties provided by parallel line opera- 
tion to the three load centers: Spokane, 
Midway, and Columbia. It is not the 
purpose of this paper to discuss in detail 
the interleaved scheme and its relation to 
system stability on the Bonneville Power 
Administration system, as this was pre- 
sented previously.! However, it should be 
pointed out that circuit breaker capacity 
may dictate to a large extent the switch- 
ing arrangement and method of operation 
on high capacity systems. 

For an example of how limitations in 
circuit breaker capacity affect switching 
operations and station capacity, let us 
suppose that it is desired to overhaul a 
generator breaker, thus making it neces- 
sary to transfer the corresponding unit to 
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230 KV. SPOKANE LINES 
NO.3 NO. 4 


BUS NO. 2A 


the opposite bus. The first operation 
would be to unload the unit and open the 
generator breaker. Before the unit can 
be placed on the opposite bus, however, 
a unit on the second bus also must be un- 
loaded and removed from the bus as five 
units would exceed the interrupting rat- 
ing of the breakers. This operation re- 
quires that 25 per cent of the present 
plant capacity, or a possible 216,000 kw 
of capacity must be removed from the 
system to accomplish the desired switch- 
ing. Breakers of 5,000,000 kva capacity 
would make it unnecessary to remove 
more than one unit at a time.” 

Fast relaying and circuit interruption 
during faults play an extremely important 
role in system stability where there are 
large concentrations of generating capac- 
ity and transmission lines that are heavily 
loaded. This is accentuated on the sys- 
tem under discussion by the fact that 
there are lumped loads and lumped gen- 
erating capacity in the Pacific Northwest, 
separated by long transmission distances. 
With over 400,000 kw of generating ca- 
pacity on one bus at Coulee Dam, a fault 
on or adjacent to this bus is a major con- 
sideration, and will result most surely in a 
major out-of-step condition on the rest of 
the system if not cleared promptly. For 
this reason the fastest circuit breakers 
available (3-cycle interrupting time) com- 
bined with the fastest system of relaying 
(carrier relaying) is used on the Bonne- 
ville System and at Grand Coulee to in- 
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230 KV. MIDWAY LINE 


NO. 2 NO.1 


BUS NO. 2B 


BUS NO.IB BUS NO. IC 


FUTURE: 12 65000-HP PUMP MOTORS, TWO PER GENERATOR (ul THROUGH L6) 


TRANSMISSION SYSTEM — BONNEVILLE POWER ADMINISTRATION 
SPOKANE 


I5-KV BUS 230-KV BUS 


82 MILES 


Figure 3. Simplified 
diagram of _ inter- 
leaved bus arrange- 
ment with bus ties 
through lines to dis- 
tant stations 


sure minimum disturbance and maximum 
stability. 


The 230-Kv 3-Cycle Oil Circuit 
Breakers 


The principal design features of the 
230-kv 3-cycle oil circuit breakers of the 
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230 KV. MIDWAY LINE 


BUS NO. 2C 


2 


: 6/77- 
230 KV. COLUMBIA LINES 
NO.2 NO.I 


jeusno.en | | | 


BUS NO. ID 


FUTURE =| 
75000KVA. | I08000KV-A,) 
4I38KV. 6O~ 1 


GENERATORS 


iGENERATOR 
FUTURE \ (9) 
108,000 wva(Le) ! 


| 138 KV 60~ _ 
{ 


Figure 2. Diagram of west power plant at 
Grand Coulee Dam showing generators, future 
pump motors, and switching station 


°77-> 


COLUMBIA 
230-KV BUS 


MIDWAY 
230-KV BUS 


—6 666 6666 


GRAND COULEE POWER PLANT AND SWITCHYARD-U.S. BUREAU OF 


RECLAMATION 


type used for the fault tests already have 
been described.? Figure 4 shows a pho- 
tograph of the test breaker J YA which is 
located at the east end of the 230-kv 
switchyard and is used for switching one 
of the lines to Spokane. 

The housing on the side of the first 
tank encloses a compressed air operating 
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mechanism with tripfree mechanical link- 
age which is capable of closing the breaker 
in approximately one-third second using 
an air pressure of 275 pounds per square 
inch. The high speed triple latch as- 
sembly permits the breaker to part con- 
tacts within 11/, cycles after energizing 
the trip coil. 

In order to obtain the maximum short- 
circuit current at the instant of contact 
parting during this particular series of 
tests, a special tripping switch was at- 
tached to the mechanism frame in such a 
position that the main lever would close 
the switch contacts about a cycle before 
the breaker contacts touched during the 
closing stroke. This switch can be seen 
in the close-up view of the mechanism in 
Figure 5. Thus, when closing against 
a fault, tripping could be initiated suf- 
ficiently in advance of the establishment 
of the short circuit that the contacts 
would separate during the first half cy- 
cle of fault current. 

Each phase of the breaker is built in a 
steel tank, 108 inches in diameter, with 
capacitor type bushings having potential 
taps which were used to obtain an oscillo- 
graphic record of the transient voltages 
during the breaker operation. The cross 
section view of Figure 6 through one of 
the breaker pole units shows the linkage 
for operating the main lift rod and cross- 
arm bridging the two interrupting units 
on the ends of the capacitor bushings. 

A sectional view of the multiflow deion 
grid type of interrupter used in these 
3,500,000-kva circuit breakers is shown in 
Figure 7. The effectiveness of this device 
is indicated by the fact that only one 
pressure generating break and one inter- 
rupting break per breaker terminal is re- 
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quired for 3-cycle operation at 230 kv. 
Gas pressure developed in the upper 
chamber by the short-circuit current 
sends a flow of oil down two parallel chan- 
nels and then through pairs of inlets in 
order to converge on the main arc from 
opposite directions at four different lev- 
els. The flow sweeps axially upward and 
downward through orifice openings to the 
vent passages interspersed between the 
inlets, cooling and deionizing the arc space 
so that interruption takes place at an early 
current zero. Arc energy is kept low by 
avoiding unnecessary lengthening of the 
are. 

To supplement the self-generated flow 
during the interruption of line charging 
current, a spring driven piston is located 
in the bottom of the contact assembly in 
such a way as to operate independently of 
the movement of the lower contact. Oil 
flow from this piston passes through chan- 
nels to a single orifice in the top presstre 
gap and then down the main channels 
to the interrupting break. During 
high current interruptions, back pressure 
holds the piston until after arc extinction. 
As the pressure falls the piston then com- 
pletes its stroke, sending a flushing flow of 
oil through the structure. 

A view of two of these multiflow deion 
grids taken out of the test breaker is illus- 
trated by Figure 8. The shields have been 
removed to show the contact operating 
linkage and the vent openings in the side 
of the grid assembly. 


Line Dropping Tests 


A series of line dropping tests was made 
with breaker J Y-31 opening the charging 
current of the 183 miles of line from 


Figure 4 (left). 


Figure 6 (right). 


kva 
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View of Grand 

Coulee Dam switchyard showing 

230-kv oil circuit breakers in- 
cluding test breaker JYA 


Section through 
one pole of 230-kv 3-cycle 
breaker equipped with a pair of in- 
terrupting units rated at 3,500,000 


Figure 5. Compressed air operating mecha- 
nism for 230-kv test breaker 


Arrows point to special pretripping switch 


Coulee Dam through Columbia substa- 
tion to Covington near Seattle. On some 
of the tests there were single delayed arc 
reignitions, but the majority of operations 
were without any restrikes as illustrated 
by Figure 9, showing complete opening 
2.8 cycles after the breaker trip coil was 
energized. 

Of particular interest is the record of 
voltage E, directly across the oil circuit 
breaker terminals. This was measured 
by means of an amplifier circuit fed from 
the voltage difference between the poten- 
tial taps of the two capacitor type bush- 
ings on pole A of the test breaker. Note 
that the recovery voltage builds up to 
double peak value, and then oscillates 
about an axis displaced by an amount 
representing the trapped charge on the 
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Figure 7. A 230-kv multiflow deion grid 
interrupting unit showing oil flow path from 
piston used to interrupt line charging current 


Tripping of breaker releases main cross arm A, 
allowing springs B to move operating rod C 
down and rotate contact arm D, drawing pres- 
sure generating arc E. Simultaneously, pin 
F swings lever G downward, pulling contact 
H away from intermediate contact | to draw 
main arc J. Pressure from upper arc E drives 
oil through channels K to multiflow inlets L, 
deionizing arc in multiorifice structure M, and 
sending arc products out vents N. Springs O 
push piston P downward to provide supple- 
mentary oil flow for low current arc interrup- 
tion, flowing oil through channel Q to orifice 
R in upper gap and then to main flow channel. 
Back pressure from high current arcs stops pis- 
ton until arc is interrupted, when completion 
of stroke sends Flushing oil flow through grid 


line which very slowly leaks off. The 
records of line voltage EZ, and E,, being 
obtained with conventional potential de- 
vices including a step-down transformer, 
fail to show the sustained charge on the 
line after being disconnected from the 
Coulee bus. 


Short-Circuit Tests 


Single phase tests at 132 kv to ground 
have been made on a similar breaker in the 
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Table I. 


Fault Tests—Oil Circuit Breaker JYA 


December 2, 1945 
Generating Units L-2, L-4, L-5, L-6, L-7, L-8* 


a 

.S we o 

: wed fale Pet eee fae 

8 5 ok 5 a2 5 we S a a © Bg 

pape 8 dg ee) BES CA ee ec ee 

> ® ~ ™ Eg ox xo 8 a BHA a2¢ St oats og 
o Boco a os ime} HE 343s 2 £ A P=} 

2h S35 23 RS tlie) te cite 34% 33 aga 8a 

AO eel ah OZ a> WB FOR MOH HORM am 4a 

IAW 5 000/n ae eee 6,908. . 2,890,000 

. . 2,929,000. .2.7 

1 ..85,.3 phase to ground. .Om..241.5..)Besrosr2 7s ae vee A Tosnoatinis 

CO-15-CO c....1111) 300/1.. 6,240.. 2,610,000. .2.8 

AS 5 000/1ee pee 5,900.. 2,470,000 

32%4 

2 ..36,.3 phase to ground..On,. .241.5. 4 rescore eens ORAL. ea : ee O17 

C1. 1)' 757! 300/1.. 6,630.. 2,770,000. .2.6 

CO-15-CO Salle Ato ground. .On\, .24196.. “Aly. 5,000/Ae pene 6,360.. 2,660,000. .2.5 

1B..41..Phase:A toground..On. .241.5., A..5,000/1- 2 ..5..-.- 7,840... pant me 

2A. .42..Phase C to ground, . Off. .241.5.. Oe: OTe Baw ie sae. a LORI 

COM5-GOL Te SR 0S eee SC eee ,866. . $3,708, of 
2B. .43.. Phase C to ground. .Off. .241.5.. C. B,000/ten{ 40574" 48'008 ‘Gong nose 

joa .44, Phase B to ground, .On, .241.5., B..5,000/1.. Peale Ae atte 2.8 

ae | 6.535.. 2,735,000..2.7 
(3B .45.. Phase B to ground. .On, .241.5.. B..5,000/1.. [00/1 ste ear eS eaa z 


* See Figure 10 for bussing arrangement. 


t+ These current values are not reliable because of saturation of the 300/l-ampere bushing current trans- 


formers. 
l-ampere secondary. 


The 5,000/1-ampere instrument current transformer has a 5,000-ampere primary rating, with a 


t These currents are not necessarily the maximum fault currents obtained, but are the currents existing at 
the instant of mechanical separation of the breaker contacts, upon which the interrupted kva is based. 


Figure 8. View of pair of 230-kv multiflow 
deion grid units with shields removed taken 
after high power fault tests 


high power laboratory up to 10,400 am- 
peres, corresponding to a 3-phase fault of 
4,300,000 kva. The rate of rise of recov- 
ery voltage on this freely oscillating labo- 
ratory circuit is approximately 2,500 
volts per microsecond, representing a 
more severe operating condition than is 
ever likely to be encountered in service. 
The 230-kv bus at Coulee Dam, when 
all transmission lines are disconnected, 
approximates the laboratory conditions, 
although it is not likely that maximum 
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” 


generating capacity would be connected 
to a bus section with only one line carry- 
ing load. However, there is more capaci- 
tance to ground on the Coulee bus than a 
laboratory circuit because of the greater 
number of connected pieces of equipment 
such as breakers, transformers, bus sup- 
ports, and coupling capacitors. This is 
sufficient to reduce the natural frequency 
of oscillation at the bus, and likewise the 
voltage recovery rate, to less than 40 per 
cent of the laboratory circuit. 

It should be pointed out that although 
test breaker JYA has been in service for 
about four years, it was revamped with 
the present contacts for 3,500,000 kva 
rupturing capacity about a year and a 
half before these special tests. 


Three-Phase Fault Tests 


Following two preliminary tests with 
one generator and with three generators 
connected, a standard duty cycle test of 
two close-open operations separated by a 
15-second interval was made under a 3- 
phase grounded-fault condition with six 
generators connected. These included 
four 108,000-kva units and the two 75,- 
000-kva generators as shown in Figure 10. 
The maximum power interrupted, as indi- 
cated by the data of Table I for tests 1 and 
2, was 3,100,000 kva, approximately 89 
per cent of the breaker rating. The 
breaker was pretripped as described, 
permitting the contacts to be separated 
during the first cycle of short-circuit 
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current (see Figure 11). The perform- 
ance of the breaker was remarkably 
quiet, no smoke or jar being evident to 
the observers. 

Before proceeding with the single-phase 
short circuits at current values up to and 
above the breaker rating, the oil was re- 
moved and an inspection made of the con- 
dition of the contacts. So little material 
was burned away that it was not consid- 
ered necessary even to smooth up the 
contact surfaces or make any changes in 
the contact adjustments. The oil and 
insulating surfaces were quite clean, so 
that the breaker was refilled immediately 
for the remaining tests. 


Single-Phase Fault Tests 


Each pole of the breaker was given the 
standard duty-cycle test consisting of 
two close-open operations separated by a 
15-second interval, with a single line-to- 
ground fault close to the breaker and 
six generators feeding power to the bus. 
The pretripping scheme was used again to 
obtain contact parting as close to the first 
cycle as possible. Data from the oscillo- 
grams of these six interruptions also are 
given in Table I. 

Tests 2A and 2B form a remarkable 
pair of almost duplicate interruptions. of 
10,450 amperes at 241.5 kv bus voltage, 
corresponding to 4,370,000 kva on a 3- 
phase basis. The breaker trip coil was 
energized one cycle before the closing 
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Figure 9. Oscillo- 

gram of interruption 

of charging current 

to 183 miles of 230- 
ky line 


Record E, through 

amplifier shows volt- 

age across pole 1 

displaced by charge 
on line 


contacts established the fault current 
which consisted of only three half 
waves, two large almost completely dis- 
placed loops with a small reverse loop be- 
tween (see Figure 12). The breaker per- 
formed quite easily on all of these high 


Figure 11. 


S'77-+2 


SPOKANE LINE NO.4 
LENGTH ~82MILES 


RESTON 
CIRCUIT 
BREAKER 


JYA JY3 


230-KV BUS 


108,000 KVA 75,000 KVA 

13,800 VOLT 13,800 VOLT 

Xqd- 61 PER CENT Xq-68PER CENT 
X'q-23 X’q-a2l 
x"g -16 x"g-18 


Figure 10. Diagram of connections for short- 

circuit tests on 230-kv 3-cycle breaker JYA 

using four 108,000-kva generators and two 
75,000-kva units in parallel 


power operations, there being very little 
external evidence of the tremendous 
short-circuit power cleared by the switch. 
Since no transmission lines were con- 
nected during these two tests, the bus 
voltage was permitted to oscillate freely, 
giving a voltage recovery rate estimated 
from the oscillograms to be close to 1,000 
volts per microsecond. 

It is interesting to compare the short- 
circuit current values actually measured 
with the calculated figures. The maxi- 
mum asymmetrical 3-phase short-circuit 
power from four 108,000-kva and two 
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Oscillogram of 3-phase short-circuit test at 241.5 kv interrupting 3,100,000 kva 


Breaker pretripped one cycle before fault established by closing contacts 


Clagett, Leeds—Short-Circuit Tests 
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75,000-kva generating units in parallel 
on the 230-kv bus, with two cycles of dec- 
rement, amounts to 2,970,000 kva from 
Hoard’s data.1 The curve in Figure 13 
shows a decrement factor of 1.4 at two 
cycles, and 1.64 at one half cycle where 
the breaker contacts actually parted and 
the current was measured on these tests. 
Multiplying by the ratio of these two 
factors raises the short-circuit power to 
3,480,000 kva, corresponding to a maxi- 
mum asymmetrical first-half-cycle cur- 
rent of 8,310 amperes with the power 
transformers on the 241.5-kv taps used 
for the tests. 

For single-phase faults, with all of the 
transformer neutrals solidly grounded, the 
current should be at least 30 per cent 
higher or 10,800 amperes, which is approxi- 
imately the maximum current obtained. 

On the other four interruptions, the 
same six generators were connected, but 
varying degrees of asymmetry in the cur- 
rent wave resulted in short-circuit power 
between 2,500,000 and 4,000,000 kva on a 
3-phase basis. For these tests Spokane 
number 4 line, 82 miles long, was con- 
nected to the high voltage bus, cutting 
the voltage recovery rate to about a third 
and damping out overswinging of the ini- 
tial transient. No consistent effect on the 
interrupting performance was observed, 
however, because of this difference in re- 
covery rate, the interrupting times on the 
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Figure 13. Calculated decrement of maxi- 


mum asymmetrical fault current for short cir- 
cuit at Grand Coulee 230-kv bus 


Test values checked this curve very closely 


six high-power single phase tests being 
included in the narrow range from 2.4 to 
2.8 cycles with an average of 2.65 cycles. 
The oil dielectric strength after this 
heavy duty measured as high as before 
the tests, and there was only a slight dis- 
coloration caused by carbon formation 
from the arcing. All of the multiflow grid 
surfaces were quite clean, with no appre- 
ciable enlargement of the orifice dimen- 
sions as indicated by Figure 14. The 
silver-tungsten contact tips had lost not 


Figure 12. Oscillogram of maximum power single-phase fault interruption, equivalent to 
4,310,000 kva at 241.5 kv 3-phase, within 2.7 cycles after energizing breaker trip 


No lines connected to bus 
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Figure 14. Photograph of fiber grid plates 
removed from ‘multiflow grid after 4,370,000- 
kva test showing only slight erosion of orifices 


Small chip of fiber was split off upper right 
plate 


Figure 15. 

from pole 2 of 230-kv breaker after 4,370,000- 

kva test showing only moderate burning of 
silver-tungsten tips 


Photograph of arcing contacts 


more than !/3. inch of material over only a 
part of the surface area, and were still 
in condition for further service (see Figure 
15). The only result of applying these 
heavy short circuits up to nearly 25 per 
cent above rating was the cracking off of 
a small sliver from one of the fiber plate 
items, and a dislodgement of one inter- 
mediate contact sufficient to keep it from 
falling back into its normal position. With 
minor design changes to increase the me- 
chanical ruggedness still further there 
would seem to be no reason why this 
type of interrupter could not handle satis- 
factorily short circuits of 5,000,000 kva. 


Conclusions 


These heavy short-circuit tests above 
4,000,000 kva on the 230-kv bus at Cou- 
lee Dam have served not only as a check 
on calculations of fault currents, but they 
also have confirmed high power labora- 
tory test in demonstrating a margin of 
safety in the rupturing capacity of the 
230-kv 3-cycle breakers as rebuilt for a 
rating of 3,500,000 kva. The relative 
ease with which the test breaker per- 
formed its duty suggests the practica- 
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HILOSOPHICALLY the _ electric 

power system exists to serve certain 
human needs and it must serve them bet- 
ter and more economically than they 
could be served by other methods or it 
would not be able to continue to exist or 
to grow. The rendering of service of 
the required degree of excellence, within 
economic limitations, is not an inherent 
attribute of the electric power system but 
is the result of sustained and carefully 
co-ordinated effort on the part of all 


concerned in the rendering of the service, 


including 


1. Precautions taken in the design of equip- 
ment to make it trouble free and reliable. 


2. Precautions taken in system layout and 
connections to enable service to be rendered 
continuously under adverse as well as under 
favorable conditions. 


38. Precautions taken in the operation and 
maintenance of the system to avoid unneces- 
sary interruptions to service. 


When everything economically pos- 
sible has been done along these lines, how- 
ever, the system still remains subject to 
unavoidable defects which result in faults, 
tending to cause damage to equipment 
and interruptions to service. Specific 
measures taken to minimize the detri- 
mental effects of such faults comprise sys- 
tem protection, the fundamental idea of 
which is to reduce damage to equipment 
and to improve service to customers. Re- 
lay protection cannot prevent faults from 


Paper 46-172, recommended by the AIEE commit- 
tee on protective devices for presentation at the 
AIEE summer convention, Detroit, Mich., June 
24-28, 1946. Manuscript submitted January 14, 
1946; made available for printing May 23, 1946. 


E. W. Kwapp is superintendent, engineering divi- 
sion; Brn C. Hicks is protection engineer, operat- 
ing department; both of the Shawinigan Water 
and Power Company, Montreal, Quebec, Canada. 


BEN C. HICKS 


MEMBER AIEE 


occurring on the power system, but it is a 
means of minimizing the effects of such 
faults when they do occur. The expendi- 
ture which can be justified for protection 
is a measure of the probable reduction in 
cost of repairs and of the probable im- 
provement to service which will result 
from the tise of the protection. 


General Principles of Protection 


The basic ideas and principles which 
underlie and determine the policies ad- 
hered to in providing protection for the 
electric power system are relatively few 
and simple. They may be divided con- 
veniently into two groups. 

The immediate object of the electric 
power system is to make continuously 
available a supply of energy at approxi- 
mately constant voltage and frequency. 
A difficulty encountered in attaining this 
objective results from the fact that a fault 
at one point on the system tends not only 
to destroy or seriously damage the equip- 
ment directly affected but also to involve 
the whole system in serious voltage and 
frequency disturbances and possibly in 
widespread interruptions to service; the 
seriousness of these effects being, in large 
measure, determined by the length of 
time that the fault is allowed to remain 
on the system. This difficulty is met by 
building the system up of numerous ele- 
mentary sections joined together at stra- 
tegic points by suitable automatic circuit- 
interrupting devices which enable any 
section to be isolated from the remaining 
sections without interfering seriously with 
the essential integrity of the system as a 
whole. Each of these sections is then 
provided with appropriate automatic 


bility of constructing breakers of still 
higher interrupting rating. The appli- 
cation of such breakers at Coulee Dam 
would free the system from present op- 
erating limitations. 

The success of these record breaking 
tests is the result in no small measure of 
the excellent co-operation of many mem- 
bers of the engineering and operating per- 
sonnel of the Bureau of Reclamation, 
Bonneville Power Administration, and 
Westinghouse Electric Corporation. 
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equipment designed to detect faults 
within the section and to quickly and se- 
lectively isolate a defective section from 
the remainder of the system. In order 
that no part of the system may remain 
unprotected the various zones of protec- 
tion are made to overlap each other at the 
junction points of the respective sections. 

Not only is system protection con- 
cerned with the successful isolation of de- 
fective sections of the system, it is con- 
cerned equally with the determination of 
fault locations and causes and with the 
return to service of affected sections in as 
short a time as possible. For this pur- 
pose, therefore, extensive use is made of 
relay indicators, automatic fault locators, 
and automatic oscillographs in the analy- 
sis of system troubles. Furthermore, ex- 
perience has shown that the majority of 
faults on transmission circuits prove to be 
transient if they are cleared quickly. In 
such cases automatic reclosing breakers 
are used as an additional means of im- 
proving service. 

From the foregoing it may be concluded 
that, to a very large extent, the protec- 
tion of a large power system must be a 
custom built job. The system is ana- 
lyzed carefully and whenever major modi- 
fications or additions take place the nec- 
essary fault studies are carried out. Asa 
result of such studies appropriate protec- 
tive schemes are applied. In general, 
these schemes are built up in the field, of 
standardized units of equipment, as- 
sembled into the various special combina- 
tions necessary to meet the requirements 
of any situation that may be encountered. 


Another fairly obvious conclusion is 
that, in order to obtain the degree of co- 
ordination required for successful func- 
tioning, the protection of the whole sys- 
tem must be placed under the control of 
one centralized authority. 


Applications of Principles 


When attempting to apply the princi- 
ples of protection it is necessary to note 
the physical conditions that can be made 
use of as the basis of the automatic fea- 
tures of protection. Of primary impor- 
tance in this respect are the two active 
quantities of the electric circuit—current 
and voltage. Intelligently used in appro- 
priate circuits and devices they can be 
made to represent most of the character- 
istics that are essential in distinguishing 
between normal and abnormal conditions 
on the system. To a more limited extent, 
various other physical conditions associ- 
ated with electrical apparatus such as 
temperature, pressure, gas accumulation, 
and frequency, may be used also. In ad- 
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Figure 1. Map showing main transmission 


lines of interconnected systems, Province of 


Quebec 


dition to these, time is quite generally use- 
ful as a co-ordinating factor. 

Protection may be considered to be 
simple or complex depending on whether 
it makes simultaneous use of one or 
more of the fundamental quantities avail- 
able for fault detection. Furthermore, 
complex protections may possess vary- 
ing degrees of complexity. 

The simplest form of protection is the 
fuse which utilizes current only and finds 
extensive applications on a great variety 
of electric circuits from the lowest volt- 
ages up to 138,000 volts. It incorporates 
in itself both the fault detecting and cir- 
cuit-interrupting functions. Its great ad- 
vantages are low cost and simplicity, but 
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its use is limited to circuits carrying a few 
hundred amperes. An outstanding dis- 
advantage is the more or less prolonged 
interruption to service required for re- 
placement whenever there is an operation. 
This may be overcome to some extent by 
application of the principle of the reclos- 
ing fuse. Their somewhat inflexible time— 
current characteristics may at times be 
another disadvantage of fuses. 

Some of the limitations of fuses may 
be overcome by utilizing electromagnetic 
coils energized by the current flowing in 
the protected circuit. It is then neces- 
sary to provide a separate circuit-inter- 
rupting device, or circuit breaker, which’ 
the coils may actuate. The simplest 
form of protection associated with a cir- 
cuit breaker consists of a trip coil on the 
breaker actuated by the current, or a 
proportion of the current, which passes 
through the breaker. Such trip coils may 
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be provided with dash pots to give them 
an adjustable inverse time—current char- 
acteristic. A means is then available for 
obtaining selective action between cir- 
cuits on a system so protected. The flexi- 
bility of this form of protection may be 
increased by separating the adjustment 
and timing features from the trip coil and 
incorporating them in relays, leaving the 
trip coil the sole duty of releasing the 
latch on the circuit breaker. 

In these simple forms of current protec- 
tion there are only two possibilites of ob- 
taining selectivity. One is the possibility 
that the relative magnitudes of fault 
currents, at the points between which 
selectivity is required, will differ by a 
sufficient amount to inherently provide 
the required selectivity. The other is 
the possibility of using time to provide 
the required selectivity. The former pos- 
sibility is usually a forlorn hope. The 
great disadvantage of the latter is the de- 
lay involved in clearing faults, which may 
become several seconds on an extensive 
system. Another disadvantage is the 
fact that, in obtaining selectivity by tim- 
ing, the shortest clearing times are at the 
ends of branch feeders where fault cur- 
rents are minimum whereas, from the 
point of view of limiting damage, the | 
shortest clearing times should be nearest 
to the power source where fault currents. 
are maximum. Even accepting the kind 
of selectivity that can be obtained by the 
use of time and simple current, the 
method is applicable to radial systems 
only and not at all to networks. 

The field of usefulness of protective 
features based on current only may be ex- 
tended very appreciably by associating 
with it the principle of comparison. This 
gives rise to such schemes as: 


1. Differential current which may be ap- 
plied to transformers, generators, busses, 
and short tie lines. Advantages of differ- 
ential current protections are the fact that 
the zones protected are clearly and sharply 
defined providing inherent selectivity; set- 
tings may be very sensitive and time in- 
stantaneous. Such protections involve 
problems of current transformer character- 
istics. 


2. Current balance protections such as 
parallel line and generator split phase. An 
advantage of the split phase protection is. 
that it can be made very sensitive. Its zone 
of effectiveness is also clearly defined. 
Parallel line protections are ineffective for 
line end faults. On radial lines the zone of 
ineffectiveness may be a considerable per- 
centage of the line length. 


3. Phase sequence networks actuated by 
current only may be used in conjunction 
with pilot wires to provide current compari- 
son between the two ends of a transmission 
line, giving the equivalent of a differential’ 
protection. 
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4. Another method of protecting transmis- 
sion lines by means of current only is to 
utilize phase sequence networks in conjunc- 
tion with carrier current to compare the 
relative directions of current flow at the 
two ends of the line.! 


Also included in the simple protections 


Overvoltage, used on generators. 
2. Residual voltage, for generator neutrals. 
3. Undervoltage. 
4. Unbalanced voltage. 
5. Gas accumulation, used on transformers. 
6. Pressure, used on transformers. 


7. Temperature, used on various kinds of 
equipment. 


8. Overfrequency. 
9. Underfrequency. 


Among the complex protections, im- 
pedance is probably the simplest. In 
principle it uses current and voltage to 
measure the impedance to a point of 
fault. When the impedance drops below a 
critical value operation results. It has 
the advantage that its distance range, or 
zone of effectiveness, may be limited at 
will, within reason. It has the further ad- 
vantage that it is most sensitive for 
near-by faults and increasingly insensi- 
tive as the end of its zone of effectiveness 
is approached. Its field of usefulness is 
in the protection of lines, especially on 
networks, and for standby or backup pro- 
tection. It has the disadvantage that its 
range is altered by power arc voltage and 
by fault resistance. By associating it 
with a single time-step effective co-ordina- 
tion of the protection on a radial system 
may be obtained without an inordinate 
increase in time of clearing faults at any 
point. On network systems it may 
be associated with directional features of 
protection to attain an effective co-ordina- 
tion of the protection of the whole net- 
work. In cases where changes of genera- 
tor capacity connected to the system 
would affect a simple current protection 
this limitation is not found with imped- 
ance protection. 

The disadvantage of having the dis- 
tance range of an impedance relay affected 
by fault resistance can be overcome by us- 
ing a reactance relay. If necessary to 
attain selectivity a directional impedance 
or reactance protection may be combined 
with pilot features by using direct current 
on metallic conductors or by using carrier 
on the high voltage line. Under this con- 
dition the distance range adjustment need 
not be critical and simultaneous clearing 
of both line ends is obtained for all line 
faults. 

On long heavily loaded lines impedance 
relays may get into trouble by tripping on 
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overload or on power swings. Such a con- 
dition may be improved by the use of 
relays which measure impedance at an 
angle. 

When sections of a large power system 
tend to pull out of synchronism due to 
clearing faults, power surges over certain 
tie lines may cause unnecessary tripping. 
In such cases when there is the probabil- 
ity that the swings would subside and 
conditions return to normal, out-of-step 
blocking may be added to protections that 
are sensitive to these conditions, to pre- 
vent faulty tripping. In cases where it is 
probable that synchronism cannot be 
maintained after a swing starts, condi- 


CINE 


Figure 2. Diagram 
showing how a power 
system is covered by 
overlapping zones of 
relay protection 


Num- 
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9. ..High voltage bus 
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tial 
4... Transformer high 
voltage ground 
differential 
5...Transformer 
voltage 
stand-by 
6...Transformer stand-by 
7...Low voltage bus 
8...Generator differen- 
tial 
9...Generator stand-by 
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ground 


10...Generator split 
phase 
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UNIT NO.1 


tions can sometimes be improved by sepa- 
rating the system at a selected point. 
For this purpose a system separator can 
be added to the appropriate protection. 
The protective features discussed thus 
far have been those designed to detect and 
selectively isolate faults. There remains 
to be considered, methods of automati- 
cally returning circuits to service following 
the isolation of a fault. In general auto- 
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OIL CIRCUIT 
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matic reclosing is not applicable in the 
case of equipment failures because de- 
fective equipment requires inspection 
and repair before it can be returned to 
service. On lines and feeders however the 
majority of faults are transient and the 
circuit will remain in service if reclosed 
immediately. With high speed protection 
should reclosing take place onto a perma- 
nent fault no particular harm would re- 
sult. 

A successful scheme of automatic re- 
closing can be based on the principle that 
if a fault is transient the circuit will stay 
in if it is reclosed immediately after it has 
cleared. If a fault is permanent the cir- 
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UNIT NO. 2 


cuit will trip again immediately after it 
has been reclosed and no further attempts 
at reclosing should be made. There does 
not appear to be any practical use in pro- 
viding more than a single shot recloser. 
In practice such a recloser is built, to lock- 
out should the circuit to which it is ap- 
plied trip twice within a predetermined 
time interval, which may be anything 
from about 2 to 15 or more seconds. 
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Circuit breaker duty ratings have a 
bearing on automatic reclosing. If cir- 
cuit breakers have ample capacity the 
time allowed for resetting the recloser may 
be short, if not the time must be longer. 

Another factor which must be consid- 
ered in providing automatic reclosing is 
the condition of synchronism. If a line is 
a tie between systems it must be decided 
whether to permit reclosing out-of-phase 
to take place, depending on the systems 
to pull into step, or to provide an automa- 
tic synchronizer, to operate in conjunc- 
tion with the automatic recloser. 


Practical Aspects of the 
Art of Protection 


Up to this point the problems of pro- 
tection have been dealt with in broad 
outlines only. Something now will be 
said about technical details, remarks 
along this line being in accord with cur- 
rent practice on the system of the Shawini- 
gan Water and Power Company. 

This system is located in the Province 
of Quebec and serves an area of roughly 
30,000 square miles. It comprises a 
number of hydroelectric generating sta- 
tions, having a total installed generator 
capacity of 830,000 kw. There are more 
than 60 high-voltage lines operating at 
44 kv and above, totalling approximately 
2,000 miles; in addition to an extensive 
network of low-voltage distribution lines 
operating at 33 kv and below which are 
operated by the distribution department. 
Much of the power is utilized in heavy 
industry such as paper mills and mining 
and electrochemical plants, in addition to 
that supplied to distribution centers. In- 
terconnections (see Figure 1) are provided 
with the Saguenay, Hydro-Quebec, and 
other power companies, comprising a to- 
tal of approximately 2,500,000 kw of gen- 
erator capacity for the combined 60-cycle 
interconnected system.? 

From the standpoint of protection this 
extensive system is composed of numerous 
elements joined together by means of au- 
tomatic circuit breakers and, to a minor 
extent, by means of fuses. The various 
elements of the system are, in the aggre- 
gate, provided with a multiplicity of pro- 
tective schemes which require the use of 
approximately 10,000 relays of 300 types. 
As far as possible each element of the sys- 
tem is provided with a protection, the 
zone of effectiveness of which overlaps the 
protected zones of adjacent elements. 
For convenience, relay protection zone 
diagrams are provided for the various 
sections of the system. Figure 2 is such 
a diagram for a small section of the sys- 
tem. This diagram depicts all the main 
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elements of the system, namely, genera- 
tors, transformers, busses, lines, and feed- 
ers; and may be used conveniently as 
the basis of a discussion of some practical 
details of protection design. 
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The hypothetical section of system 
shown in Figure 2 is more liberally pro- 
vided with circuit breakers than is often 
the case in practice. In some of the older 
generating stations a main low voltage 
bus has been provided, but in stations 
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constructed during the past 20 years 
the tendency is to operate a unit system, 
each generator and its associated power 
transformer forming the unit. In some 
stations transformer banks are not pro- 
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Figure 3. Schematic diagram of a trans- 
mission line protection showing trip se- 
quence. 


Note: So far as possible this diagram rep- 
resents a rear view of panel. All relays 
have circuit closing contacts 


vided with high voltage circuit breakers. 
High voltage lines, also, sometimes are 
not provided with high voltage circuit 
breakers. In all these cases the best ex- 
pedients available are adopted to make 
the protection as effective as circum- 
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stances permit. One of these expedients 
is the high voltage fuse for transformer 
protection. 


In general high voltage fuses are used 
on power distribution transformers and 
on potential transformers. It was form- 
erly the practice to install glass-enclosed 
lead fuses on small and medium capacity 
transformers. In case of faults above the 
rupturing capacity of these fuses, the 
fault would be transferred to the high 
voltage line, causing it to open automati- 
cally by the action of its protection. Re- 
cent practice is to provide fuses of suitable 
timing characteristics and ample ruptur- 
ing capacity for the respective location. 
Both dry and liquid types of fuses are 
used but preference is now given to the 
dry types because of their greater con- 
venience and economy in use. Timing 
characteristics include: high speed fuses 
for potential transformers and for distri- 
bution transformers where selectivity is 
not required or where selectivity requires 
fast clearing; medium speed fuses where 
required for selectivity with other fuses 
or very fast circuit breakers; and slow 
acting fuses where selectivity is required 
with slow operating circuit breakers and 
relay protection. Fuses should only be 
used where it is not economically possible 
to justify the installation of an adequate 
relay protection. 

Where high voltage fuses do not pro- 
vide an adequate protection and where it 
is not possible to justify the installation 
of an automatic circuit breaker automatic 
grounding switches are used. The opera- 
tion of the relay protection initiates the 
closing of the ground switch and this in 
turn permits the respective main line 
to be cleared by the action of its protec- 
tion. Single-pole, 2-pole, and 3-pole 
switches are in use, either spring oper- 
ated or motor operated. Experience has 
indicated that the motor mechanism is 
more reliable than the spring and that a 
2-pole switch is usually adequate. 


Protective relays are energized in gen- 
eral by current and potential transform- 
ers. Recent practice has been to utilize, 
as far as possible, bus potential transform- 
ers for line relay protection up to and in- 
cluding 110 kv. On systems operating at 
voltages above 110 kv either capacitor- 
type potential devices or compensated 
low voltage potential transformers are 
used for line relaying. Potential trans- 
formers are commonly provided with 
double secondaries to facilitate obtaining 
a delta point voltage for ground protec- 
tion when required. When such a voltage 
is required and the potential transformers 
have only one secondary a set of one-to- 
one ratio auxiliary potential transformers 
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may furnish the required voltage. Oc- 
casions also may arise where auxiliary 
potential transformers furnish a con- 
venient means of correcting phase angle 
or ratio in the potential supply. 


Current transformers quite commonly 
define the limits of protective zones. . This 
is particularly true in the case of differen- 
tial protections, but an exception may be 
noted where a feeder carrying a small load 
is permitted as a leak in the differential 
zone. Various justifications may be 
found for this practice, such as lack of 
suitable circuit breakers. In the case of 
directional distance line protections the 
directional relays permit the current 
transformers to mark one limit of the 
zone of effectiveness of the protection, the 
other limit being determined by the set- 
ting applied to the distance relays. On 
pilot protections current transformers 
mark both limits of the protected zone. 


The most extensively used current 
transformers are through types installed 
on the bushings of circuit breakers and 
transformer banks, or on cables and bus 
bars when voltages do not exceed 15 kv. 
Wound primary current transformers are 
used to some extent on low voltage circuits 
and on circuit breakers which do not lend 
themselves to the use of bushing type 
transformers. Some circuit breaker de- 
signs do not permit the use of built-in 
current transformers and separate oil- 
filled current transformers are used. In 
all cases an attempt is made to keep the 
resistance of the secondary windings of 
current transformers low, to keep lead 
burdens low and to use the maximum 
cross section of iron consistent with space 
limitations. 

In protection design attention is first 
given to the system diagram, to deter- 
mine what may be necessary or possible 
in the way of zones of protection. Then 
fault studies assist in the co-ordination of 
the various features of the complete 
protective scheme. Following this a 
trip sequence diagram is prepared for 
each protection, to serve as the basis for 
the preparation of the main wiring dia- 
grains, 


Generators 


Generators of 10,000 kva capacity or 
above usually are provided with several 
features of protection, including 


1. Instantaneous split phase. 

2. Instantaneous current differential. 

8. Definite time impedance standby. 

4. Definite time or inverse time overvolt- 
age. 
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5. Definite time or instantaneous ground 
alarm. 


The ground alarm is usually provided 
through the medium of a single potential 
transformer in the generator neutral or 
through the installation of a set of star/ 
corner delta potential transformers con- 
nected to the generator terminal leads. 
Thirty per cent of all generators are 
grounded through a single potential trans- 
former. 

In future installations serious considera- 
tion will be given to the installation of a 
small single phase distribution transformer 
between generator neutral and ground. 
Differential and split phase protections are 
set as sensitively as possible to reduce 
burning of iron laminations and thusavoid 
restacking. Settings of the order of two 
per cent of generator rating are attained. 
By-pass reactors on the relay coils assist in 
eliminating faulty relay actions due to d-c 
transients on through faults. Overvoltage 
protections are set to act instantaneously 
at about 140 per cent of normal voltage to 
avoid overstressing insulation following 
a sudden drop of load. The standby pro- 
tection acts as a stand-by to the system 
protection at large and to the generator in 
case of the differential and split phase 
features are out of service. 


Transformers 


Power transformers are usually pro- 
vided with one or more of the following 
forms of protection: 


1. Inverse-time current differential or 
2-step current differential. In some cases 
impedance relays are used instead of current 
relays for this feature. 


2. Instantaneous residual current ground 
protection, connected differentially if it ap- 
pears feasible or advantageous to do so. 


8. Gas detector relay to indicate gas ac- 
cumulation or pressure. In some cases the 
gas accumulation element is arranged to pro- 
vide a visual and audible indication only, 
without actually tripping the respective 
bank. 


4. Impedance stand-by, combined with 
generator stand-by on the unit system. 


Large power transformers are usually 
provided with some form of differential 
protection, which either overlaps the 
generator protection, in the case of a unit 
system, or the low voltage and high volt- 
age bus protections where busses are used. 
The aim is to make these protections as 
sensitive as possible to avoid damage to 
core iron and to reduce the hazard of oil 
fires. 

In the 2-step form the sensitive fea- 
ture is set at 30 per cent of bank rating 
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and 2.5 seconds definite time; the instan- 
taneous feature is set at 225 per cent of 
bank rating. 

Gas detector relays are used more par- 
ticularly on large 3-phase power trans- 
formers and step regulators. Many 3- 
phase power transformers are equipped 
for tap changing under load and the gas 
detector relay provides a measure of 
protection for this device. Gas detector 
relays also are used on single phase trans- 
formers where they would be more con- 
venient to apply than an adequate ex- 
cess current or differential protection. 
Experience with these relays has been 
reasonably satisfactory and the gas de- 
tector element has operated for conditions 
such as low oil, air in the oil, stoppage of 
breathers, and overheated connections. 
Some difficulties have, however, been en- 
countered because of inexperience of 
operating personnel, oil hammer when 
attempting to determine the presence of 
gas, and moisture collecting on the termi- 
nal studs of the relay. 


Busses 


Busses usually are equipped with some 
form of duplicate differential protection. 
This usually requires two current trans- 
formers per phase, unless a special ar- 
rangement is devised. 


In some cases a scheme of double dif- 
ferential bus protection has been provided 
using a single set of current transformers 
with both impedance and current relays 
connected so that it requires both features 
to operate in order to trip the respective 
bus. Where fault currents exceed the 
interrupting capacity of low voltage cir- 
cuit breakers an excess current feature 
may be added to the respective feeders to 
insure automatic clearance of the whole 
bus, rather than rely on the low inter- 
rupting capacity of individual circuit 
breakers. During recent extensions to 
the power system, it was estimated that 
fault current in the vicinity of one 110-kv 
station would exceed the interrupting ca- 
pacity of existing circuit breakers. There 
were two 110-kv busses at this station and 
an arrangement was made to install a 
high speed circuit breaker between these 
two busses, equipped with a relay scheme 
to automatically open the bus tie circuit 
breaker for nearby faults. It is designed 
in this manner so that the busses will be 
separated before a local breaker attempts 
to clear a nearby fault, thereby reducing 
the fault current to a value which can be 
handled by the circuit breaker on the 
faulted circuit. This feature has oper- 
ated on several occasions to date with 
satisfactory results. 
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Lines 


Line protections vary greatly depend- 
ing among other things on voltage, load, 
type of system, and type of line. In 
general the Shawinigan Water and Power 
Company favors the 2-step impedance 
and directional scheme for both short 
circuit and ground protections. The 
trip sequence diagram of such a protec- 
tion is shown in Figure 3. This form of 
protection is particularly applicable to 
high voltage lines having low ground re- 
sistance and operated in either a parallel 
line or network system. 

On lines having high ground resistance, 
such as wood pole lines, stand-by resid- 
ual current relays are added to other 
features. In some cases use has been 
made of parallel ground relays for wood 
pole 60-kv lines operating in parallel at 
both ends. Some difficulty has been ex- 
perienced in providing a fully satisfac- 
tory ground protection for such wood pole 
lines not equipped with overhead ground 
wires or other means of reducing ground 
fault resistance. On short tie lines con- 
nected into the main transmission net- 
work recent practice has been to provide 
buried counterpoise wires in order to im- 
prove the effectiveness of the impedance 
ground protections. 

All power circuits of 110 kv and above 
are operated solidly grounded star. All 
60-ky circuits are operated ‘‘delta isolated 
neutral’ but with small grounding trans- 
formers located at strategic points. In 
some cases transformers of 1,000-3,000 
kva capacity used for auxiliary supply are 
utilized also as grounding transformers. 
A circuit breaker frequently is installed in 
the neutral of the grounding transformer 
and arranged to trip automatically when 
grounds persist for a definite time of two 
to three seconds. Most of the high volt- 
age steel-tower lines are provided with 
either overhead ground wires, buried coun- 
terpoise wires, or both. This tends to 
reduce lightning outages and to keep the 
ground resistance to a low value, permit- 
ting the successful use of impedance 
ground delays. 

The instantaneous step of an impedance 
protection is ordinarily set to cover 95 per 
cent to 100 per cent of line length. The 
second step is set to reach into the next 
line section with a time delay of 0.5-0.8 
second. With high speed circuit breakers 
and protections it is probable that se- 
lectivity can be retained with these time 
delays reduced to about 0.4 to 0.5 second. 
On 3-ended lines 3-step impedance pro- 
tections have been used successfully. 

Instantaneous protection over the 
whole length may be obtained by the 
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use of pilot protection. Three forms are 
in use 

1. A-c 3-wire system using low resistance 
conductor. 

2. D-c 2-wire system using high resistance 
conductor. 


8. Carrier current on the high voltage lines. 


Outstanding disadvantages of the a-c 
pilot wire protection are its high cost 
limiting its use to very short tie lines and 
the fact that it does not provide inher- 
ently any stand-by or backup protection. 
The cost of carrier current protection lim- 
its its use to high voltage lines and to con- 
ditions where adequate protection cannot 
be obtained otherwise. The d-c pilot 
protection is used on lines up to 25 miles 
in length. It usually operates from dry 
cells of 90-135 volts rating. Conductors 
vary, depending on local conditions, and 
include private telephone circuits, leased 
Bell Telephone circuits, and small-con- 
ductor buried cable. All pilot cables are 
well insulated from ground. The d-c 
pilot scheme has the advantage that it 
can be added to a more or less standard 
line protection and will provide stand-by 
protection at all times, even when the 
pilot feature may be out of service. 


Automatic Reclosing 


There are several automatic reclosing 
installations in service on transmission 
systems operating at voltages up to 187 
kv. New installations are being com- 
pleted as rapidly as conveniently possible. 
Recent practice has been to adopt one 
immediate automatic reclosure with an 
automatic reset feature for transient faults 
and lock-out for permanent faults. Time 
delay of reclosure is normally kept to a 
minimum, usually not more than 2.5 sec- 
onds. To date, there are no installations 
of automatic reclosing on lines directly 
supplying synchronous motor loads. How- 
ever, installations are now under consid- 
eration on a number of 60 kv lines sup- 
plying paper mill and mining loads, which 
include synchronous motor installations. 
An installation is also being completed 
on a system consisting of a small genera- 
tor connected through a tie line to the 
main system, and on one of the radial 
lines connected to this there is a synchro- 
nous motor. Weare looking forward with 
considerable interest to this development, 
with a view to extending automatic re- 
closing to network systems. 


Conclusion 


It will be realized that the application 
of protection to the power system does not 
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-C POWER SYSTEMS on transport 
aircraft before World War II were 
small in capacity as compared to the 
present requirements. Present wide 
speed-range generators are 12 to 15 times 
the ratings used on old DC-3’s, and sys- 
tem capacity on new transports may be 30 
times greater and capable of sustaining 
fault currents greater than 5,000 amperes 
at 30 volts. It is also necessary to con- 
sider the increase in the voltage from the 
smaller system to the larger system. The 
12-volt system does not have sufficient 
potential to maintain an arc or ionize 
gases so that an arc could be maintained 
for any length of time, whereas, the 24- 
volt system does have sufficient potential 
to maintain an arc or ionize gases. This 
is a fundamental] characteristic of the elec- 
tric circuit and is quite often forgotten 
about when voltages greater than the 
critical arcing values are used. Arcing 
voltages are in the neighborhood of 18 to 
20 volts, depending upon the materials 
and atmospheric pressures at the elec- 
trodes involved. The number of elec- 
trically operated devices also has been in- 
creased, and many of the electrical re- 
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quirements which are vital to flight opera- 
tion are therefore dependent on the con- 
tinuity of electric power. Study of vari- 
ous means of controlling and protecting 
electric power systems against failures 
in the light of these facts has led to some 
interesting simple developments which 
are described in this paper. 


Electric Power and Protective 
Systems 


An aircraft d-c power system like any 
power system consists of generators, 
regulators, contactors, protective devices, 
functional relays, and cable. The sim- 
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Figure 1. Diagram showing contactor at gen- 
erator and no fault protection other than re- 
versed currents and polarities 


follow rigid rules in all respects. The gen- 
eral aim is to meet the requirements of 
the particular situations that arise, most 
effectively. Frequently, perhaps usually, 
a given end may be attained with equal 
effectiveness despite considerable varia- 
tions in the details of accomplishment, so 
that personal preferences may play some 
part in the final solution. On the other 
hand, economic considerations may dic- 
tate radically different solutions to ap- 
parently similar technical problems at dif- 
ferent places. The attempt has been 
made in this paper to emphasize the 
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rather general aspects of protection; no 
attempt has been made to analyze tech- 
nical details exhaustively. It is hoped 
that we have succeeded in preventing the 
trees from causing us to lose sight of the 
forest. 
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plest system consists of generators, regu- 
lators, and reverse current cutouts. This 
system on multiengine planes using 28 
volts definitely has indicated that im- 
provements are desirable from the stand- 
point of over-all performance, reliability, 
safety, and full automatic features, both 
during normal service and under condi- 
tions where faults cause serious conse- 
quences to the electric power system and 
perhaps to the airplane itself. 

Only two protective features were in- 
corporated in older, low capacity systems. 
Both were located in the cutout and con- 
trolled by the operation of a polarized re- 
lay. Polarization of the relay prevented 
the main contactor from connecting the 
generator to the bus or battery if its 
polarity built up incorrectly, and a series 
coil in the same relay caused the relay to 
open the main contactor in the event of 
excessive reverse current, preventing bat- 
tery discharge. 

This system and its two protective 
features worked reasonably well on low 
capacity and low voltages. On much 
higher capacities and higher voltages the 
results are not as favorable. Generator, 
contactorand cable faults, and overvoltage 
resulting from faults have caused com- 
plete loss of the electric power supply 
system, and have damaged batteries and 
other devices sensitive to power system 
faults as well as involving fire risks. 

Several types of faults are possible and 
all of them have occurred at one time or 
another. Power systems having simple 
protective apparatus against these faults 
have been developed and are coming into 
use. In addition to protection against 
battery drain and reversed generator 
polarity, protection now can be provided 
against overvoltage from faults or other 
causes, grounded generator leads, 
grounded generators, overheated genera- 
tors, and low voltage resulting from im- 
proper equalizer operation caused by wide 
generator speed differentials and frozen 
contactors. Trip-free reset may be pro- 
vided for faultindications. Although these 
fault devices may operate infrequently, in 
case of trouble they are of vital impor- 
tance. 


Details of Protective System 


OVERVOLTAGE 


Overvoltage from one or more genera- 
tors is caused by excessive current in the 
shunt field windings for the speed and 
load conditions under which the generator 
is operating. In the past, the ratio of 
generator capacity to the battery capacity 
was small in comparison to the ratio of the 
larger generator capacity to the battery 
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capacity. As a result, the battery of the 
smaller system could absorb excessive 
charging current for a much longer time 
without difficulty and could prevent much 
increase in voltage. The fault causing the 
trouble may be sought out and corrected 
at the next landing. High capacity sys- 
tems do not have this advantage, and 
therefore overvoltage protection in larger 
planes and power systems is certainly de- 
sirable and is probably necessary. 

Several types of faults are responsible 
for overvoltage conditions. Wear of car- 
bon pile regulators has been pointed out as 
an offender. This condition can happen 
with the older models of this regulator. 
Design improvements reduced or elimi- 
nated this type of fault in modern regula- 
tors. However, broken leads, short-cir- 
cuited terminals, short-circuited leads, 
or any external fault which will increase 
the generator field current beyond the 
control of the regulator will bring about 
overvoltage. 

Relays designed to detect overvoltage 
operate effectively to remove from the 
system any generator which is producing 
overvoltage on the system. Operation of 
the relay also disconnects the generator 
field acting through the control devices 
provided for the purpose. The relay is 
provided with inverse timing character- 
istics to prevent transient overvoltage 
from causing nuisance operation. At 30 
to 32 volts its tripping time is one to three 
seconds, at 60 volts its tripping time is 
approximately 0.025 of a second. In 
other words, the higher the overvoltage, 
the faster the action of the relay. Prac- 
tically instantaneous operation at ex- 
tremely high overvoltages is important to 
avoid damage to electronic equipment 
such as radio, radar, and similar devices. 
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After spending considerable time on 
the investigation of time element relays 
for overvoltage sensing, a relay with the 
following description was found which 
solves the problem in a very reliable man- 
ner. It consists of a magnetic piston en- 
closed within a hermetically sealed non- 
magnetic cylinder. The relay coil is 
wound near the end of the cylinder close 
to the armature. The piston is hollow, is 
enclosed at one end, and is normally lo- 
cated toward the end of the cylinder away 
from the armature. In order for the piston 
to move, air must flow around the snuggly 
fitted piston, producing a time lag. When 
voltage is applied, the piston moves to- 
ward the armature, decreasing the air gap. 
When the piston moves close enough, the 
armature closes, operating the relay con- 
tacts. The higher the applied voltage, the 
faster the relay operates. A spring returns 


Figure 4. Diagram 
showing —_ generator, 
generator lead fault 
protection plus gen- 
erator feeder fault 
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Figure 3. Diagram showing double contactors, 
generator, and generator lead fault protection 


the piston to its original position when the 
relay is de-energized. 

Multiengine airplanes with one or more 
generators producing overvoltage will 
cause the bus voltage to rise, resulting in 
reverse current to the generators regu- 
lated for normal voltage. This condition 
will cause the main contactors of these 
generators to trip by the action of the 
polarized reverse current relay. The volt- 
age of the offending generator will rise 
still more, resulting in the immediate iso- 
lation of the generator from the system. 
The generators taken off of the bus or bat- 
tery by the reverse current relay will re- 
turn to normal operation through the 
action of the differentialrelay. Removing 
the offending generator from the system 
may clear the fault. The normal operat- 
ing controls are reset by opening and clos- 
ing the generator switch. When this is 
done, the generator will be automatically 
returned to the system, but if its voltage 
is still high, the overvoltage relay again 
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will remove it from the system. In this 
case, the flight engineer can decide 
whether or not he should reset the trip-free 
control again by opening and closing the 
generator switch. Two or three trials are 
considered reasonable. 


GENERATOR AND GENERATOR 
LEAD FAULTS 


Generator lead faults are infrequent, 
but probably occur more often than faults 
within the generator. The generator and 
generator lead fault protection relay will 
take care of both types of faults. This re- 
lay is usually mounted in the nacelle near 
the generator. It consists of a single con- 
tact operated by two differential series 
windings on the same magnetic circuit. 
One of the windings is in series with the 
positive generator lead, and the second 
winding is in series with the negative lead. 
A fault in the generator or at the gen- 
erator leads unbalances the magnetic cir- 
cuit of the relay, resulting in the opening 
of the contacts. This in turn, through the 
control devices provided for the purpose, 
isolates the generator and disconnects its 
field. The trip-free controls may be reset 
by opening and closing the generator 
switch. Resetting may be repeated at the 
judgment of the operator. 


GENERATOR FEEDER PROTECTION 


Faults can occur in cable extending 
from the generator in the nacelle to the 
bus in the fuselage. Although such faults 
are very infrequent in well-installed and 
maintained generator feeder cables, they 
are extremely serious when they occur. A 
two-lead differential method is provided 
for this protection. Two relays are used, 
each of the differential-series-coil bal- 
anced magnetic circuit type. One is lo- 
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cated at the nacelle and the second one is 
located in the fuselage. Each of the two 
leads passes through one of the series coils 
of each relay. A fault of predetermined 
magnitude in either of the two cables will 
unbalance the magnetic circuit in one or 
both of the relays and cause its contacts to 
open. This will cause the control devices 
to isolate the fault and, at the same time, 
will disconnect the field of the generator 
supplying current to the fault. The trip- 
free controls can be reset at the option of 
the operator by opening and closing the 
generator switch. 


CURRENT BALANCE VERSUS REVERSE 
CURRENT CIRCUIT BREAKER 


Some degree of generator feeder protec- 
tion may be obtained by using a reverse 
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current circuit breaker adjacent to the 
main contactor. When a major generator 
feeder fault occurs while the main contac- 
tor is closed, the circuit breaker will trip on 
a very heavy reverse current entering the 
feeder from the bus or the battery. This 
trip setting is normally about 50 per cent 
greater than the rating of the generator 
with a time delay, and instantaneous at 
currents 100 per cent above the trip set- 
ting. The high minimum trip current and 
the time delay feature are necessary to 
prevent false tripping during momentary 
reverse current conditions imposed by 
system voltage errors or by generator re- 


Figure 6. Schematic diagram showing the com- 
plete control and protection of a single air- 
craft d-c generator 
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Figure 7. Curves showing fault amperes in 
per cent of trip setting of the protective relays 
for a typical generator feeder 


Figure 8. Control panel including regulator 
plugged into shock mount 


covery characteristics following an exter- 
nal load circuit fault. As a consequence, 
it is quite possible to have a generator 
feeder fault of a magnitude that will open 
the contactor by reverse current action 
before the circuit breaker can trip. If 
this occurs, the generator field will not be 
opened and the generator will continue 
to feed the fault. A similar condition 
will exist if a fault occurs while the con- 
tactor is open, or if the generator builds 
up on a faulted generator feeder. 

The well-known current balance feeder 
protection is not subject to these errors. 
Because it is not responsive to normal load 
current, reverse current, or external fault 
conditions, it can be set to trip on faults 
considerably lower in magnitude than the 
current setting limitation of the reverse 
current circuit breaker. Most important, 
current balance protection operates with- 
out dependence on reverse current relay 
sequence, timing devices, or main con- 
tactor status. If the contactor is already 
open, the protective relay proceeds to 
open the generator field, and thus pre- 
vents feeding the fault. Manual reverse 
current circuit breakers are slightly less in 
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weight than current balance and double 
contactors having remote reset control. 


DouBLE BREAK IN GENERATOR BUS 
FEEDER 


A single main contactor for connecting 
the generator to the bus or battery has 
been used extensively. There are im- 
portant reasons for using two identical 
contactors in series with their operating 
coils in parallel. Because of slight manu- 
facturing differences in magnetic circuits, 
springs, and mechanical parts they never 
may open and close at the same instant. 
One of them normally will operate, leav- 
ing the other as a backup unit. 

The backup contactor will be available 


for instantaneous operation if the other 
unit fails to open. Frozen contacts may 
not cause trouble during flight, but after 
landing and shutdown of engines the 
pilot may fail to open the battery switch. 
In such a case the frozen single contactor 
will cause complete discharge of the bat- 
tery. This might not damage the genera- 
tor; however, if an airport power supply 
is plugged in, the generator is certain to 
burn out. 

Contactors haying new features which 
reduce the chances of freezing are in use. 
They have high pressure at the contacts, 
inertia backup during closing, and a very 
low voltage drop-out. With such con- 
tactors, danger of freezing of contacts is 
slight and, for all practical purposes, the 


Figure 10. 
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receptacle 


Control 
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and 
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use of double contactors will eliminate 
these risks to the electric power system. 


BALLAST EQUALIZER CONNECTIONS 


A system with two or more generators 
requires provisions for satisfactory paral- 
lel operation. The only methods now in 
use consists of coil windings in each regu- 
lator, operated from the drop across an 
external resistor in series with the gen- 
erator or indirectly from a series winding 
inside the generator. The series resistor 
usually provides one-half of a volt drop at 
full load current and has been used exten- 
sively for military aircraft. Paralleling 


has been moderately satisfactory. How- 
ever, paralleling for commercial trans- 


Figure 9. Control panel shown in Figure 8 
being removed as a single unit from the shock 
mount 


Note separation of plug and receptacle 


ports should be good enough to prevent 
the overloading of one or more generators 
in flight or ground operations. Stand-by 
loads for 2-engine airplanes require rea- 
sonably accurate paralleling because this 
operating condition is likely to heat the 
generators more than any other phase of 
operation as a result of limited generator 
cooling air. Four-engine airplanes re- 
quire paralleling to be reasonably accu- 
rate for all operating conditions because 
three generators must run at full output 
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Figure 11. 
ground protection relay box 


Nacelle type contactor and 


in case of the failure of any one generator. 

Commercial transports are subject to 
delayed ground operations at many air- 
ports. The equal loading of each gen- 
erator under these conditions is impor- 
tant. Increased equalizer voltage in- 
creases the sensitivity of the regulator to 
unbalanced current conditions and pro- 
vides much better parallel operation. Full 
voltage is being taken from across the 
series winding of the generator and is 
approximately 1!/, volts. 

Increased equalizer voltage also results 
in a lower system voltage when the speed 
of one or more generators is lowered to the 
idling value. This is an unfavorable con- 
dition, and it is corrected to some extent 
by a nonlinear ballast in the equalizer 
circuit, which limits the equalizer current 
under wide generator speed differences. 

An equalizer disconnecting relay is also 
provided which opens the equalizer con- 
nection between regulators when fault 


protective devices operate or when the 
generator switch is opened. This then 
permits all other generators to operate at 
normal voltage when any one or more 
generators are cut out as a result of faults 
or shutdown. The relay is a simple volt- 
age operated 2-position type. 


GENERATOR THERMAL INDICATION 


Overheating of the generators may be 
caused by overloading or insufficient ven- 
tilation at normal loads. Insufficient 
ventilation usually occurs under stand-by 
conditions. Analysis has shown that the 
only satisfactory device for indicating 
overheating of the generators is a thermal 
indicator sensitive to temperature and 
independent of current or load. The 
generator is not disconnected from the 
system when overheating is indicated, as 
modern insulation permits the generator 
to operate until the nonessential loads can 
be removed and the cause investigated at 
the next landing. 


STABILIZED VOLTAGE REGULATORS 


This type of regulator consists of a 
stack of carbon and graphite disks con- 
tained in a heat-radiating cylinder and a 
solenoid, or regulating coil, matched over 
a wide range to a spring which is arranged 
to apply varying pressure on the carbon 
pile in accordance with the voltage in the 
generator circuit. The carbon pile is con- 
nected in series with the generator field 
circuit so that the resistance variation 
through the carbon pile causes variations 
in the generator field current, thus obtain- 
ing constant generator voltage regardless 
of connected load or speed. The stability 
of the regulator is achieved by a damper 
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Figure 12. A 300-ampere 30-volt wide speed 
generator showing internal arrangements 
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mechanism employing both air and spring 
damping. Tests have demonstrated 
stable operation throughout the life of the 
regulator. 


ConTROL APPARATUS ASSEMBLY AND 
LOCATIONS 


For elementary systems used on mili- 
tary aircraft and some commercial trans- 
ports, the regulator is usually mounted in 
the fuselage, and the differential relay and 
ground resistor mounted in the engine 
nacelle. This is a reasonably satisfactory 
arrangement for this type of apparatus. 

Systems provided with protective de- 


vices as described in this paper are de- 


signed with considerable flexibility as to 
the assembly of each unit and the mount- 
ing locations. Regulators and relays are 
preferably assembled on a plug-in base 
similar to the plug arrangements used 
with radio panels and racks. With this 
arrangement the major control units can 
be replaced in a few seconds. The as- 
sembly of the fault protection relays and 
the contactors are generally in single units 
and are located to the best advantage in 
the particular airplane being constructed. 


Conclusions 


Many of the simple principles used in 
the aircraft d-c power and protective sys- 
tems are those used extensively in land 
power systems where continuity of service 
is of first degree importance. 

Cable, generator, overvoltage, frozen 
contactor, and generator overheating 
faults are isolated or indicated during all 
operating conditions. Otherwise the 
system functions normally and fully auto- 
matically to connect and disconnect the 
generators from the battery bus as re- 
quired. Satisfactory operation under con- 
ditions of humidity, sand, dust, vibration, 
altitude, explosive gas fumes, and ac- 
celeration normal to aircraft has been 
achieved by designing with these extreme 
conditions in mind. 

Means for quick removal and replace- 
ment of the complete control panel by 
using standard radio plugs and receptacles 
provides the ultimate ease in maintenance 
and involves no compromises with per- 
formance. Contactors for any given 
power system are designed and applied so 
that they will interrupt successfully with- 
out undue stress any top current value 
that can be obtained on the system at the 
point where the contactor is located. 
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Protection of Powerhouse Auxiliaries 


AN AIEE COMMITTEE REPORT 


HE AIEE relay subcommittee has re- 
Tee the protection of generating 
stationauxiliary power motors and supply 
systems. The study was made to obtain 


information on auxiliary power systems - 


now in use and the protective methods 
being applied, and to make recommenda- 
tions on preferred practices. 

In order to obtain basic information, a 
questionnaire was sent to approximately 
30 engineers interested in this subject. 
These questionnaires covered data on the 
supply systems used, various forms of 
protection applied, and a summary of the 
experience obtained with these systems. 
Answers to the questionnaire were re- 
ceived from various representative com- 
panies covering both steam ‘and hydro 
stations and a wide range in station sizes. 
The answers submitted represented the 
modern practice of each company. This 
subject also was discussed in a conference 
session held during the 1946 winter con- 
vention. 


Summary of Information Received 


Following is a brief summary of the in- 
formation received on the various points 
covered by the questionnaire. 


SUPPLY SYSTEMS USED 


In most cases, transformers are being 
used for auxiliary power supply. Values 
of 2,300 and 440 are the principal voltages 
used, with motors higher than approxi- 
mately 100 horsepower being supplied by 
the higher voltage system. In most cases 
the systems operate ungrounded, al- 
though some companies prefer to operate 
grounded, either solidly or through im- 
pedance. 


Paper 46-169, recommended by the AIEE com- 
mittee on protective devices for presentation at the 
AIEE summer convention, Detroit, Mich., June 24— 
28, 1946. Manuscript submitted April 19, 1946; 
made available for printing May 29, 1946. 


This report was prepared by a working group on 
powerhouse auxiliaries of the relay subcommittee, 
AIEE committee on protective devices, consisting 
of E. L. Micaerson (M ’44, sponsor), senior 
engineer, Commonwealth Edison Company, Chi- 
cago, Ill.; A. H. BuRKHALTER (M ’41), electrical 
engineer, design and construction department, 
Ebasco Services, Inc., New York, N. Y.; R. E. 
Corpray (M ’43), in charge of relay engineering, 
General Electric Company, Philadelphia, Pa.; E. 
H. Kremer (A ’42), switchgear engineer, Westing- 
house Electric Corporation, East Pittsburgh, Pa.; 
W. E. Marter (A ’40), assistant relay protection 
engineer, Duquesne Light Company, Pittsburgh, 
Pa.; C. L. Smira (A ’28), relay engineer, electric 
distribution department, Rochester Gas and Elec- 
tric Corporation, Rochester, N. Y. 
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The protection of the auxiliary power 
transformers includes, in most cases, dif- 
ferential relays with time delay overcur- 
rent protection for backup purposes. In 
many installations there are two sources of 
primary supply with an automatic throw- 
over arrangement, initiated by under- 
voltage relays, which connects the reserve 
supply if the primary source is lost. 

On busses supplied by auxiliary gen- 
erators, the problem of bus protection is 
complicated by the decrement in fault 
current supplied by the generator. The 
decrement causes a rapid reduction of 
fault current to a point approaching nor- 
mal load current, so that it is difficult to 
obtain bus protection with time delay 
overcurrent relays. In such cases dif- 
ferential or fault bus relays provide the 
most desirable method for bus protection. 


MotTor PROTECTION 


In the majority of cases, the 2,300-volt 
motors are protected by long-time-delay 
overload relays set at 125 to 150 per cent 
of full load current and instantaneous 
overcurrent relays on the cable leads 
which are set above the starting inrush 
current. The smaller motors are in 
general protected by thermal tripping 
elements for overload, and an instan- 
taneous trip device for short circuits. 

There is some variation in the treat- 
ment of essential and nonessential motors. 
In most cases, the essential and non- 
essential motors are protected by similar 
relays. However, in a few cases the cir- 
cuit breakers feeding essential motors are 
not tripped by the time delay overload re- 
lays. These relays give an alarm only in 
the event of an overload condition. 

Essential motors are defined as those 
motors whose failure results in the shut- 
down of generating capacity. Examples 
of this class of motors include the circu- 
lating pump, boiler feed pump, and in- 
duced and forced draft fans. 


OTHER FORMS OF PROTECTION 


In most cases where the systems are 
operated ungrounded, ground detectors 
are available for detecting grounds. 

In powdered fuel plants, it is necessary 
to interlock the sequence of starting and 
stopping certain motors. For example, 
the induced draft fan is started first, and 
is followed in sequence by the forced draft 
fan, the exhauster, the pulverizer, and the 
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feeder. If any piece of equipment in this 
series is stopped, provision is made to 
stop automatically all of the motors ahead 
of it. 


EXPERIENCE AND GENERAL CONCLUSIONS 


The answers received indicated that as 
a whole the protective schemes now in use 
are satisfactory. The only indication of 
unsatisfactory performance has been with 
the thermal relays used on the smaller 
motors. Various types of troubles have 
been reported, such as lack of thermal 
capacity to withstand fault currents, and 
lack of sensitivity. One company uses 
oversize thermal elements to avoid diffi- 
culties which have been experienced with 
the sizes recommended by manufacturers. 

In general, the importance of auxiliary 
power in generating stations is so funda- 
mental that simple and rugged relaying 
schemes are to be desired. In almost 
every case the auxiliary power supply is 
the last element of the system which 
should be shut down, and therefore the 
relaying systems used should be as free 
from trouble as possible. 


Recommended Preferred Practices 


SUPPLY SYSTEMS 


For ungrounded systems or grounded | 
systems where the ground fault current is 
limited to a few amperes, ground detector 
relays should be used. 

For systems grounded solidly or 
through low impedance, residual current 
relays should be used on individual cir- 
cuits. 

Transformers supplying essential auxili- 
ary power busses should be protected with 
differential relays, and time delay over- 
current relays should be used for backup 
protection. 

Bus protection should be provided by 
overcurrent, differential, or fault bus re- 
lays. Overcurrent relays on auxiliary 
generators should not be relied upon for 
bus protection, 


Motor PROTECTION 


The 2,300-volt motors should use long- 
time-delay phase overcurrent relays for 
overload and internal motor faults set at 
approximately 150 per cent of rated cur- 
rent. They also should be equipped with 
instantaneous overcurrent relays for 
short-circuit protection set above maxi- 
mum inrush current. 

On essential motors the time-delay 
overload relays may be used for alarm 
purposes only, and the instantaneous re- 
lays used to trip. In this case, the time- 
delay relays can be set more sensitively 
than 150 per cent of rated current. 


ELECTRICAL ENGINEERING 


Low voltage motors (208, 440, 550 
volts) should use thermal device for over- 
load protection, and an instantaneous 
_ trip device for short-circuit protection. 

The thermal device may be built into 
the contactor supplying the individual 
motor, and one circuit breaker may pro- 
vide short-circuit protection for a group 
of motors. 

On essential motors the thermal ele- 
ment may be used for alarm purposes 
only. 


Answers to Questionnaires 


Following in a summarized form are 
the individual answers received. 


Company NUMBER 1 


Supply System Used. This company 
uses transformers for supplying power to 
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The supply system used by com- 
pany number 2 


Figure 1. 


Differential and overcurrent protection on 
auxiliary transformer. Differential closes bus 
tie when transformer breaker trips 


2,300- and 440-volt busses. The trans- 
formers are operated ungrounded. 

The transformers are protected by over- 
all differential relays with time delay 
overcurrent protection on the low voltage 
output and time delay phase and instan- 
taneous ground protection on the primary. 


Motor Protection. Motors of 75 
horsepower and higher use 2,300 volts. 
These motors have long-time-delay induc- 
tion overload relays set at about 150 per 
cent of full load. Instantaneous relays 
also are used and are set to exceed slightly 
the maximum starting inrush current. 

The 440-volt motors all are protected 
by circuit breakers with thermal tripping 
elements. 


Other Forms of Protection. Static 
type ground detectors or lamps are used 
to detect grounded circuits, which are 
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located by opening the circuits in turn. 

Most essential auxiliaries are equipped 
with dual drive. 

Both 2,300- and 440-volt busses are 
arranged for automatic throwover to ad- 
jacent sections in case of loss of potential, 
although the throwover will not function 
in case of a fault on the bus. Throwover 
is initiated when the voltage drops to 
about 65 per cent. 


Experience. As a whole the protec- 
tion has been satisfactory. 


General Conclusions. It is felt that 
the ideal type of auxiliary power motor 
protection would consist of an instan- 
taneous relay sensitive to all motor faults 
but insensitive to overloads, plus an over- 
load relay with good correlation between 
its operating characteristic and motor 
temperatures. 


GEG? 


2300 V 


Company NUMBER 2 


Supply System Used. The supply sys- 
tem used is illustrated in Figure 1. 


Motor Protection. Motors 75 to 100 
horsepower are supplied at 2,300 volts. 
On 2,300-volt essential motors, the pro- 
tection consists of instantaneous over- 
current plunger relays for short-circuit 
protection. Thermal relays give visual 
indication only. On nonessential motors, 
the protection consists of 40-second over- 
current induction relays with instan- 
taneous attachments. 

On 440-volt essential motors, the pro- 
tection consists of small instantaneous air 
circuit breakers. Thermal elements of 
motor contactors only light lamps. The 
nonessential 440-volt motors have the 
same protection except that the thermal 
elements trip the motors. 


Other Forms of Protection. Ground 
detector relays are used on the 2,300-volt 
system and lamps on the 440-volt system. 

An interlocking system between motors 
is used on the boiler auxiliaries to protect 
the boiler against motor failures. 


Protection of Powerhouse Auxtharies 


Experience. The reliability of 
modern motors justifies a minimum of 
protection and maximum freedom from 
undesired tripping. 

Relays for 2,300-volt breakers are 
satisfactory, but contactor elements, 
small air circuit breakers, and so forth, for 
440-volt service are not sufficiently reli- 
able. 

Many applications require “‘latched-in”’ 
contactors to prevent disconnection on 
voltage surges. 


Company NUMBER 3 


Supply System Used. The supply 
system used is illustrated in Figure 2. 


Motor Protection. Motors up to 125 
horsepower are connected to the 440-volt 
bus. 

All 2,300-volt motors are protected by 
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Figure 2. The supply system used by com- 
pany number 3 


Undervoltage relays throwover to reserve 
transformer 


differential relays using instantaneous 
overcurrent relays set for approximately 
50 per cent of full load current. 

On the 440-volt system, feeders from 
the main bus are used to supply subbusses 
throughout the plant. These feeders use 
circuit breakers with a series trip set for 
200 to 400 per cent of the rating of the 
breaker. These breakers protect against 
faults on the subbusses and heavy faults 
on the feeders to the 440-volt motors. 
Each motor is protected individually by a 
contactor with a thermal relay set for 30 
seconds at 150 per cent load. 


Other Forms of Protection. Lamps 
are used for ground detecting system. 
Grounds are removed by disconnecting 
portions of the system until the ground is 
located. The location of grounds is de- 
layed until it is convenient to take equip- 
ment out of service. 
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Figure 3. The supply system used by com- 
pany number 5 


Experience. High speed clearing of 
faults has resulted in very satisfactory 
operating conditions and has proved 
advantageous in limiting the extent of 
damage caused by motor faults. 

Lack of thermal overcurrent protection 
on 2,300-volt motors has resulted in some 
difficulty with detecting cases of overload 
on mill motors. 

Operation of thermal elements on 440- 
volt motors has been satisfactory. 


General Conclusions. | While differen- 
tial protection on 2,300-volt motors has 
proved to be advantageous, it is question- 
able whether their use is economically 
justifiable. Future installations will use 
overcurrent relays. 


COMPANY NUMBER 4 - 


Supply System Used. The supply to 
auxiliary power is from transformers 
13.8/2.3 kv, delta-Y connected. The 
2.3-kv neutral is grounded solidly. 
Smaller motors are supplied from a 575- 
volt system, which in some cases is 
grounded and in other cases ungrounded. 
The transformers are protected by dif- 
ferential and induction type overcurrent 
relays. 


Motor Protection. Motors up to 100 
horsepower are supplied from the 575-volt 
system. 

Motors are protected by a 40-second 
induction-type relay with instantaneous 
attachment. The time delay element is 
set at approximately half way between 
the ordinates of the motor full load tem- 
perature curve and the curve representing 
motor thermal limitations. The instan- 
taneous trip is set just over “locked 
rotor” current. In some instances, ther- 
mal relays are used which are set in the 
same manner as for the induction relays. 

No distinction is made between meth- 
ods employed for protection of essential 
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and nonessential motors except that the 
instantaneous auxiliary overcurrent re- 
lays set at approximately 115 per cent of 
the rated current are applied to pulverizer 
motors. These relays stop the coal feeder 
motors upon overload of the pulverizer 
until the pulverizer motor current drops 
back to normal. 


Other Forms of Protection. Very 
elaborate interlock systems are used be- 
tween induced and forced draft fans, 
pulverizers, boiler feed water pumps, and 
so forth. 

Ground lamps are used for ground pro- 


tection. No grounds have developed to 
date. 
Experience. Performances of pro- 


tective and control schemes have been ex- 
cellent. All thermal relays of a certain 
make have had to be dismantled and re- 
assembled in our laboratory before being 
placed in service because of poor factory 
workmanship. 

Speeds of clearing faults have been very 
satisfactory; all cable and motor fault 
currents have been of a magnitude high 
enough to operate the 1-cycle relays. 
Iron and winding damage has been negli- 
gible. 


General Conclusions. The simplicity 
of the 40-second induction overcurrent 
relays with instantaneous current trip 
features makes this scheme a slight 
favorite over the thermal combination for 
2.3-kv motors. The manufacturer’s 
standard protection on 575-volt cubicle 
switchgear has been found satisfactory. 


CoMPANY NUMBER 5 


Supply System Used. The supply 
system used is illustrated in Figure 3. 


Motor Protection. All motors are 
supplied at 460 volts (5 to 500 horse- 
power). 

The 40-second induction overcurrent 
relays are used on almost all auxiliary 
motors. Current settings are from 125 to 
150 per cent of motor rating. Time set- 
tings are generally about one second 
minimum time, 

Instantaneous trips are used on all 
group breakers to clear any short circuit 
of sufficient magnitude to affect the opera- 
tion of other motors. 


Other Forms of Protection. Mill 
motors and exhauster fans are interlocked. 
Coal conveyer systems are all interlocked. 

A set of ground indicating lamps with 
series resistors is installed on each auxil- 
iary bus. Ground is established, for test, 
by a push button. This is a routine test 
performed by the operator on each shift. 
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A ground is a rare occurrence on these 
440-volt busses, but as soon as one does 
occur it is usually possible to cut in dupli- 
cate equipment and clear the trouble. 


Experience. Our experience with 
thermal relays has not been satisfactory. 
The testingand maintenance cost has been 
extremely high. We have found that the 
long time induction overcurrent relay, 
though slightly more expensive initially, 
is far more reliable, maintains its calibra- 
tion, and is easy to test. Quite a few of 
these motors are equipped with thermo- 
guard protection. We have not used 
these devices for tripping, but have con- 
sidered the possibility of doing so. 


General Conclusions. Differential 
protection is not justified on 440-volt 
auxiliary motors because winding failures 
are rare. 

Instantaneous tripping should be pro- 
vided for every group or feeder circuit 
breaker which is connected to the main 
auxiliary bus. 


CoMPANY NUMBER 6 


Supply System Used. The supply 
system used is illustrated in Figure 4. 

A 440-volt system is used which is fed 
from either of the 2,300-volt busses. 


Motor Protection. On motors fed 
from the 2,300-volt service, long time 
overcurrent relays with instantaneous 
elements are used. Long time overcur- 
rent relays having a time delay up to 40 
seconds are used and can be set for 110 
to 125 per cent of full load current and 
with sufficient time delay to ride over the 
starting inrush. The instantaneous ele- 
ments are set above starting inrush and 
furnish protection for faults on motor 
leads and circuit. 

The main 440-volt motors are equipped 
with individual circuit breakers with ther- 
momagnetic overload protection. This 
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Figure 4. The supply system used by com- 
pany number 6 
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= 


provides both overload and short-circuit 
protection for these motors. Time delay 
undervoltage type CV relays are used on 
the 2,300-volt motors. . 


Other Forms of Protection. Auto- 
matic transfer of busses from the trans- 
former to the generator source is provided 
to transfer load in case of voltage failure. 
The transfer scheme is interlocked to pre- 
vent paralleling of busses or to transfer 
after an overload relay operation. 

The 440-volt busses have automatic 
transfer between transformers connected 
to the two 2,300-volt bus sections and 
have interlocks similar to the 2,300-volt 
busses. 

Experience. The protective schemes 
used have given very satisfactory service 
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and no load curtailment or shut down has 
occurred because of station service fail- 
ures. The equipment described is new 
and few failures have occurred. 

General Conclusions. The long time 
overcurrent relays with instantaneous 
attachments seem to offer satisfactory 
protection for the 2,300-volt motors since 
they can be set low enough to prevent 
roasting of insulation on overload, and the 
instantaneous elements provide quick 
clearing for severe faults. 


Company NUMBER 7 


Supply System Used. The auxiliary 
power is supplied by transformers at 
2,300 and 550 volts. The supply busses 
are operated ungrounded. 

Protection consists of differential re- 
lays on the transformer banks and time 
delay induction overcurrent relays on all 
supply transformer circuit breakers. 


Motor Protection. Motors are sup- 
plied as indicated in Table I. 

Motors controlled by individual circuit 
breakers have 


1. Instantaneous overcurrent relays set 
slightly above motor starting current. 

(a). On 2,300-volt motors these are plunger type 
relays actuated from current transformers. 

(6). On 550-volt motors these are built into breaker 
housing. 

2. Time.delay overcurrent relays set to 
pick up at 125 per cent of motor rated cur- 
rent and with sufficient time delay so as not 
to trip during motor starting. 
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(a). On 2,300-volt motors these are induction type 


operated from current transformers, 


(6). On 550-volt motors these are thermal devices 


built into the breaker. 


3. Thermal devices built into the motor 
structure which open a contact when the 
motor temperature exceeds a safe value and 
sound an alarm. 


Motors controlled by magnetic con- 


tactors have 


1. Air circuit breaker for instantaneous 


short-circuit protection. 


2. Thermal overload built into the mag- 


netic contactor. 


All motors controlled by circuit 
breakers are treated as the foregoing. 


1. Essential motors controlled by mag- 
netic switches have thermal overload two 
sizes above that recommended for the size 
of motor involved. 


2. Nonessential motors controlled by mag- 
netic switches have thermal overload one 
size above that recommended for the size of 
motor involved. 


Other Forms of Protection. Analarm 
is provided on each ungrounded bus to in- 
form operator when a ground occurs. It 
consists of double-Y potential trans- 
formers with the neutral grounded on the 
high voltage side and overvoltage plunger 
type instantaneous relays connected from 
phase-to-neutral of the secondary wind- 
ing. When a ground occurs the two relays 
on the ungrounded phases pick up and 
sound an alarm. 


Experience. Fortunately the occur- 
rences of short circuits on the auxiliary 
power system have been few and far be- 
tween. In cases where short circuits have 
occurred, the instantaneous overcurrent 
relays in general have operated to clear 
the circuit with very little resulting dam- 
age to the equipment. Also, for overload 
conditions few cases have been experi- 
enced, for in general the size of motors 
chosen have had ample capacity to take 
care of the maximum mechanical load de- 
manded. In the few cases where over- 
load conditions occurred, the time delay 
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Protection of Powerhouse Auxiliaries 


induction overcurrent relays have done a 
good job without serious damage to the 
motors. In case of the thermal devices 
the experience has not been quite as good 
but not serious enough to change the 
scheme of protection. 


General Conclusions. The use of un- 
grounded auxiliary power system employ- 
ing a ground fault detecting system and 
eliminating the ground immediately after 
it occurs reduces to a minimum the num- 
ber of short circuits that occur on the 
system. Further, the use of instantane- 
ous overcurrent relays do a very satisfac- 
tory job when such short circuits do occur. 
In the use of instantaneous overcurrent 
relays, care should be taken that they are 
set at their minimum pickup value (that 
is just a little above the starting current) 
and not the general value sometimes 
recommended of ten times the circuit 
breaker rating. Also, the employment of 
induction overcurrent relays set at 125 
per cent of motor rated current appears to 
be more reliable than other forms of over- 
load protection. 


COMPANY NUMBER 8 


Supply System Used. The supply 
system used is illustrated in Figure 5. 


Motor Protection. The 2,300-volt 
system supplies motors from 175 to 600 
horsepower, the 440-volt system 1/2 to 
200 horsepower. 

Motor protection consists of the follow- 
ing: 

1. On all 2.3-ky equipment—one over- 
current long-time relay with instantaneous 
attachments and two instantaneous over- 
current relays, two current transformers 
with an overcurrent relay connected in the 
residual circuit of the two current trans- 
formers. 

2. On all 440-volt equipment—air circuit 


breakers (deion) with time delay and in- 
stantaneous relays. 


Figure 5. The supply system used by com- 
pany number 8 


2300 V 
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RESERVE 
TRANSFORMER 


Figure 6. The sup- 
ply system used by 
company number 9 


Undervoltage relays 
throwover to reserve 
transformers 


x 
a 
+s 
575 V 


8. Undervoltage type CV relays on 440- 
volt bus trips pulverizer mills. 


4. Most 440-volt motors have individual 
air circuit breakers with thermal trips. 


No preference is given between essential 
and nonessential circuits on relaying pro- 
cedure. 

Automatic throwover of both 2.3-kv 
and 440-volt busses is provided. 


Other Forms of Protection. Inter- 
locks are used on pulverizers and coal 
scales, also on forced draft and induced 
draft fans. 

Ground detectors are located on both 
2.3-kv and 440-volt busses. 


Experience. Present relays are very 
satisfactory. However, those originally 
installed (two overcurrent standard re- 
lays with instantaneous attachments) 
could not be set to co-ordinate properly 
with motor starting. Faults have been 
cleared very quickly and no extensive 
damage has resulted to motors or cables. 


General Conclusions. The afore-men- 
tioned scheme (one overcurrent and two 
instantaneous overcurrent relays) seems 
to us to be a very workable and efficient 
scheme. 


ComMPpANyY NUMBER 9 


Supply System Used. The supply 
system used is illustrated in Figure 6. 


Motor Protection. The 2,300-volt sys- 
tem supplies motors over 100 horsepower. 
All 2,300-volt motors have instantaneous 
overcurrent relays for short-circuit pro- 
tection. The essential motors have a 
long-time-delay relay for overload pro- 
tection which gives an alarm only. On 
nonessential motors the long-time-delay 
overload relay trips the motor. On the 
575-volt motors, there is an instantaneous 
trip for short-circuit protection and a 
thermal trip for overload. 

The instantaneous relays are set ap- 
proximately ten per cent above maximum 
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motor inrush current, that is, ten per 
cent above asymmetrical peak value oc- 
curring in the first half cycle. 


Other Forms of Protection. Boiler fan 
motors and mill motors are interlocked 
for sequence starting and stopping. 

Ground relays on 2,300-volt and 575- 
volt busses operate an annunciator. 
Grounds are removed by disconnecting 
one motor feeder at a time until the 
ground is located. 


Experience. Provision has been 
made to trip almost all of the motors im- 
mediately in case of a short circuit in the 
feeder or the motor. In faults of this 
nature the amount of damage is limited 
by the quick tripping. In a recent case 
of motor failure it was possible to remove 
the faulted coils from the circuit by using 
jumpers and keep the motor in service. 

Some difficulty is experienced in co- 
ordinating the instantaneous direct act- 
ing trips of the 575-volt circuit breakers. 
Where these breakers are cascaded a 
short circuit usually trips all of them in 
the cascade with loss of unfaulted motors 
or feeders. Dashpot devices have not 
proved satisfactory for this purpose. A 
simple device, such as an adjustable es- 
capement, on the instantaneous trips for 
a few cycles timing would be of material 
benefit in solving the problem. 


TO HIGH VOLTAGE SYSTEM 


Figure 7. The sup- 
ply system used by 
company number 10 


Protection of Powerhouse Auxiliaries 


ONLY ONE SWITCH CLOSED 


General Conclusions. In general, the 
protective scheme adapted is considered 
reasonably economical and simple and has 
performed satisfactorily with the excep- 
tion of the cascading referred to in the 
foregoing paragraph. 


Company NuMBER 10 (HYDROELETRIC) 


Supply System Used. The supply 
system used is illustrated in Figure 7. 


Motor Protection. All motors are 
supplied at 550 volts. The motors are 
supplied through individual ‘“Non-fuz” 
breakers. Between each of the breakers 
and the individual motors, there are 
magnetic switch starters with a suitable 
thermal relay for overload protection. 


Other Forms of Protection. The sta- 
tion service is not grounded and there is no 
means of detecting and removing grounds. 


Experience. No difficulty has been 
experienced with any part of the station 
service. 


Company NUMBER 11 (HyDROELETRIC) 


Supply System Used. All auxiliary 
power motors are supplied at 550 volts. 
The supply is from transformers that 
are fed from house generators. These 
transformers are protected by overcurrent 
relays. The auxiliary power supply 
system is grounded solidly. 


Motor Protection. All auxiliary mo- 
tor circuits are protected by overcurrent 
inverse time relays, plus overcurrent in- 
stantaneous elements at a higher setting. 


Other Forms of Protection. No other 
forms of protection are used. 
Experience. Experience in operating 


for 13 years with this protection system 
has not shown any defects in the method. 
However, no essential auxiliary motors or 
circuits have developed a fault thus far. 
The crane motor-generator set and two 
sump pumps are the only equipment to de- 
velop any trouble, and the trouble was not 
extensive. A coil or two short-circuited 
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1 Pe Iowa-Illinois Gas and Electric 
Company installed its first unit-type 
substations late in 1939. At the present 
time, there are installed in the various op- 
erating districts of the company nine unit- 
type substations. We are outlining the 
reasons for the choice of this type of sub- 
station and the distribution system into 
which the substations are being fitted. 
This paper will cover our operating exper- 
ience with six of this type of substation 
located in the quad-city area of Daven- 
port, Iowa; Rock Island, Moline, and 
East Moline, Ill. The reasons given for 
the selection of this type of substation, 
the design of the distribution system 
served by the substation, and operating 
experience so far encountered are typical 
also of the other districts in which the ad- 
ditional three substations are located. 

The quad-city area comprising the cit- 
ies outlined above occupies two states, 
Iowa and Illinois. The division between 
states and cities is made by the Mississippi 
River. Davenport, Iowa, and its suburban 
towns, occupying the north bank of the 
Mississippi River and located in the State 
of Iowa, comprise a total population of 
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approximately 90,000. The cities of 
Rock Island, Moline, and East Moline, 
li., with their attendant suburbs located 
on the south bank of the Mississippi River, 
comprise a total population of approxi- 
mately 114,000. 

Because of the advantages offered by the 
Mississippi River, the bulk of industry is 
concentrated along the river banks. The 
cities of course started their growth on the 
banks of the river and have expanded out- 
ward. Greatest load concentrations are 
along both banks of the river with the 
residentialload being located in an approxi- 
mate semicircular area around the outside 
of the industrial area. Original substa- 
tions are located close to the river in the 
heavy industrial and commercial areas. 

Polyphase alternating current was in- 
troduced into the quad-city area in 1888, 
six years after the first electric service was 
installed. This early a-c system was 2- 
phase, and, as a result, all growth on the 
quad-city system for many years was 2- 
phase. This 2-phase service was utilized 
in two ways. 


1. The 2-phase 4,800-volt primary circuits 
were used to supply industrial customers. 


2. The 2-phase 2,400-volt circuits were 
used to supply lighting customers. 


The 2,400-volt system was utilized 
throughout much of the residential area as 
single phase primaries. The distribution 
system remained single phase 2,400-volt 


and 2-phase 4,800-volt until late in 1939. 
In the meantime, a backbone transmission 
and subtransmission system of 69-kv and 
13.8-kv 3-phase circuits was built which 
served the complete quad-city area. 

The later load growth has tended to be 
away from the river to keep pace with the 
expanding residential areas and some 
smaller outlying industrial areas. Because 
of growth of the communities, the load 
center of residential load kept shifting out 
away from the river and the original man- 
ually attended substation locations. This 
change in load center was followed by 
lengthening of the distribution lines until 
the long lines introduced poor regulation 
despite the use of induction feeder voltage 
regulators. Interruptions of service on 
these long feeders involved a large number 
of customers. As the areas grew, a number 
of small outlying commercial areas devel- 
oped in which only single phase service 
was available. This offered many disad- 
vantages to the merchants located in these 
areas as much of the equipment which 
they purchased normally came equipped 
with 3-phase motors. 

The requests for polyphase service were 
each of relatively small electrical demand 
and scattered over fairly large areas. As 
a result, it was uneconomical to construct 
long polyphase feeders from the existing 
substation locations to serve the widely 
diversified loads of small magnitudes. The 
many requests for polyphase service re- 
ceived from the outlying areas required 
that consideration be given to the estab- 
lishment of polyphase primaries in these 
localities. The location of the existing 
substations and number of circuits already 
leaving those stations made it difficult to 
get out additional circuits without going 
considerable distances underground, 
thereby raising the cost of each of the out- 
going circuits which would be required. 


in the sump pumps which caused tripping 
by the overload protection during run- 
ning, and clearing took place quickly 
enough to prevent any spreading of the 
fault. The crane motor-generator set 
became defective because of broken coil 
leads caused by insufficient bracing to 
withstand line start operation. The 
overload relays occasionally would trip 
out during the starting period for some 
time before the condition developed in 
enough bars to prevent satisfactory 
operation. No burning or spreading of 
the damage resulted, and it was difficult 
to locate the flaws which had occurred in 
the winding. 

It should be remembered that in line 
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start operation of motors the overload 
relay moves toward closing its contacts 
every time the motor is started, and the 
timing preferably is adjusted originally 
by trial to be just great enough so that 
tripping is not completed. The timing 
thus determined experimentally, while 
the desired pickup value for the relay 
is not changed, then is applied to all 
other similar circuits. 

The frequent movement of the moving 
element of the relay, during each start- 
ing period, is felt to be an advantage in 
preventing any tendency to stickiness 
and insuring that the relays remain in 
operating condition. After the original 
calibration and conditioning following 
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installation, recalibration checks are re- 
quired infrequently since operating con- 
ditions can be proved roughly by simply 
observing the amount of contact travel 
during the starting up of equipment. 
Actually, subsequent checks have never 
shown an appreciable divergence from 
the original values. 


General Conclusions. The conclu- 
sions reached are not new and only agree 
with the general idea of providing instan- 
taneous tripping devices to operate on 
fault currents plus low-pickup-value in- 
verse-time relays for satisfactory clearing 
of prolonged overloads or low current in- 
ternal winding faults. 
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Figure 3. Typical voltage charts taken from 
secondary circuit approximately three spans 
from transformer 


Transformers are located approximately one 
mile from the unit substation at center of 4-kv 
tie 


Increased loads on existing substations 


required that additional larger capacity - 


supply lines be constructed to those sub- 
stations. The increased line capacity sup- 
plied through the larger number of step- 
down transformers raised the short-circuit 
duty on all existing station equipment. 
As a result much of the present station 
equipment became inadequate in inter- 
rupting capacity and thermal capacity. 
In addition, the fact that much of the 
existing station equipment was 2-phase 
also made it obsolete. 

In 1939 it was decided to modernize the 
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distribution system. After careful study 
of various types of distribution systems, it 
was decided that 4-kv primary networks 
would be instituted independently for the 
communities on each side of the Missis- 
sippi River. Because of the width of the 
river, it was deemed not advisable to join 
the 4-kv networks on opposite sides of the 
river. Involved in the study of the type 
of distribution system to be constructed 
was the matter of the type of substation 
to be utilized with the distribution system. 
After considerable study it was decided to 
use factory-built unit-type outdoor sub- 
stations, these substations to be supplied 
from the 13-kv system and to be 3-phase 
4-kv on the output side. 

The majority of these substations will 
serve the residential areas, outlying com- 
mercial and small industrial areas. In 
general, no industrial customers will be 
served whose original demand exceeds 300 
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kva. In the areas where 13-kv circuits 
are available as well as 4-kv circuits, indus- 
trial customers having demands in excess 
of 100 kva will be supplied from the 13-kv 
system. 

The type of substation decided on has 
the following description: 3,000/3,900 kva, 
equipped with transformer secondary 
breaker, four 3-phase 4-kv feeder compart- 
ments, and necessary auxiliary compart- 
ments for metering equipment, operating 
transformers, and other essential equip- 
ment. The individual feeders are equipped 
with overcurrent relays having instantane- 
ous attachments. Three shot reclosers are 
used on each feeder, automatic reclosing 
being set for 15, 30, and 45 seconds with 
lockout on the fourth outage. All sub- 
stations are equipped with air circuit 
breakers, the original two substations 
being equipped with stationary breakers 
and group operated disconnecting switches. 
The four later substations are equipped 
with drawout circuit breakers. The trans- 
former secondary breaker, in addition to 
being equipped with overcurrent relaying 
for bus fault protection and transformer 
failure protection, is also equipped with 
network and phasing relays which will con- 
nect the 4-kv bus to the transformer and 
to the 13-kv circuit any time voltage of 
proper magnitude and proper phase qual- 
ity is applied to the 13-kv circuit. Individ- 
ual breakers are rated as 600 amperes, 
7.5 kv with an interrupting rating of 
150,000 kva. 

Originally, two substations were pur- 
chased in 1939, one of which had a cable 
entrance on the 13-kv side, the other hav- 
ing an overhead entrance through cover 
bushings with lightning arresters mounted 
directly ont he transformer cover. Experi- 
ence with bushing flashover on this sub- 
station within the first month after it was 
placed in service caused a decision to be 
reached that all future substations would 
have 13-kv cable entrance. No switching 
equipment is provided’ on the 13-kv side 
except a pole-top switch on one of the last 
poles before the 13-kv circuit goes under- 
ground. 

The accompanying diagram, Figure 1, 
shows substation locations and indicates 
the portions of the primary network which 
so far have been tied together. The unit 
substations are supplied either by a radial 
13-kv feeder from one of the attended sub- 
stations or generating stations, or from a 
tap onto an existing 13-kv tie line. The 
13-kv tie lines make up a part of the net- 
work of that voltage embracing the gener- 
ating stations and all attended substations 
of the quad-city area. Only one unit sub- 
station is connected onto either a tie line 
or a radial feeder. The secondary side of 
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each substation is tied into the 4-kv pri- 
mary network. Each substation has at 
least two of its feeders, and ultimately will 


have all of its feeders, tied into other sub- 


stations in the network. Radial load in 
the area through which each 4-ky tie line 
passes is balanced on the three phases of 
the tie line. This includes both the resi- 
dential as well as the small commercial and 
small industrial load which already have 
been mentioned. 

Actual construction of the primary net- 
work was delayed by the war. In addition 
to the substations now in service, one 
other substation has been on order since 
May 1945, and wecontemplatetheinstalla- 
tion of six additional unit-type substa- 
tions in the next 5-year period. The ac- 
companying diagram, Figure 2, shows the 
ultimate network as planned with the fu- 
ture substations shown dotted. Substa- 
tions are located in the small commercial 
areas adjoining residential districts. Where 
possible under zoning ordinances, substa- 
tions will be located in the residential area. 
All 4-kv feeders are taken out under- 
ground, the actual underground distance 
being determined by the varying condi- 
tions at each substation site. The 4-kv 
tie circuits between unit substations are 
constructed as follows: outgoing riser 
cables with a 300,000-circular-mil single 
conductor and either paper-insulated lead- 
covered, or rubber-insulated with a Neo- 
prene jacket. Where paper-insulated lead- 
covered cables are used and the neutral 
conductor is pulled in the same duct with 
the phase conductors, insulated wire is 
used. Generally, this has been a copper 
conductor of 4/0 size with a single layer of 
paper insulation and a lead sheath, al- 
though we have used some rubber-insu- 
lated braid-covered wire when wartime 
restrictions prohibited the use of lead on 
conductors insulated for less than 2,500 
volts. The overhead conductors consist of 
three 4/0 phase conductors and a 1/0 neu- 
tral, The neutral wire is marked by means 
of white porcelain insulators and the 
phase conductors are always placed in se- 
quence with the neutralasa marker. Con- 
struction, in general, is made to conform 
with the surrounding neighborhood. In 
some cases underground feeders have been 
run as far as two city blocks before rising 
to meet the overhead system. 

Spacing of unit-type substations is de- 
termined by load in areas to be served, 
length of tie lines to other unit substa- 
tions, planned future additions to the net- 
work, and by regulation based on the fact 
that bus regulation is used. Because the 
bus is regulated instead of the individual 
feeders, we have determined that no ties 
between stations will be over 2!/, miles 
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long. In general, substations are spaced 
from 2 to 2'/, miles apart, and voltage 
regulation has been very satisfactory as 
shown by the accompanying charts, Fig- 
ure 3. 

Maintenance on the substations has 
been very slight. A regular weekly visit is 
made to each substation at which time all 
equipment is inspected, dust and dirt are 
removed by means of an electric vacuum 
cleaner and blower combination, records 
are made of kilowatt-hours and demand, 
and readings of the various operation 
counters are noted. A weekly inspection 
report is made out on each substation cov- 
ering the various data taken, and space is 
provided for notes covering unusual main- 
tenance, record of relay operations as in- 


dicated by targets and other matters of in- 
terest. A single spare circuit breaker is 
on hand which can be used to replace any 
of the existing breakers which require 
maintenance. For the circuits which are 
supplied from both ends, such as ties be- 
tween substations, it is a simple matter to 
change circuit breakers without having 
interruption of service. For circuits 
which are strictly radial feeders, a time is 
chosen to interrupt service while the 
breaker is being changed which will cause 
the least inconvenience to the customer in- 
volved. In the six years of operation with 
these substations, only two minor cases of 
repairs in circuit breakers have been nec- 


essary. 
We believe that the primary network 


Figure 4. A 3,000/3,900-kva unit substation located in the same lot with a 1,500-kva sub- 
station of the open conventional design 


The 1,500-kva open type substation was later removed and the material used at other locations 


Figure 5. Close-up view of one of the standard 3,000/3,900-kva unit substations 
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and the use of unit substations have a 
number of advantages over the radial type 
of system. The location of the substation 
close to the load center keeps losses to a low 
value and provides for better regulation. 
The bulk of the energy is supplied at the 
subtransmission voltage which insures bet- 
ter system regulation and a more eco- 
nomica: source of energy. The 3-phase low 


voltage lines provide better regulation 
with lower losses. The use of 3-phase tie 
circuits makes it easy to supply polyphase 
service to small commercial areas and out- 
lying industrial locations. Spare trans- 
former capacity is not required as in the 
conventional radial system. Voltage 
charts taken on the substation busses and 
on the customers’ premises indicate that 
for the most part a smaller variation in 
voltage is maintained than where induc- 
tion voltage regulators are used on radial- 
type feeder circuits. This of course ac- 
counts for better operation of appliances, 
particularly fluorescent lighting units, 
greater customer satisfaction, and in- 
creased revenue. Continuity of service 
through the use of primary network is 
excellent. The absence of induction feeder 
voltage regulators lowers maintenance 
costs as well as first costs, and operating 
and maintenance costs have been much 
lower than they are for the identical radial 
system. 

We have found that a standard design 
of unit substation can be utilized to work 
out in the quad-city area as well as in the 
smaller outlying districts which incorpo- 
rate a 3,000/3,900-kva transformer with 
one transformer secondary breaker and 
four feeder breakers. This size of trans- 
former was chosen on the basis of cost per 
kilovolt-ampere and load density which 
we encounter in the area served, coupled 
with a reasonable distance between sub- 
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stations. Air blast equipment is supplied 
on the transformers when they are pur- 
chased and they provide an economical re- 
serve capacity which is required occa- 
sionally in the event of other substations 
in the network being out of service at 
times of peak load. 

In addition to the relays and other con- 
trol equipment already mentioned as being 


Figure 6. View of substation with air circuit 
breaker in drawn out position 


Figure 7. View of one of the units set in 
edge of residential area, showing landscaping 
used 


standard with the substation used, we use 
a recording wattmeter, a recording varme- 
ter, three recording ammeters, and a re- 
cording voltmeter of the strip chart variety 
to give us a continuous record of those 


quantities. These instruments are all con- 
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nected into the leads of the transformer 
secondary so that the quantities measured 
pertain to the substation as a whole. A 
voltmeter switch is used to get a record 
of individual phase to ground voltages. A 
l-week record per phase to ground quan- 
tity is normally obtained. No indicating 
or recording instruments are provided on 
the individual feeders. Test blocks are 
provided, however, on the control panel for 
each feeder to permit easy installation of 
portable recording instruments where 
checks need to be made for magnitude and 
division of load on each circuit. 

Provisions for future expansion are ex- 
cellent. It is possible to add additional 
unit substations at any time at the points 
of maximum load growth and it is also pos- 
sible to move a substation in its entirety if 
load shifts dictate, thereby salvaging the 
bulk of the investment in a substation in- 
stallation. System planning through the 
use of a-c network calculators has per- 
mitted the selection of the most economi- 
cal size of unit-type substation, the most 
economical number of circuits, proper load- 
ing of the various substations, proper con- 
trol of regulation for the complete dis- 
tribution system through the use of bus 
regulated substations, and adequate pro- 
vision for future growth. 

Frequent use is made of the a-c network 
calculator to keep ahead of network 
growth, to anticipate the requirements for 
additional substations, and to check the 
operation of the existing network. In this 


way we are able to check substation loca- 
tions with respect to load growth and to an- 
ticipate well in advance the locationswhere 
future substations must be installed, and 
to plan network changes and additions to 
meet system requirements in the best way. 
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Synopsis: It is the purpose of this paper to 
set forth the broad phases of the problems 
involved in establishing a telephone and 
telegraph landline system in a military 
theater of operations, the manner in which 
these problems were met, and the results 
obtained in the North African Theater of 
Operations. The aspects reviewed are those 
involving the unification of the theater-wide 
wire facilities into a single system including 
maximum integration of civil plant and 
military installations, with centralized su- 
pervisory control of the available resources. 


N the North African Theater of Opera- 
tions the landline communications 
system handled thousands of telephone 
calls and thousands of telegraph mes- 
sages daily, over many hundreds of miles 
of telephone and telegraph channels in- 
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volving distances, in some cases, greater 
than the distance between New York and 
Chicago. To provide an adequate system 
of communications for the Armed Forces 
in the field requires the fullest exploita- 
tion of the available communications re- 
sources, both personnel and equipment, 
if satisfactory service is to be furnished 
with maximum economy in the employ- 
ment of these resources. The system 
communications problem involves a land- 
line network and radio and submarine 
cable circuits operated as links in the land- 
line network, both telephone and tele- 
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graph. To accomplish the mission of pro- 
viding these communications, it is essen- 
tial that an appreciation of the system 
philosophy be acquired by all concerned 
with the planning, engineering, installa- 
tion, and operation of these facilities. 

It might be worth while to consider for 


the moment the basic nature of the com-— 


munication service required by the Armed 
Forces in areas in which extensive land 
and land-based air operations are carried 
out. In smaller units, perhaps up to and 
including division level in the ground 
forces, the primary purpose of commu- 
nications is for fire control. That is to 
say, communications are required between 
commands posts, forward observers, ob- 
servation posts, gun and infantry posi- 
tions, and armored elements, to bring fire 
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SCALE IN MILES 


Map showing main landline routes 
in French North Africa 


Figure 1. 


Approximate route distances, miles: 


Alciers—Orranvetaerssios ooo saves cies 340 
Algiers-Casablanca............. 890 
Algiers-Constanting............ 320 
IN ia BAN ACeas ne Be avoanho nt 580 
Casablanca—Marrakech.........- 150 
Casablanca—Bizerte......../.... 1,470 


power to bear on the enemy when and 
where needed. Communications for this 
purpose have been largely on a point to 
point basis, especially in fast moving sit- 
uations. However, as a given situation 
tends to become stabilized, a larger share 
of the traffic over the circuits is for ad- 
ministrative and supply service purposes, 
the number of users increases, the number 
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of points required to be reached by tele- 
phone or telegraph increases, and switch- 
ing facilities and system operation become 
a necessity. 

Above division or perhaps corps level, 
the physical plant required begins to take 
on the appearance of a system network 
rather than a series of point to point 
routes. Many main routes are required, 
oftentimes passing through the areas of 
control of several commanders. For ex- 
ample, the requirements of the air forces 
for long haul circuits for intercept, tacti- 
cal, and strategic air operations are gov- 
erned by the deployment of the air 
forces. The location of the air installa- 
tions depends not only upon the current 
tactical situation, but broad geographical 
and other considerations as well. Other 
governing factors in the location of main 
routes in the rear areas are the locations of 
ports of supply and other large adminis- 
trative and supply centers. For these 
reasons the communications required to 
serve these areas must be considered as a 
system with many of the same problems 
we find in commercial operations. 

In this connection, it seems desirable 
to look into the experience of commercial 
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communications organizations and certain 
inherent features of their operations. 
The commercial operation of a landline 
communication service and its associated 
radio and submarine cable links has been 
described as a natural monopoly for the 
reason that the greater the number of fa- 
cilities integrated into a single system, the 
greater is the value of the service to the 
users. It is on this basis that the need 
for a strong centralized control of the 
over-all operation is primarily recognized. 
This same necessity and reason exists in 
the development of a system of military 
communications. In addition, only by 
means of an integrated communication 
organization can the required flexibility in 
allocation of resources be attained to pro- 
vide facilities when and where needed. 
A major difference between the opera- 
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tion of a military communication system 
in the field and commercial operations, 
however, is the method by which the re- 
quirements are limited with respect to the 
available supply of facilities. In general, 
the normal peacetime demands on a com- 
mercial service are kept in reasonable bal- 

‘ance with the available supply of facili- 
ties by virtue of the cost of the service 
to the users, which in turn is related to 
the investment. This means of regulating 
the needs of military users, however, is 
not applicable in areas of military opera- 
tions, which is another reason for central- 
izing appropriate technical control of 
communications at the highest level of 
military authority in the area served by 
the system. 

Another major difference between mili- 
tary and commercial systems is the fact 
that the development of a commercial 
system is usually characterized by an or- 
derly change of requirements, with time 
factors permitting the installation of an 
economical, well-designed plant. How- 
ever, the pressure of limited time in the 
development of a military network in a 
theater of operations seldom permits the 
thorough co-ordination of all concerned 
to the extent desired. 


System Philosophy 


The need for centralized control of 
communications facilities becomes ap- 
parent when we realize how closely the 
activities of a communications installation 
at one location must be co-ordinated with 
those of the installations at other loca- 
tions. Satisfactory electrical communica- 
tion has been established between two 
points only when a conversation can be 
held between the two, or a message can 
be transmitted from one point to the 


Figure 3. Signal Corps personnel operating a 
French civil switchboard with French inter- 
preters at Oran 


Signal Corps photo 


758 


TRANSACTIONS 


Signal Corps photo 

Figure 2. Four-pin crossarm constructed by 

the Signal Corps on French civil open wire 
lead during combat in Tunisia 


other with such quality and dispatch as 
will satisfy the user. Delays due to un- 
warranted interruptions or lack of co- 
operation between those responsible for 
operations at various points in the system 
are evidence of unsatisfactory service. 

It is not sufficient that all individuals 
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and organizations place and splice field 
wire or lead-covered cable; construct 
and maintain pole lines; place open wire; 
install and line up carrier terminal and 
repeater equipment; install, maintain, 
and operate telephone and telegraph 
switchboards and radio installations in 
accordance with the same manuals of in- 
structions. These activities must be 
catried out by organizations and person- 
nel in several commands at the same 
time. The only way this possibly can be 
done without delay and confusion is by 
adopting basic principles of military sig- 
nal communication organization which 
will permit the designation of a single 
agency in advance to be responsible for 
laying down the ground rules under which 
this work is to be accomplished. Further- 
more, these ground rules must be binding 
on all commands whose communications 
are an integral part of the system as a 
whole. 

It may be accepted as axiomatic that 
rarely will sufficient resources be available 
in a theater of war to satisfy the commu- 
nications requests of all users. It there- 
fore becomes incumbent upon those re- 
sponsible for providing this service to 
exercise the utmost in judgment and skill 
to bring about maximum economy in the 
employment of these resources. In view 
of the technical aspects involved in the 
interconnection and interoperation of the 
various equipment located hundreds of 
miles apart in many cases, it is easy to 
see why the centralized control of tech- 
nical administration by an experienced 
and highly specialized staff assumes an 
important role in systems development. 

To consider that it is only necessary to 
provide communications within the chain 
of command, that is, from superior to sub- 
ordinate commanders, is to fail to appre- 


Figure 4. Signal Corps personnel operating 
Creed teleprinters (British) at Allied Force 
Headquarters in Algiers 


Signal Corps photo 
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ciate the realities of modern operations. 
Were this the case, the provision of com- 
munications would be relatively simple. 
The problem is to provide a single net- 
work for use of all commanders and staffs 
of all elements of the armed forces occupy- 
ing a given area, and it is under these 
conditions that complexity is added to 
the system. A further complication is 
added and in no small degree, in the pro- 
vision of communications for joint opera- 
tions involving the land, sea, and air 
forces of not only our own, but allied na- 
tions as well, utilizing the native resources 
of each, including civil systems. 

In those overseas theaters in which or- 
ganizational difficulties were encountered 
in systems development of communi- 
cations during World War II, these diffi- 
culties stemmed from a basic deficiency in 


signal communications doctrine as promul- 


gated by the War Department. Briefly 
stated, this doctrine sets forth the princi- 
ple that every commander controls the 
system of communication required for 
his command. This principle of control 
by the several subordinate commanders 
must not be confused with the concept 
that the technical control of the single 
system of physical plant must be exer- 
cised by the common superior of these 
commanders. These two concepts of 
control are complementary and not in- 
consistent. For this reason they must be 
treated coequally in any pronouncement 
of signal communication doctrine for the 
Armed Forces. 


Experience in the North African 
Theater of Operations— 
May to November 1943 


Following the surrender of the Axis 
land forces in Tunisia in May 1943, the 
landline communication system of the 
Allies extended from Marrakech and 
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Casablanca to Tunis and Bizerte in 
French North Africa, covering a maxi- 
mum distance of about 1,600 miles. 
Communications operations expanded 
considerably following the cessation of 
ground combat operations for the mount- 
ing and support of two major amphibious 
operations, Sicily in July, and Italy (Sa- 
lerno) in September 1943. To give some 
idea of the magnitude of the facilities 
required, following is a tabulation of the 
long haul channel mileages operated dur- 
ing the fall of 1943: 


Channel Miles 


1943 Telephone Telegraph 
September, .f.)- see < 2ELO00N, dossier 29,300 
Novemberscceee austen 38,300..........34,400 


The outside plant making up this net- 
work consisted of existing French civil 
(Services des Postes des Telegraphes et 
des Telephones) open wire leads and bur- 
ied cable, American 10-pin and 8-pin open 
wire leads, American spiral four cable, 
and buried cable placed by both the 
American and British forces. Many of the 
French civil open wire leads in Tunisia 
had to be rehabilitated following combat 
operations in that area. 

The equipment used to derive the long 
haul channels included French civil 
systems and varieties of American and 
British equipment available at the time. 
The French installations consisted chiefly 
of 1- and 3-channel telephone carrier 
systems operated over the open wire 
leads between Rabat and Oran. Ameri- 
can telephone carrier equipment consisted 
of types H and C Western Electric sys- 
tems, providing one and three carrier 
frequency channels, respectively; and 
Signal Corps type CF-1 which provides 
one voice frequency telephone channel 


Figure 5.  Switch- 
board installers of the 
Signal Corps at work 
on an_ 8-position 
Western Electric 11 
type switchboard at 
Algiers 
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Signal Corps photo 
Figure 6. Main distributing frame of the 


Freedom Exchange installed by the Signal 
Corps at Algiers 


and three carrier frequency telephone 
channels. British equipment consisted of 
the so-called ‘‘one plus one” (one voice 
frequency telephone channel plus one 
carrier-frequency telephone channel) and 
“one plus four’? (one voice frequency 
telephone channel plus four carrier fre- 
quency telephone channels) tactical sys- 
tems, and British SOS and SOT (three 
carrier frequency telephone channels) 
commercial systems. 

Both American and British voice 
frequency telegraph systems were em- 
ployed for long haul telegraph (teletype- 
writer and teleprinter) use. American 
types consisted of type 40-C-1 Western 
Electric (12 channels) equipment and 
the Signal Corps CF-2 (4 channels) tac- 
tical system. British voice frequency 
telegraph systems used, were the ‘“‘speech 
plus simplex,” “‘speech plus duplex,” and 
“6 channel duplex’’ tactical systems. 
The “‘speech plus duplex”’ (S plus Dx) and 
“speech plus simplex” (S plus Sx) systems 
are designed to derive carrier telegraph 
from a portion of the frequency band 
used by a telephone channel while retain- 
ing the use of the channel for speech 
transmission. In,the S plus Dx system 
the band from about 1,500 to 2,000 cycles 
is eliminated from the speech transmission 
circuit and used for telegraph purposes. 
The carrier midband frequencies em- 
ployed are 1,680 cycles for one direction 
of transmission and 1,860 cycles for the 
other direction. Carrier is transmitted 
for marking and interrupted for spacing. 
The S plus Sx system provides service 
in both directions on a circuit but in only 
one direction at a time (American half 
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Duplex). A choice of carrier frequencies 
is available in this latter system de- 
pending on which of the three types of 
the equipment is used. Numbers 1 and 2 
are arranged to use frequencies of 300, 900 
or 2,300 cycles per second. The number 3 
equipment uses frequencies of 300, 1,740, 
or 2,300 cycles per second. 

Multichannel very high frequency radio 
equipment as developed and later used in 
other overseas military areas as links in 
landline systems was not available in the 
North African Theater; and a discussion 
of the point to point radio operations is 
outside the scope of this paper. In the 
fall of 1943 a limited amount of broadcast- 
ing was done over transmitters in the 
vicinity of Tunis from studios in Algiers, 
using landline program supply channels. 
Although these channels were not high 
quality, they did serve the purpose. 
Musical programs of the Special Services 
and foreign language news were broadcast 
for short periods at night. Also, on sev- 
eral occasions news broadcasts picked up 
at points in Tunisia were carried over 
landlines to Algiers where they were 
transmitted by radio to this country for 
broadcast. 

The Mediterranean area has a rather 
well-developed civil network of subma- 
rine cables which proved to be extremely 
useful to the Allied Forces. A consider- 
able volume of intratheater telegraph 
traffic was carried over these circuits par- 
ticularly after the islands in the Mediter- 
ranean between French North Africa and 
Italy were occupied. In respect to se- 
curity considerations, submarine cable 
circuits are unique in that they are ac- 
ceptable for transmission of military tele- 
graph traffic in clear text, including mes- 
sages classified as secret, providing the 
water areas through which the cables pass 
are in complete control of friendly forces. 
In view of the shortage of automatic 
cryptographic equipment, the advantage 
of this was that arrangements could be 
made if the condition just mentioned were 
fulfilled, for the clearing of large volumes 
of telegraph traffic without the time-con- 
suming burdens of manual cryptography. 


To develop a theater-wide system of 
communications involving complex op- 
erating features as just described, it soon 
was found that staff responsibility with- 
out technical administrative authority 
over the operating personnel of the vari- 
ous subordinate commands was entirely 
unsatisfactory. The solution to this 
problem in French North Africa was to 
activate liaison offices called long lines 
district offices, in Oran, Algiers, Con- 
stantine, and Bizerte to be under the di- 
rect control of the wire division of the sig- 
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Figure 7. Signal 
Corps personnel op- 
erating an 8-position 
Stromberg-Carlson 18 
type switchboard at 
Constantine 


nal section, Allied Force Headquarters. 
This action was taken in September 1943. 
Signal Corps officers and enlisted men 
were assigned to these offices who were 
entirely familiar with the “‘big picture”’ of 
the system and who were technically com- 
petent to analyze maintenance and opera- 
tions results. 


Telephone Operations 


In September 1943 it was found neces- 
sary to restrict the number of telephones 
having access to the long distance service. 
Long distance calls were permitted from 
about 50 per cent of all the telephones 


Signal Corps photo 


connected to military switchboards. The 
effect of this policy was an immediate im- 
provement in the service, and by October 
between 85 and 90 per cent of all long 
distance calls which were placed were 
completed on the first attempt on a non- 
hang-up basis. 

The principal headquarters telephone 
switchboards completed an average of 
approximately 69,000 calls per day in 
the month of November 1943. Conserva- 
tively estimating the number of calls 
handled in addition on smaller switch- 
boards for which records were not avail- 
able, the total number of telephone con- 
nections was probably in excess of 150,000 
per day. 


Table | 


November 1943 


Algiers 


Bizerte 


Casablanca 


Constantine 
Constantine (combination) 
Oran 


Number of 
Type of Number of Calls Per 
Location and Switchboard Designation Board* Positions Day 

Algiers long, distances.....c%/ bea nace cone Be chipeeapacone eee 3 WEE Dib. 2 ecm Geis tet eke ea 5,570 
Freedom: (local). pct.. «ces oe inet enh en eee Wi TT hee ae LO Setaciate ses eee 20,457 
Bizerte (combination local and long distance)........, PCa)” ada ees Dinasatepere te eaters Copate 5,557 
Eagle (local Eastern Base Section).................... Tale Sitti oun attr eee eee 5,003 
Beacon (combination Atlantic Base Section)........... WE: 5502 eae eee Ie ET hee o 6,589 
MP RN Hote Siete tty ok reek 6 LOU REMOls Oo MS ete nae wud oe, tie S) 

Merit longidistanceyy, jenni. 1 eee SO) OF sh yore OX. Parcte cee: 3,675 
Merit local (Mediterranean Base Section)............. WE: Eee ee Sir 16,086 
EL Ot alley. hy.t tata ooh 68,766 


* WE— Western Electric; TC-1—Signal Corps nomenclature; SC—Stromberg-Carlson. 


Table Il. Landline Telegraph (Teletype) Traffic Data* for Certain of the Major Signal Centers 
in French North Africa—June and November 1943 


Allied Force 


seer 


Atlantic 


Mediterranean Eastern Base 


Month Headquarters Base Section Base Section Section 
UDG seaeeoscopsttagiye See 95:638. denen ee 27,379 Soo oe EE an to ooo eee 18,650 
INGVeIm|b ef nee nea LU AOST . sce a ee ERE O° S86). Se cmarevmneene G21 S87 Eee Gao an) ROS 27,926 


* Daily average—incoming and outgoing words (excluding press), 
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The record of calls passed on the prin- 
cipal boards as recorded from actual 
peg counts is shown in Table I. 


Telegraph Operations 


The first voice frequency telegraph 
system in French North Africa using 
American equipment was installed in 
March 1943. Signal Corps CF-2 four 
channel equipment was installed in Algiers 
and Oran and operated over a French civil 
underground cable circuit. Prior to that 
time all voice frequency telegraph chan- 
nels were provided by means of British 
equipment of the type mentioned earlier. 
Also, in the same month of March, suf- 
ficient teletype switchboards (Signal 
Corps BD-100) had become available to 
establish a common user telegraph printer 
network. Switchboards of this network 
were installed at Oran (Mediterranean 
base section), Algiers (Allied Force Head- 
quarters, Air Force, port, and other serv- 
ice organizations), and at Constantine 
(Eastern Base Section); and at later 
dates the system was extended to include 
Casablanca, Tunis, and Bizerte. 


The telegraph traffic load of several of 
the larger headquarters in French North 
Africa for June and November 1943 is 
shown in Table II. 


Technical Administration 


The development of a network of com- 
munications into an efficient system re- 
quires a scheme of technical administra- 
tion which will enable each member of 
the communication team to know not only 
what his own duties and responsibilities 
are to carry out a given function, but also 
what other members of the team at dis- 
tant points should be doing. For routine 
matters this is best accomplished through 
the medium of a set of uniform practices 
or instructions issued under a competent 
order to all concerned. A few of the ac- 
tivities which must be covered in this way 
are service order and trouble reporting 
routines, and long distance circuit order 
and facility record practices. These in- 
structions must take into account all the 
conditions affecting the operation of the 
communication system, such as the com- 
munication procedures of all the military 
and civil agencies and commands in- 
volved in the operation, and the numerous 
types of equipment and organizations 
available to the military forces and civil 
communication administration. Instruc- 
tions of this kind are applicable only to 
the communication system of a particular 
area of operations, and for this reason 
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Synopsis: The increased use of a-c instru- 
ments over a frequency range of 25 to 
3,000 cycles for aircraft and industrial 
applications has imposed new requirements 
on instrument design. It is recognized that 
the standard type of a-c ammeters and 
voltmeters normally calibrated for use at a 
given frequency are subject to errors in 
indication when used at other frequencies. 
This paper describes the manner in which 
one line of a-c ammeters and voltmeters can 
be compensated to have minimum errors 
resulting from changes in frequency over a 
range of 25 to 3,000 cycles. Errors found in 
the uncompensated and compensated types 
of instruments with changes in frequency 
are shown, and a practical means of deter- 
mining the amount of compensation and its 
application to ammeters and voltmeters is 
presented. 


OR many years the conventional 
types of a-c ammeters and voltmeters 
have been designed for operation over a 
small range of power frequencies from 25 
to 125 cycles per second and have been 
used primarily on 25-, 50-, and 60-cycle 
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circuits. In recent years, however, the 
operating frequency range has been ex- 
tended! and instruments have been de- 
signed with improved magnetic materials 
to operate accurately over a range of 15 to 
12,000 cycles. Some of the more com- 
mon frequencies encountered in the ex- 
tended range have been 180 cycles for 
portable machine tools and high speed 
motors, 400 and 800 cycles for aircraft, 
960 to 3,000 cycles for electric furnace 
applications, and from 8,000 to 12,000 
cycles for industrial heat treatment use. 


The more general method of instrument 
adjustment has been to calibrate at 60 
cycles for use at 25 to 125 cycles and at 
the specified operating frequency for 
higher ranges. This procedure in the 
past has proved satisfactory and, gener- 
ally speaking, variations up to 20 per cent 
of the calibrated frequencies have not 
produced objectionable errors. A rapidly 
increasing demand, however, has devel- 
oped recently for instruments to be used 
over much wider frequency ranges. For 
example, in aircraft there have been ap- 
plications for instruments for use on not 
only 400 but 800, 1,200, 1,600, and 2,100 
cycles. The problem of equipping these 
airplanes and maintaining replacement 
supplies would be simplified greatly if an 
instrument calibrated at one frequency 


they must be prepared in the field by the 
agency responsible for the operation of the 
system. In the North African Theater of 
Operations these instructions were issued 
as ‘Operating and Maintenance Instruc- 
tions,” by the wire division of the signal 
section, Allied Force Headquarters. 

By the fall of 1943, plant operations 
showed considerable improvement over 
earlier results. Contributing largely to 
this improvement were the extensive in- 
side and outside plant preventive main- 
tenance programs which were put into 
effect during the summer, the introduc- 
tion of universal patching facilities, and 
the substantial on-the-job training ac- 
quired by the maintenance personnel. 
In addition, of major importance was the 
improved operation of the plant on a sys- 
tem basis following the activation of 


the afore-mentioned long lines district 
offices. For example, during the two 
months immediately following the estab- 
lishment of these offices, telephone carrier 
troubles of one hour or more duration 
decreased 40 per cent, and similar tele- 
graph carrier troubles decreased 50 per 
cent during the same period. These im- 
provements in carrier maintenance opera- 
tions provide strong evidence as to the 
soundness of the system doctrine applied 
to military communications operation. 
The over-all experience in the operation 
of the landline system in French North 
Africa leads inevitably to the conclusion 
that a single chain of command must exist 
from the very top down through all signal 
communication organizations involved 
in providing a communications system for 
military operations in a theater of war. 
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also would perform accurately over the 
complete range. Similarly, in many mod- 
ern industrial and electronic applications 
the operating frequency may vary over 
ranges much in excess of 20 per cent of the 


calibrating frequency. These conditions 
have created a need for instruments which 
are compensated over a wide frequency 
range. A method of compensation and 
the results obtained are described in this 


paper. 


Errors in Uncompensated Voltmeters 
and Ammeters 


The moving iron instrument of the at- 
traction type used for many a-c ammeters 
and voltmeters is shown in Figure 1 in 
typical sizes. Briefly, the mechanism of 
this instrument consists of a vane of high 
permeability material moving within a 
fixed coil and mounted on a nonmagnetic 
shaft which carries the indicating pointer 
and is supported in suitable bearings. 
When current flows in the fixed coil, a 
magnetic field is set up which tends to pull 
the magnetic vane into the coil. The rate 
with which the vane is pulled into the coil 
is controlled by a flux distributor, and the 
movement is opposed by the torque of a 
control spring attached to the shaft. The 
internal construction of this type of in- 
strument is shown in Figure 2. 

This mechanism is used in ammeters by 
allowing the current to be measured to 
flow through a field coil. For voltage 
measurements, the mechanism is con- 
nected across the line and in series with 
a fixed resistance, to permit a current 
proportional to voltage to flow through 
the field coil. The electrical circuit of a 
standard uncompensated voltmeter is 
shown in Figure 3. 

The voltmeter is subject to frequency 
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Figure 1 (left). 


Figure 2 (above). 


errors which are caused by changes in the 
inductive reactance of the field coil and 
of the series resistor, and in the effective 
a-c resistance of the coil. The impedance 
of this typical design at 60 and at 3,000 
cycles is shown vectorially in the two 
diagrams in Figure 4. While the change 
in inductive reactance is directly pro- 
portional to the change in frequency, the 
relation of the change in effective re- 
sistance with frequency is more com- 
plex. It has been shown previously? 
that the eddy current losses in mag- 
netic circuits vary as a nonlinear function 
of the frequency, and have the same 
effect as a resistance which shunts the 
field coil and decreases the current 
through it. The combined effect of these 
two factors is to increase the circuit im- 
pedance and decrease the indication for a 
given voltage as the frequency increases. 

An example of errors in an uncompen- 
sated voltmeter of this type is shown by 
the calibration check of a typical 150-volt 
voltmeter in Table I. The instrument 
was calibrated at 60 cycles and checked 
over a frequency range of 60 to 3,000 cy- 
cles. The differences in readings at 60 
cycles and other designated frequencies 
are expressed in per cent of full scale volt- 
age. This rating of voltmeter has a series 
resistance of 14,000 ohms which limits 
the current through the field coil to 10 
milliamperes. 

The frequency error in ammeters of the 
moving iron type is caused only by the 
change in eddy current losses and is not 
affected by inductive reactance changes 
which merely cause a change in the volt- 
age drop across the coil, but not in the 
current through it. Asa result, the over- 
all error is considerably less than that 
found in voltmeters. For example, the 
error of a 5-ampere ammeter, similar in 


Whaittenton, Wilkinson—A-C Ammeters and Voltmeters 


Representative panel type a-c instruments for indus- 
trial and aircraft applications 


Instrument assembly showing mechanism and 


internal construction 


general design to the 150-volt voltmeter 
described and adjusted on 60 cycles, 
does not exceed minus 3 per cent at full 
scale indication on 3,000 cycles. 


Method of Frequency Compensation 
for Voltmeters 


A study of frequency errors shown in 
Table I, indicates that voltmeters should 
be compensated for frequency changes 
when calibrated at one frequency and used 
over a wide range of different frequencies. 
The ideal, from the users standpoint, 
would provide compensation to hold the 
magnitude of the total effective imped- 
ance constant even though the values of 
the resistive and reactive components 
change as the frequency varies. A study 
of prior methods*4 has shown that com- 
pensation can be obtained by shunting 
all of the series resistance with a capac- 
itor of required value if the resistance of 
the series resistor is relatively large as 
compared with that of the field coil. 


This method is very undesirable for use 
in quantity production, as the value of 
capacitance must be held within much 
closer limits than the standard plus or 
minus 20 per cent tolerance in the micro- 


Table |. 


Uncompensated Instrument Errors 
Over Frequency Range 


Expressed in Per Cent of Full Scale Value 
pi ee ee 


Cycles 
Standard 


Voltage 60 400 


1,200 2,000 3,000 


GOR. One. 0:82). 2-0 tO I) 
Oo ge 5 Operate — 3.6 ee aOR TIO 
WAS Code OS boil See 7 = 9.3...—14.8 
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Re 


farad values of capacitors which are 
available in quantity, and in the dimen- 
sions required. Furthermore, such capaci- 
tors will be subject to peak voltages 
which are more than can safely be im- 
pressed on them. For example, a capaci- 
tor which shunts 14,000 ohms of a 15,000- 
ohm instrument circuit would be sub- 
jected to a peak voltage of 198 volts at 
full scale indication, and to even much 
higher values for intermittent overloads 
to which instruments may be subjected. 
These difficulties, however, can be 


- overcome largely by shunting only a por- 


tion of the series resistor and varying the 
resistance value of this portion to match 
the actual capacitance of a given capaci- 
tor. Since the value of this resistance is 
determined during the test procedure, and 
the resistor spool then is wound to the 
required resistance, it is not necessary to 
maintain a large inventory of these re- 
sistor spools, and commercial tolerance 
capacitors can be used without difficulty 
in quantity production. In addition, the 
voltages likely to occur across them are 
reduced to safe values. 

With this method, the amount of com- 
pensation and, therefore, the magnitude 
of the remaining error in a given volt- 
meter, depends upon the per cent of the 
series resistor which is shunted and the 
value of capacitance used. The effect 
of different per cents of series resistor 
shunted, and the magnitude of errors over 
a 60- to 2,500-cycle frequency range, is 
indicated in Figure 5. As shown, shunt- 
ing 58 per cent of the resistor with a 0.004- 
microfarad capacitor reduces the errors to 
a maximum of 1/4 per cent over the fre- 
quency range. If, however, this compen- 
sation is used on 3,000 cycles, a 1 per cent 
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Figure 3. Schematic diagram for uncom- 
pensated moving iron type voltmeter 


Ry—Field coil resistance 
Ly—Field coil inductance 
R,—Series resistance 
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Figure 4. Vector diagrams showing how 
interna! impedance varies with frequency 
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error will occur. On the other hand, er- 
rors over the range extended to 3,000 
cycles can be made negligible by shunting 
75 per cent of the resistor with 0.003 
microfarad. 


Application of Method to Actual 
Voltmeters 


It is important to note that the preced- 
ing values are for an individual voltme- 
ter and will differ slightly with each in- 
strument as a result of the tolerances 
which must be allowed in the components. 
The different values of series resistance 
which were shunted by a fixed value of 
capacitance in order to fully compensate 
a group of six instruments are shown in 
Table II. 


Table I. Variations in Resistance Shunted 
by Fixed Capacitance 
Capacitor Resistance Resistance 
Rating, Shunted, Unshunted, Per Cent 
pf Ohms Ohms Shunted 
OL003 ee eat 10,300 
OL008 arate 10,385 
0.003 . 10,390 
0.003 10,520 
0.003 10,715 
0.003 10,880 


This method of shunting a portion of 
the series resistance approaches closely 
the ideal compensation by maintaining 
nearly constant the magnitude of the total 
effective impedance over wide frequency 
ranges. This is shown in Table III for 
which the equivalent resistance R, and 
the equivalent reactance X, have been 
computed from measured values for each 
component by using the following equa- 
tions: 


ohms 


=R jo SRA 

rth te - pul 
R2C 

Rw? 1 ohms 


where Rp, Lr, R;, Ro, and C refer to the 
components shown in Figure 6. The vec- 
tor relationship of these values at 3,000 
cycles is shown in Figure 7. 

The data in Table III were taken for the 
full scale point only, and other points on 
the scale will vary slightly as a result of 
changes in the demagnetizing effects in 
the magnetic circuit resulting from the 
movement of the vane in and out of the 
field coil. The magnitude of such changes 
is shown in Table IV and is considered 
satisfactory for the applications previ- 
ously mentioned. It is significant to note 


XR se 


that the scale distribution changes with 
frequency and that such changes are 
more pronounced at the higher frequen- 
cies. 

The application of this method of fre- 
quency compensation to large quantity 
production of voltmeters is entirely prac- 
tical. The voltmeter first is adjusted at 
60 cycles with the fixed coil in series with 
the resistance required for full scale. The 
frequency then is changed to 3,000 cycles, 
which increases the instrument impedance 
and decreases the pointer indication: A 
commercially available capacitor of ap- 
proximately the right value then is con- 
nected across a sufficient amount of se- 
ries resistance to bring the pointer again 
to the full scale point. This adjusting 
technique can be adapted easily to simpli- 
fied test procedure by using standard 
resistors of different values which can be 
quickly connected to the instrument cir- 
cuit by a selector switch. 


Compensation of Lower Range 
Voltmeters 


The discussion thus far has been re- 
stricted to voltmeters rated 0-150 volts. 
Lower range voltmeters can be compen- 
sated in the same manner if certain new 
problems are solved. In order to assure 
adequate factors of merit and tempera- 
ture compensation, it is necessary to 
maintain a given number of ampere- 
turns for the field coil, and a definite ra- 
tio of the resistance of the copper in the 
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Figure 5. Degree of compensation for 
different percentages of series resistor shunted 
by specified value of capacitance 
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field coil to that of the series resistor which 
is wound with negligible temperature co- 
efficient material. These and other fac- 
tors result in the series resistance decreas- 
ing more rapidly than the field coil im- 
pedance, as the full scale voltage rating 
is reduced. As a result, voltmeters in 
ranges below 75 volts do not have suffi- 


Cc 
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Figure 6. Schematic diagram for compen- 
sated moving iron type voltmeter 


Rr—Field coil resistance 
Ly—Field coil inductance 
R,—Unshunted series resistance 
R,—Shunted series resistance 
C—Capacitor 


cient series resistance to be shunted for 
correct frequency compensation. It is 
necessary, therefore, either to make some 
sacrifice in performance or to design spe- 
cial high frequency instruments for such 
ratings to obtain effective compensation. 


Compensated Ammeters 


It has been pointed out previously that 
the frequency errors in the ammeters are 
relatively small as compared with those 
found in voltmeters and principally are a 
result of eddy current losses. These 
losses can be reduced to a minimum by 
the use of high resistivity material such 
as phosphor-bronze for the field coil form 
and high permeability material such as 
permalloy, mumetal, and nicaloi in 
proper combination in the magnetic cir- 


764 TRANSACTIONS 


Table Ill. Variation of Total Effective 


Impedance With Frequency 


Per Cent 
Fre- Variation 
quency, of ZE 
Cycles From Value 
Per Rz, Xz, Zz, at 60 
Sec Ohms Ohms Ohms Cycles* 
GOLD oO me (Onn OsOS0'.enO 
400....15,090.... 493....15,090....+0.40 
1,200....15,030....1,280....15,080....+0.33 
2,000....14,820....2,130....14,970....—0.40 
3,000....14,300....4,290....14,960....—0.50 


* With the sign reversed these values are equal to 
the per cent error at full scale caused by frequency 
variation, 


Table IV. Typical Scale Errors Over Fre- 
quency Range in Per Cent of Full Scale 


Cycles 
Standard 
Voltage 60 400 1,200 2,000 3,000 
150h oe U) eee ea Ov oe One, 0 
120 yo0ce OMe tara Oed = Oo2 io ak) aia -Oreeat de. 
905s OF... 0.3 —0.8... —0.1... 41.1 
GO. Om 20:4 Delt ae —0.7 


cuit. As a result, errors in ammeters 
are reduced to negligible values over the 
frequency range of 60 to 3,000 cycles. 


Conclusions 


A practical technique of frequency 
compensation has been developed which 
can be applied easily to standard a-c in- 
struments. The compensation has been 
accomplished first, by the use of improved 
magnetic materials in the ammeter and 
voltmeter, and secondly, by the addition 
of a commercially standard capacitor to 
the voltmeter. 

By the application of these simple im- 
provements in existing designs it is pos- 
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sible to use instruments normally adjusted 
for accuracy to within plus or minus two 
per cent of full scale value for one fre- 
quency, over a wide range of 25 to 3,000 
cycles without incurring additional errors 
in excess of two per cent. 

It is hoped that this work will encour- 
age the use of frequency compensated a-c 
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SHUNTED SERIES RESISTANCE 
8000 OHMS SS 


RESISTANCE 3500 OHMS 
RESISTANCE 2800 OHMS 


Figure 7. Vector diagram showing total 
instrument effective impedance at 3,000 cycles 


instruments to replace those now cali- 
brated for a standardized frequency of 
either 60, 400, or 800 cycles as well as 
those calibrated for other specific fre- 
quencies. This will insure more accurate 
measurement of current and voltage over 
a wide range of frequencies. 
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_ Sensitive Ground Relay Protection for 


Complex Distribution Circuits 
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Synopsis: Protection engineers always have 
desired to obtain a system of ground fault 
protection that will discriminate and actu- 
ally trip out only the ground faulted circuit 
of a complex distribution network. This 
has been a difficult chore because the mag- 
nitude of the ground current often varies so 
greatly as to be out of the range of the 
normal protective relay settings. A system 
is proposed here that not only has proper 
discrimination, but also operates on very 
low amounts of ground current with the 
maximum ground current held to such a low 
value that practically no harm or damage 
is done by the ground fault. This develop- 
ment was encouraged by the necessity of 
joint use of poles by lines of communica- 
tion circuits and distribution circuits. This 
method comprises the installation of a small 
bank of grounding transformers at each of 
the stations where the lines originate or 
terminate. With these small ground banks 
the maximum ground fault current is very 
small. Adequate relays and systems are 
used to isolate only the faulted sections of 
line. The installation of one 11-ky and one 
16.5-kyv loop will be described. These two 
systems have had several years of success- 
ful operation. 


Conclusions 


HIS type of sensitive ground relay 

protection will discriminate on ground 
currents in the order of one per cent of the 
current transformer ratings, that is, with 
a 200-5 current transformer on the circuit, 
a fault of two amperes ground current 
will cause proper tripping. 

The maximum ground current can be 
arranged to be from 40 to 60 amperes. 
This low current can do little harm as 
compared to the damage caused by a cur- 
rent of several thousand amperes that 
may occur in the solid grounded neutral 
systems. It has been found by years of 
operating experience that the damage 
done on ground faults with this type of 
protection is negligible. 

Tests have been made with tree grounds 
and it has been shown that conductor 
contacts on green trees do not pass suffi- 
cient current to trip the lines out from 
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this cause. Years of operating expe- 
rience have confirmed this fact. 

The operation of this relay scheme can 
be made very fast, thus eliminating 
ground faults rapidly. Since the control 
of the ground relays can be used to con- 
trol the phase relays, phase-to-phase 
short circuits also can be cleared rapidly. 


Introduction 


Continuity of service to the customers 
of electric power utilities always has been 
one of the main problems of the protec- 
tion engineer. Complex and intercon- 
nected high voltage circuits have been 
common for a long time. The protection 
of these circuits has been satisfactory and 
is improving continually. The lower 
voltage circuits have the same advantage 
of giving better continued service when 
interconnected. This has been done for 
some time but there has been no reliable 
way of isolating ground-faulted feeders 
correctly when the range of ground cur- 
rent has been so great. Therefore de- 
velopment of such a system was begun. 
Various standard types of relays were 
applied to many systems and no reliable 
discrimination could be obtained. 

Then two further requirements became 
apparent: 


1. If successful operation is to be obtained 
in joint. pole use, the distribution line upon 


ANAHEIM 
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NORMALLY 
OPEN 


contacting the telephone circuit should be 
isolated rapidly and with as small amount 
of current as necessary to properly clear the 
distribution circuit. It is important to both 
the telephone utility and the power utility 
to make these fault damages a minimum as 
they both serve the same customers and 
continuity of both services is important. 


2. The damage to property and the hazard’ 
caused by fallen live wires makes it neces- 
sary to isolate and de-energize them as 
rapidly as possible and with as small 
amount of ground current as necessary. 


It can be seen that the same relay sys- 
tem can accomplish each type of ground 
fault isolation. During many years, 
ground tests were conducted with many 
types of relay systems and many im- 
proved ones were developed, but most of 
them were not adequate to service a com- 
plex distribution system. The system 
described here was finally suggested and 
tried. Although rather complicated for 
distribution circuits, it has proved suc- 
cessful with years of experience. Several 
improvements have been made to facili- 
tate operation. The system herein de- 
scribed is now in service on some of the 
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Eagle Rock substation 16-kv loop 
system 


Figure 1. 


Figure 2 (below). Katella and Fairview sub- 
stations 11-kv loop system 
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distribution circuits of the Southern 
California Edison Company Ltd. 


Complex Distribution Systems 


The sensitive relay systems were ap- 
plied to one 16-kv network as shown in 
Figure 1 and a more complicated 11-kv 
network as shown in Figure 2. 


At each station a small grounding bank 
of three 5-kva distribution transformers 
is installed. 


It can be seen that a separate type of 
protection is required for: 


1. Radial feeders, designated by R. 


2. Loop feeders at the source station, 
designated by LS. 


3. Loop feeders at the receiving stations, 
designated by L. 


Relay Systems 


The diagram in Figure 3 shows the 
relay protection, type R and LS required 
for source stations such as Eagle Rock 
substation shown in Figure 1, and Katella 
and Fairview substations shown in Figure 
2. This diagram shows only one radial 
feeder and one loop feeder. Additional 
feeders are exact duplicates of one of 
these types. Figure 4 is a schematic 
wiring diagram of the relays used in con- 
junction with the transmitting and re- 
ceiving sets. Figure 5 is an internal dia- 
gram of the special fault detecting relay 
IT-12. The radial feeder relay system is 
the same as that described in a previous 
paper. 

It can be seen (Figure 3) that the 
grounding bank consists of three 5-kva 
distribution transformers. The primary 
windings of these transformers used in 
Figure 1 are 16.5 kv, the secondary wind- 
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Figure 3. Source station relay system 


ings, 115 volts; and the ones used in Figure 
2 are 12 kv to 120 volts. 

The grounding bank secondary delta 
is closed by an air circuit breaker which 
is controlled by an over-current relay. 
In the event the relay protection takes 
longer than a predetermined time to clear 
a ground fault, the over-current relay 
will operate, thus opening this delta cir- 
cuit breaker. When the circuit breaker 
is open a voltmeter across the delta in- 
dicates percentage ground faults. Only 
at the source station is there a resistor of 
such conductivity as to prevent reso- 
nance, thus preventing high voltages when 
the system becomes ungrounded. 

Because the grounding banks at the 
various stations are small, their imped- 
ance is high in relation to the line imped- 
ance. Therefore a ground fault at any 
location will cause all grounding banks to 
produce almost the same amount of 
ground current. The maximum ground 
current depends upon the number of 
ground banks used in a given system when 
a solid ground fault occurs. The magni- 
tude of ground fault current then will 
range from a minimum to this maximum, 
inversely as the resistance in the ground 
fault. 

Since the line impedance is so low, the 
problem of discriminating by time is im- 
possible. It therefore is necessary to use 
a blocking method to prevent improper 
ground relay action. In the two loca- 
tions shown in Figures 1 and 2, car- 
rier current sets? are used to send the 
necessary lockout signals. Pilot wires 
could be used for the signal channel but 
at the above locations the carrier sets 
proved more economical. 

The directional ground relay type CR- 
DD is made as shown by the internal 
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Figure 4. Carrier set relay system 


connection diagram, Figure 6. This relay 
is similar to a _ directional-controlled 
single-phase power directional relay ex- 
cept that the directional contacts have 
duodirectional function. When contact 
8 closes to contact 10, it activates a trans- 
mitting relay sending a signal to the re- 
mote end of that circuit to lock out the 
tripping relays, thus preventing them 
from operating. When contact 8 is 
closed in the opposite direction, the relay 
is in tripping condition. 
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Internal connections of special fault 
detecting relay type IT-12 


Figure 5. 
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(Q) 
(REAR VIEW) 
©) 
3 CR-DD a 
Figure 6. Internal wiring diagram of special 


ground relay type CR-DD 


Figure 7 is a diagram of the relay setup 
at receiving stations consisting of one 
radial feeder and one loop feeder. This 
setup is different in that there is no limit- 
ing resistor in the secondary delta circuit 
and a phase directional relay has been 
added for phase protection. The reason 
no phase directional relay is necessary at 
the source station is apparent in that any 
phase-to-phase short-circuit current is 
away from the station and not toward the 
station. The over-all operation of the 
system is simple and makes use of the 
fact that if fault current flows through a 
feeder toward a station bus, that feeder is 
unfaulted and should not relay. There- 
fore in Figures 1 and 2, ground current 
faults can flow toward any station in the 
loop feeders while phase-to-phase current 
can flow in the feeders only toward re- 
ceiving stations. For example, should a 
ground fault occur on the radial feeder 
out of Katella, a source station, ground 
current will flow toward Katella on the 
two feeders from Orange and the two 
feeders from Anaheim. If a phase-to- 
phase occurred on this radial feeder, no 
short-circuit current would flow on these 
four feeders. If a ground fault occurred 
on a radial feeder out of Orange substa- 
tion, ground current would flow in the 
two Orange circuits in the opposite direc- 
tion from the foregoing case, while the 
current in the two Anaheim lines still 
would flow toward Katella. However, if 
a phase-to-phase fault occurred on this 
feeder, short-circuit current would flow 
toward Orange on its two circuits and 
none on the Anaheim lines. 
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This relay system will cause a direc- 
tional relay to close contacts when fault 
current is flowing toward a station bus. 
If the fault is phase-to-phase it will cause 
the polyphase directional relay DC-3 to 
close contacts, and if the fault is phase-to- 
ground it will cause the ground directional 
relay CR-DD to close contacts. If the 
fault current is of sufficient magnitude it 
will cause the fault detector relays [T-12 
to operate its contacts. The contacts of 
each of these two sets of relays are in 
series and energize the transmitting relay 
which causes the carrier set to transmit, 
sending a signal to the remote end of the 
distribution circuit to prevent the relays 
at that end from tripping. This is accom- 
plished by having the receiver relay ener- 
gize the lockout relay AX. The lockout 
relay short-circuits the operating coils of 
the over-current phase tripping relays 
and opens the directional control of the 
ground tripping relay, thus preventing the 
operation of the tripping relays. This is 
done also at the transmitting end by ener- 
gizing the lockout relay directly from the 
transmitting relay TR. Figure 6 is an 
across-the-line diagram to show schemati- 
cally the connections of these various re- 
lays. 

Because the receiving substations are 
all unattended, it became necessary to 
devise a method of routine testing of the 
entire carrier relay circuits. The receiver 
relays are set to operate at two milliam- 
peres current and the second receiver re- 
lay has a setting of five milliamperes. 
This second relay is used normally as a 
signal relay so that when reception is 
below five milliamperes, it will not func- 
tion, Therefore, the scheme of testing 
must have the operator at the source 
substation transmit on one of the loop 
circuits. This will cause the signal re- 
ceiver relay at the remote or receiving 
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Figure 7. Receiving station relay system 


substation to operate, which in turn 
causes the transmitter of the other cir- 
cuit at the receiving substation to trans- 
mit to the signal receiving relay at the 
source substation energizing a pilot light. 
This gives a positive check on carrier 
operation in that direction. By energiz- 
ing the other transmitter at the source 
substation, a positive check is made for 
carrier transmission in the opposite direc- 
tion. In Figure 1, if the transmitter is 
energized on the Altadena line at Eagle 
Rock, the receiver relays of the other two 
circuits should indicate proper transmis- 
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Figure 8. Across-line diagram of relay system 
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Application Ratings of Indoor Power 


Circuit Breakers 


O. B. VIKOREN 


MEMBER AIEE 


Synopsis: Increased cost involved in serv- 
ing electric power to customers, and the aim 
to lower rates, have accelerated the need for 
most efficient utilization of existing generat- 
ing and distribution equipment. The paper 
describes a method for loading power circuit 
breakers on a temperature basis for the pur- 
pose of taking advantage of their inherent 
current carrying ability. Several years of 
practical application of the basic theory 
has proved entirely satisfactory on various 
types of electric equipment and has, in 
many cases, established considerable savings 
on new investments. While these savings 
apply to a lesser degree to circuit breakers 
than to other major power equipment, their 
application in accordance with temperature, 
rather than name plate rating, has put the 
use of new and existing facilities on an 
equally sound engineering basis. 


S A RESULT of the increasing need 

for better utilization of high-volt- 

age line capacities, the question arose 
some years ago as to what maximum safe 
overloads could be carried on existing line 
equipment during emergency conditions. 
It is the practice to consider the firm ca- 
pacity of a load distribution center as the 
summation of the capacities (ratings) of 


Paper 46-134, recommended by the AIEE commit- 
tee on protective devices for presentation at the 
AIEE summer convention, Detroit, Mich., June 
24-28, 1946. Manuscript submitted April 4, 1946; 
made available for printing May 13, 1946. 


O. B. Vrxoren is an engineer in the electrical engi- 
neering division, Philadelphia Electric Company, 
Philadelphia, Pa. 


all associated supply lines except one, as- 
suming for discussion purposes that the 
characteristics of all lines under considera- 
tion are the same, so far as current carry- 
ing ability is concerned. Heretofore, the 
individual lines had been loaded to less 
than 100 per cent of their published rat- 
ings under normal operating conditions, 
and slightly overloaded only during emer- 
gency. This is not to imply that rational 
overloading of equipment had never been 
practiced before; in fact, certain trans- 
formers had been operated on a tempera- 
ture basis for a number of years. How- 
ever, the temperature limits used were, 
as arule, those which were set up for the 
entire industry by the AIEE, or in a few 
isolated cases, determined by tests on the 
system. Certain power circuit breakers 
also had been included in these tests, but 
a practice of overloading equipment in 
general, on a true temperature basis, had 
not been firmly established. In the pro- 
posed setup, the optimum conditions 
would be to operate each line normally at 
100 per cent of its true rating and apply 
correspondingly heavier overload during 
emergencies, even if a small percentage of 
the equipment life had to be sacrificed at 
each occurrence. The emergencies were 
estimated to last for relatively short 
periods of time in the majority of cases, 
that is, a relatively heavy overload might 
be expected for the first two hours, but 


sion. This is true of the other two trans- 
mitters at Eagle Rock substation. 


Operating Experience 


The systems in Figures 1 and 2 have 
been in operation for six years, and very 
few difficulties have been uncovered. In 
one heavy severe rain and wind storm 
there were over 200 operations, none of 
which wereunnecessary. These 200 opera- 
tions consisted of many ground faults 
and phase-to-phase faults. 

There has been trouble with the CR-DD 
relays in that they have operated with 
current in only one circuit. This should 
not occur and sometimes it is very diffi- 
cult to adjust these relays to prevent such 
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operation. The wave trap capacitors 
absorb moisture causing difficulty with 
the carrier operation. This seems to be 
the greatest cause of trouble in all carrier 
relay systems of the Edison Company. 

With these years of operating expe- 
rience it can be said that this scheme is a 
practical solution to the ground fault 
problem. A less complicated system may 
be developed in the future. 
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after that time some relief would be pro- 
vided by load transfer, and after four 
hours the load per line would, as a rule, be 
expected to be reduced to the normal, 
capacity of the line. 

Before such a setup could be adopted,. 
however, various pieces of equipment, 
comprising a line from the source to the 
receiving end had to be investigated; thus. 
also, power circuit breakers. In the early 
attempts to load equipment on a true 
temperature basis, very little information. 
could be obtained from current literature 
on the effect of overload on circuit break- 
ers, and the manufacturers were cautious. 
in their statements regarding overload 
capacity because they were becoming 
aware of the fact that, among older types- 
of circuit breakers, only those with prac- 
tically new contacts would stay within 
the temperatures permitted by the AIEE 
Standards under full load conditions. 
The manufacturers were fearful that over- 
load of 2- and 4-hour durations might 
tend to weaken the contact structure and, 
in the case of most types of oil circuit 


Table | 
Per Cent Service 
Factor 
Circuit-Breaker Name Copper Silver 
Plate Ratings Contacts Contacts 

2.4-kv and 4-kv service 
600—1,200 amperes............. 1525. areios 100 
2,000 amperes and above........ GBs. oaienetna 90 
All types of metalclad 

Switchgeats, prc. deidthe aroha act arene 100 
13-kv service 
600-1,200 amperes............. SOS dois cue 100 
2,000 amperes and above........ TEU oe as 90 
All types of wmetalclad 

Switchgéar 2rraks Sees le eee te Rae 100 


1. When circuit breakers, except for metalclad 
units, are installed in open air, these service factors 
are to be multiplied by a compartment factor of 
1.1, and when installed in tight compartments 
with no ventilation, the service factors are to be 
multiplied by 0.9. 

2. A service factor of 100 per cent is to be used 
for metalclad switchgear as long as conventional 
installations are adhered to, or in cases where a 
single metal-enclosed unit is installed in an existing 
concrete cell with restricted air flow on three sides. 
Where metal-enclosed units are installed, either as 
a single unit or in the conventional way, but where 
in both cases the head room is seriously restricted, 
an arbitrarily chosen service factor of 95 per cent 
should be used. The fact that the units have 
tightly fitting doors should be disregarded because, 
where in the manufacturer’s judgment extra venti- 
lation is required, they are designed with louvers, 
or openings are provided in places where they are 
most effective. In other words, the compartment 
factor is one. 


3. The maximum temperature of copper directly 
connected to circuit-breaker terminals is to be 
limited to 70 degrees centigrade under normal 
conditions, and 90 degrees centigrade under emer- 
gency conditions lasting two days or less, except 


' for metalclad switchgear where the limits should 


be 85 degrees centigrade under normal conditions. 
and 105 degrees centigrade under similar emergency 
conditions. 


4. The maximum temperature of copper directly 
connected to circuit-breaker terminals is to be 
limited to 80 degrees centigrade under emergency 
conditions lasting for more than two days, except 
for metalclad switchgear where the limit should 
be 95 degrees centigrade. 
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breakers, heat the oil to such an extent 
that the circuit breakers might catch fire 
if called upon to interrupt short-circuit 
current while in the overheated condition. 
The only way really to determine what 
circuit breakers could do under overload 
conditions would be to make tests on typi- 
cal units of various makes in the compart- 
ments in which they were operating. 


Test, Evaluation, and Application 


In view of the efforts made to provide 
for good housekeeping and proper main- 
tenance of equipment, it was quite a sur- 
prise when tests revealed that the tem- 
perature rises on some of the circuit 
breakers substantially exceeded 30 de- 
grees centigrade at full load (name plate 
rating) when tested in the “‘as found” 
condition. Some circuit breakers would 
not carry full load even when the main 
contacts were replaced with completely 
new assemblies obtained from stock. The 
loads at which the tested circuit breakers 
had 30 degrees centigrade temperature 
rise ranged from 45 per cent to 80 per cent 
of name plate rating in the ‘‘as found” 
conditions, and from 70 per cent to 100 
per cent when reconditioned, depending 
on the type. 

From the tests it could be stated quite 
conclusively that no oil circuit breaker 
with copper to copper contacts was able 
to carry current equal to its name plate 
rating without exceeding the standard 30 
degrees centigrade temperature rise, ex- 
cept when in as good as new condition, 
and operating in open air or ina well ven- 
tilated compartment. Copper contacts, 
in particular, deteriorate after initial in- 
stallation or subsequent overhauling, be- 
cause of cumulative oxidization and the 
resulting increased temperatures. 

It logically may be asked why this con- 
dition had not been discovered before 
tests were made. The answer is that cir- 
cuit breaker ratings often exceeded cable 
ratings when single cable per line was 
used, that in the previous operating setup 
circuit breakers were called upon to carry 
full load only under rare emergency con- 
ditions, and under normal conditions the 
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Figure 1. Tempera- 
ture rise versus time 
curves for 500-am- 
pere power circuit 
breaker 


Main contacts in air 


load currents were low enough so as not 
to make contact maintenance particularly 
excessive and thus did not arouse the sus- 
picion of those in charge. 

This is substantiated by the tests, and 
Figure 1 shows a typical example of the 
temperature rise of the main current- 
carrying contacts versus time, for three 
different load currents on a 15-kv 500- 
ampere oil circuit breaker of a type on 
which the main contacts are in air. 

Deterioration of contacts due to cumu- 
lative oxidization, accidental burning 
during fault current interruption, gradual 
annealing and reduced contact pressure 
are all factors which tend to increase the 
temperature rise of a circuit breaker. The 
factor contributing the most, however, is 
probably oxidization. This means that in 
order to maintain rated temperature rise, 
the true rating of a circuit breaker ought 
to be decreased as a function of time after 
each reconditioning, but, since this is im- 
practical, the ratings have been set up on 
an approximate basis, to secure rated tem- 
perature rise on the circuit breakers at 
the elapse of about one-half of the time 
between maintenance periods. This rat- 
ing is referred to as the nominal rating. 

Obviously, tests could not be conducted 
on all the various types of circuit breakers 
which are in service on the system, and 
they were therefore confined to eight units 
of the types most commonly used. 

The method adopted for determining 
nominal ratings of circuit breakers, to be 
applied over a normal period between 
maintenance overhaulings, employs an 
assigned service factor and compartment 
factor dependent upon the circuit-breaker 
type, type of contact structure, and type 
of installation. The product of these fac- 
tors and the name plate rating, will give a 
true rating for continuous load at which 
the circuit breaker is expected to have 30 
degrees centigrade contact temperature 
rise above ambient temperature outside 
the breaker compartment, on the time 
basis explained above. 

The list of service factors had to be 
chosen with considerable conservatism, 
particularly for metalclad switchgear, be- 
cause operating experience with that type 
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of equipment was considerably less at that 
time than it is today. In view of the fact 
that silver surfaced contacts are used in 
metalclad switchgear, and silver does not 
develop current-resisting oxides to the 
same degree as copper, experience has 
taught that there is less reason for con- 
servatism with this equipment than with 
other types of switching equipment. The 
service factors now in use, excepting those 
of especially weak circuit breakers, are as 
listed below. These factors apply to cir- 
cuit breakers in ventilated compartments, 
and are subject to modifications as stated 
in the notes supplementary to the list. 
Some of the factors recently have been in- 
creased slightly, and may be modified fur- 
ther if future experience so permits. 
The purpose of the tests conducted on 
the eight circuit breakers mentioned was 
not only to determine the temperature 
versus time curves for these particular 
units, but also to give sufficient basic in- 
formation so that the equations for such 
curves could be derived, and thereby a 
method established, by means of which 
the temperature rise for any combination 
of load and time could be calculated. The 
reader may sense that the entire analysis 
of this problem is rather involved. The 
practical application has been greatly sim- 
plified, however, by developing diagrams 
similar to Figure 2 for typical load cycles 
and for various types of circuit breakers. 


Example; Normal* and typical emergency 
ratings are to be assigned toa 500-ampere 
15-kv circuit breaker of the type used in the 
test, assuming that the ambient tempera- 
ture is 40 degrees centigrade, the service 
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Figure 2. Permissible normal and emergency 
loads in per cent of nominal rating on indoor 
oil-poor and oilless power circuit breakers 
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Table Il 
Tested Calculated Tested 
Temp Temp Temp 
Time, Rise at Rise at Rise at 
Hrs 550 Amp 400 Amp 400 Amp 
Ol Sstierene a vores ie oe torcaeis/ om 1 2Oakoaig sr 9.5 
Pee BGs, Renee 1 ae ee an LBB ace ore tet 14.5 
OF ie stee te SoObsate eave LTT ee bees 16.7 
TisiDe wanterecc cys DOnO wets worse LS Se ate eres 17.5 


factor is 0.8, and the compartment factor is 
0.9; in other words, a circuit breaker with 
copper to copper contacts, mounted in a 
tight compartment and having a nominal 
rating of 


500 amperes X0.8 X0.9=3860 amperes 


Following the guide on Figure 2 the results 
are 


Normal rating =360 X1.04=875 amperes 
Two hour emergency rating = 
360 X 1.88 =496 amperes 


Second 2 hour emergency rating is calcu- 
lated from the formula 


360 X0.1825+/90 —40 =466 amperes 


The basic theory on operation of elec- 
tric equipment on a temperature basis 
as used in the Philadelphia Electric Com- 
pany was developed by members!~* of 
this company’s engineering department. 
The general equation has the form 


@=A(1—e-“) + B(1—e-) (1) 


where @ is the temperature rise, and A, 
B, a, and 6 are the equivalent of the fac- 
tors which appear in the first two terms of 
an infinite series expressing the reaction of 
a thermal circuit to applied energy. 
These two first terms give a close approxi- 
mation of the total series. Referring to 
the temperature rise curve in the 550- 
ampere test shown in Figure 1, and taking 
the slope of the curve at the times f, = 3, 
#; = 6, and 4 = 12 hours, values desig- 
nated X2 = 1.317, X3 = 0.688, and X, = 
0.425 were obtained, which in turn give 
values for the parameters A = 28, B = 
12, a = 2.65, and b = 0:14. Inserting 
these values in equation 1 gives the follow- 
ing numerical expression for the tempera- 
ture rise versus time for this particular 
test: 


6 =28(1 — €-?.85) +. 19(1 — e981") (2) 


It may be noted from the curve that the 
final temperature rise in this test went 
to 40 degrees centigrade, and the pre- 
a i et Se BS, EE Oe 


* The normal rating is equivalent to the load which 
a circuit breaker can carry day in and day out 
without exceeding a total temperature of 70 de- 
grees centigrade at 40 degrees centigrade ambient 
temperature, 60 degrees centigrade at 20 degrees 
centigrade ambient temperature, and 55 degrees 
centigrade at 10 degrees centigrade ambient tem- 
perature, recognizing the typical daily load cycle. 
Emergency loads equivalent to emergency ratings 
may be carried immediately following normal load. 
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ceding equation also satisfies this condi- 
tion for high values of t. However, as it 
is desirable tolimit the rise to AIEE stand- 
ard value of 30 degrees centigrade, the 
equation for that condition becomes 


6 =21(1—e-?.*) 1.9(1 — e—9. MY) (3) 


retaining the general shape of the curve 
while shifting its location. This step is 
justified by the tests because the tempera- 
ture rise varies practically as the square 
of the current over the major portion of 
the curves, as will be seen from Table II 
and by referring to the temperature rises 
in the 400-ampere and 440-ampere tests. 
Following the same reasoning, the cur- 
rent which will cause a 30 degree centi- 
grade temperature rise is therefore 


30 
I ~ss04 =475 amperes 


In the majority of cases when dealing 
with overload, the question is not so much 
one of finding out what temperature rise 
a circuit breaker will have when starting 
“cold,” as it is to determine what total 
temperature it will reach at a given am- 
bient temperature after having carried a 
certain amount of load prior to the appli- 
cation of overload. After all, it is the 
total temperature which sets the limit at 
which a circuit breaker can operate safely, 
and once this limit has been chosen, the 
corresponding current can be calculated. 

If 


X, represents total contact temperature in 
degrees centigrade as a function of 
time, that is, temperature rise plus 
ambient temperature, 

A represents ambient temperature in degrees 
centigrade, 

t represents time in hours, 

fie and 62, represent the initial temperature 
rise in degrees centigrade of the com- 
ponent parts of total temperature rise 
before application of a load whose 
ratio to nominal rating is R, 


6, and 02, represent the final temperature 


t 
rises in degrees centigrade of the com- 
ponent parts of total temperature 
rise at sustained load whose ratio to 


nominal rating is R, 
then the equation for the total tempera- 
ture can be written: 
X1=A +629 +619 + (O2,—O20) (1 — €~ 2-65") 4 
(1,610) (1— ee) (4) 


where 

65,= 21R? (8) 
Oy 9R? (6) 
and i 


sustained load 


~ name plate current rating Xper cent 
service factor Xper cent compartment 
factor (7) 
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It may be noted that equation 4 be- 
comes identical with equation 3 if the 
temperature rise is limited to 30 degrees 
centigrade, the initial temperature of the 
circuit breaker is the same as the am- 
bient temperature, that is, 0,, = 0, 6, = 
0, and R = 475/475 = 1. 

Since the tests, of which the results are 
show in Figure 1, were conducted on a 
circuit breaker whose main contacts are 
surrounded by air, equations 4 through 7 
are believed to be accurate enough for 
practical application on any type of power 
circuit breaker whose main contact struc- 
ture is in air. 

To clarify the application of equation 
4, let it be assumed that the 500-ampere 
test circuit breaker had carried 400 am- 
peres continuously at 40 degrees centigrade 
ambient temperature, that the product of 
the service factor and compartment factor 
is 80 per cent, and that it is desired to find 
the total temperature which the circuit 
breaker will reach when carrying 200 am- 
peres additional load for two hours. 
Graphically, the problem is shown in 
Figure 3 and the numerical solution is 
found as follows. 

Because of the fact that the circuit 
breaker has been carrying 400 amperes 
continuously, prior to the application of 
the 600-ampere load, and its temperature, 
thereby, has reached a steady state, it is 
immaterial what the initial temperature 
rises were when the 400-ampere load was 
first applied. Equation 4 can therefore 
be written as follows for the steady state 
condition, 


Xx, =40+0+0+ (62,—0) (1—0)+ 
(1,—0)(1 —0) 


and inserting the values for O2,, 6, and R 


400 \2 400 \2 
Xpe soo eee 
eee (ars) +0( 5,20) 


=40+21+9=70 degrees centigrade 


These values, 21 and 9, become the 
initial temperature rises of the component 
parts so far as the following two hours are 


+ HOURS 


Figure 3. Total temperature of circuit breaker 
with 200-ampere load superimposed for two 
hours on 400-ampere normal load 
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Figure 4. Total temperature of formerly idle 

circuit breaker after successive application of 

200-ampere, 400-ampere, and 600-ampere 
load for two hours each 


concerned, during which time the load is 
600 amp. Therefore, equation 4 for that 
condition can be written: 
2 
—21 t x 


6 
40421-79321 ———_— 
ae +4 Ca 


ee 600 \?_ 
Sine 1+ 49( ars) ahs 


(1—e—*8) =98.9 degrees centigrade 


If, however, the conditions had been as 
shown on Figure 4, that is, the circuit 
breaker had been idle and had assumed 
the same temperature as the surrounding 
air before loads of 200 amperes, 400 am- 
peres, and 600 amperes were applied at 
two hour intervals, the solution would be 
as follows: 

First two hours 


2 
) (iene) 


x, =404+24 —— 
PHAR (awe 


of 200 \' 4g — ¢-o.28) = 40-+5.240.5 
500X0.8 Pe ae 


Second two hours 


x=404-624.084-4 21 ——) 252 
: oa OKOS). 74 


400 \? 
1—e-5: | 0: 
(l1—e r+ 4o( ars) 0.5} x 


(1—e~°-8) =404+21+2.1 
Third two hours 


600 \? 
=40+21+2.1+4 4 21{ ——— } - 
ee +4 (wos) aif x 


600 \? 
(fovea tay pe gee non 
a +4 (arrns) bs 


(1— 7-8) =93.7 degrees centigrade 


It will be noted that by using equations 
4 to 7, inclusive, and a step by step method 
of calculation, temperatures or ratings 
of oilless and oil-poor circuit breakers can 
be calculated for any type of load cycle, 
provided that in the first case, the load 
currents are known, and in the second 
case, the temperature limits are chosen. 

For oil circuit breakers with all of the 
contact structure under oil, the same 
reasoning as above can be applied to the 
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test results obtained on these types, and 
the total temperature of the contacts can 
be expressed by the equation 


X,=A +6; +029+ (O2¢— 929) (1 — €—*!*) (8) 
where 


=4.5R? for t=two hours or more (9) 
=7.5R? for t=less than two hours (10) 
O2,=25.5R? (11) 


and 


X, represents total contact temperature in 
degrees centigrade as a function of 
time, that is, temperature rise plus 
ambient temperature 

A represents ambiemt temperature in de- 
grees centigrade 

t represents time in hours 

6, represents contact temperature rise above 
oil temperature in degrees centigrade 

Be, represents final oil temperature rise in 
degrees centigrade under load whose 
ratio to nominal rating is R 

2, Tepresents initial oil temperature rise in 
degrees centigrade before application 
of load whose ratio to nominal rating 
is R 


While some of the temperature limits 
now in use when rating circuit breakers 
have been stated in connection with the 
service and compartment factors, the se- 
lection of these and others needs to be jus- 
tified. 

The various tests were conducted on 
circuit breakers mounted in compart- 
ments which were either tightly closed 
with doors or partially ventilated, and the 
ambient temperature on which the tem- 
perature rises are based, was taken out- 
side the compartment to make the basis 
consistent. For circuit breakers in tight 
compartments with no ventilation, it was 
found that the ambient temperature in- 
side the compartment and thus the circuit 
breaker total temperature was approxi- 
mately five degrees centigrade higher than 
for the same circuit breaker with the same 
load in a compartment with some ventila- 
tion. Based on this observation, the rat- 
ing for circuit breakers in tight compart- 
ments should be approximately 0.9 times 
the rating of circuit breakers in ventilated 


compartments. Further, since the am- 
Table Ill. Average Ambient Temperature 
pe eS SS 
Calculated (Deg C) Use (Deg C) 
IW =O POG cond ST eo Roan onorm ada 20 
DOOR iy Oras ahs ease a Se sae ae a 25 
DH RNs Vt ae CORED: SiC EL Or ache 30 
Soe ee TNO ge ela ttuaicarcce ekapac asim tan aastini bite 35 
BDza Oa retn cas agate aaieis hale jelss mteuse 40 
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bient temperature inside the compart- 
ment was approximately five degrees cen- 
tigrade higher than outside the compart- 
ment, a circuit breaker installed on a 
structure without compartmentation, 
with little or no restrictions to the air flow, 
could carry approximately 1,1 times the 
load of the same circuit breaker when in- 
stalled inside a ventilated compartment. 


Ambient Temperatures 


Before any rating based on temperature 
can be assigned to a circuit breaker, it is 
necessary to arrive at an average ambient 
temperature at its location. In attended 
places, this is done by taking daily ther- 
mometer readings in the room every four 
hours during two seasons of the year, one 
season termed summer lasting from April 
through October and containing 214 days, 
the other termed winter lasting from No- 
vember through March and containing 
151 days. The daily maximum readings 
on the same thermometer are added over 
each of the two seasons and divided by 
214 and 151 days respectively, thus ar- 
riving at a daily average ambient tempera- 
ture for the summer, and likewise for the 
winter. If several thermometers are lo- 
cated in the same room the highest value 
calculated on the above basis is considered 
the average ambient temperature for that 
room. However, in any event, for the 
purpose of simplifying rating calculations, 
the average is rounded off as shown in 
Table III. 


Continuous and Normal 
Load Conditions 


Both terms cover day in and day out 
operation, except that the latter recog- 
nizes the typical daily load cycle for the 
individual problem. 

The temperature rise of a circuit breaker 
is, as shown in Table II, nearly propor- 
tional to its J?R loss. However, oxidiza- 
tion produces a steadily increasing con- 
tact resistance, particularly on copper to 
copper surfaces, and thus an increasing 
loss and temperature rise. If the total 
temperature is held constant and_ the 
time involved is not too long, this tem- 
perature will produce the same rate of 
oxidization, whether it is a result of high 
ambient temperature and low tempera- 
ture rise, or vice versa. To clarify, com- 
pare the values in Table IV where it is 
assumed that under condition A, two 
identical circuit breakers are operating at 
different loads, at different ambient tem- 
peratures, but at the same total tempera- 
ture when initially put in service. For a 
while the contacts are going to oxidize at 
the same rate, and let it be assumed that 
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after some time the contact resistance has 
increased 20 per cent. While initially 
there was no difference in total tempera- 
ture, this no longer is true as the resist- 
ance increases with time, even though 
the ambient temperatures and the loads 
are held constant. This is shown under 
condition B. 

Under conditon B it will be noted that 
circuit breaker 1 is four degrees centigrade 
hotter than circuit breaker 2. It will get 
progressively hotter, in fact, the heating 
is actually somewhat worse than indicated 
in the tabulation because the two circuit 
breakers will oxidize at different rates as 
soon as the smallest difference in total 
temperature appears. 

From this analysis the conclusion can 
be drawn that, for circuit breakers oper- 
ating on a continuous or normal basis, the 
allowable total temperature limits should 
be lowered with decreasing ambient tem- 
perature, although not necessarily in di- 
rect ratio. Stated in another way, the 
permissible temperature rise should be 
restricted with decreasing ambient tem- 
peratures. This restriction has been 
chosen as one-half of the amount between 
the actual ambient temperature and 40 
degrees centigrade, as long as the ambient 
temperature is below the latter value. 
At40 degrees centigrade ambient tempera- 
ture and above, the total temperature 
has been limited to 70 degrees centigrade 
because, so far, no higher value appears 
justified under normal load conditions. 
It will be noted under condition C in 
Table IV that, in order not to exceed the 
permissible total temperature limits of 
circuit breaker 1 while operating continu- 
ously at loads exceeding its nominal rat- 
ing, several remedies can be employed. 
These will be considered in the same order 
as tabulated under condition C. 


Remedy 1. Reduce the load current. This 
may or may not be possible and would mean 
revenue loss unless it could be picked up on 
other less loaded circuits. 


Remedy 2. Reduce contact resistance be- 
low original value. This means either to 
rebuild the circuit breaker for the next 
higher current rating, which generally is 
feasible only on circuit breakers rated below 
1,200 amperes, or to replace the circuit 
breaker with one of higher rating. (It has 
been assumed that the new contact structure 
would have 20 per cent less resistance than 
the original in order to fit into this picture.) 


Remedy 3. Reduce the ambient tempera- 
ture by means of ventilation. As a result 
of ventilation, the compartment factor will 
change, which in turn will increase the 
nominal rating, and thus reduce the percent- 
age overload (shown in parentheses, Table 
IV) for the same actual current. Thus, in 
this example, the contacts could, at least on 
a theoretical basis, be permitted to dete- 
riorate until their resistance reached 150 per 
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cent of the original before permissible tem- 
perature limits would be exceeded. Since 
the needs for overhauling, under the assumed 
conditions, would seem to be only amatter of 
time, the contacts might just as well be 
reconditioned and at the same time silver 
sucfaced, which would permit carrying the 
same ampere load without resorting to dras- 
tic reduction of ambient temperature. 
(Remedy 4 refers to this alternate condition. 
Economy, of course, will dictate which of 
the two steps should be taken, because 
ventilation may in some cases be required 
for other equipment in the same room.) 


Remedy 4. Recondition contacts. As al- 


- ready indicated in the preceding paragraph, 


reconditioning of contacts combined with 
silver surfacing proves as effective as, and 
is often much simpler than, any of the other 
remedies discussed, because it does not 
necessarily involve extra capital expenditure 
or loss of revenue. Since the silver surfac- 
ing will change the service factor, which in 
turn will increase the nominal rating, the 
percentage overload actually will be less 
for the same ampere load. (Figure in 
parentheses refers to this.) The same 
reasoning can be applied to circuit breaker 
2 for silver surfaced contacts. 

Silver surfaced contacts have much less 
cumulative oxidization than copper contacts 
because silver oxide is a relatively good con- 
ductor,while copper oxide is a relatively poor 
one. For thisreason the service factors, de- 
termined on the basis of the tests, are higher 
for silver than for copper contacts. While 
all but the earliest tests actually were con- 
ducted on reconditioned circuit breakers, as 
good as new copper contact assemblies were 
used, and during the relatively short dura- 
tions of the tests, these assemblies had prac- 
tically the same contact resistance as silver 
surfaced contacts, although with time, they 
would deteriorate much ‘more rapidly. 


Short Time Emergency Conditions, 
Maximum Duration Two Days 


As a result of the fact that contact oxi- 
dization under short time emergency over- 
loads will be considerably less than that 
during long time overloads, 90 degrees 


centigrade total temperature limit at any 
ambient temperature has been chosen for 
emergency conditions lasting two days or 
less. This is on the safe side so far as 
effect of oxidization is concerned, but has 
been so chosen in order not to anneal the 
contacts, particularly where these are of 
laminated brush types. According to the 
circuit breaker manufacturers, the anneal- 
ing of spring contacts is quite rapid at 
higher than 90 degrees centigrade, and oil 
will begin to smoke at about 100 degrees 
centigrade. Therefore, in order not to 
impair the interrupting ability of power 
circuit breakers while in over-heated con- 
dition, the 90 degree centigrade total tem- 
perature limit seems to be wisely chosen. 
This excludes metalclad switchgear. If 
oilless circuit breakers are used, 105 de- . 
grees centigrade is believed to be permis- 
sible. If oil circuit breakers are used in 
metalclad gears, special consideration will 
be given to the problem. 

Since the 90 degree centigrade limit ap- 
plies to emergencies of two days or less, 
the question may be raised as to what load 
a circuit breaker can carry for two days 
if the 90 degree centigrade limit is 
reached, for example, within the first two 
hours. Referring to equations 4 and 8, 
these take the form X, = 30R*%+ A under 
this condition. Solving for R, realizing 
that X, already has reached 90 degrees 
centigrade and may continue at this value 
up to two days, the answer is 


1 
Nominal rating X \ 30 (90—A) 


Long Time Emergency 
Conditions 


Under long time emergency operation 
lasting more than two days, the total 


Table IV 
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* New or reconditioned copper contacts. 


Vikoren—Circuit Breaker Ratings 


t Oxidized copper contacts. 


$ Silver surfaced copper contacts. 
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temperature limit for power circuit break- 
ers has been chosen at 80 degrees centi- 
grade in order to avoid excessive contact 
oxidization. Similarly, metalclad switch- 
gear with oilless circuit breakers is limited 
to 95 degrees centigrade. In metalclad 
gears, the contacts always are silver sur- 
faced, and springs which furnish contact 
pressure are not depended on so far as 
current carrying ability is concerned. 
Again oil circuit breakers in metalclad 
gears are given special consideration. 


‘Temperature Limits of 
External Connections 


The total temperature limits for exter- 
nal copper directly connected to power 
circuit breakers have been so chosen that 
heat will not be carried into the circuit- 
When apparent devia- 
tions occur at low ambient temperatures, 
they are not believed to be serious, as the 
‘circuit-breaker terminal structure has 
been found to act asa choke. The values 
care stated in Table I. 

In the preceding discussion, except 
where applied to metalclad switchgear, 
the conventional 30 degrees centigrade 
tise over 40 degrees centigrade ambient 
temperature has been assumed in referring 
to circuit-breaker name plate ratings. 
Since the name plate ratings for metalclad 
switchgear are based on 45 degrees centi- 
grade rise over 40 degrees centigrade am- 
bient temperature, the temperature limits 
chosen under overload conditions for this 
type of equipment have been raised by 15 
degrees centigrade, as compared with the 
limits applying to other types of switching 
equipment. Except for this difference, 
the same formulas and procedure are used 
on all types of indoor power circuit 
breakers. 


Conclusion 


The preceding discussion is believed to 
be comprehensive enough to enable those 
who have not yet tackled the problem of 
loading circuit breakers on a temperature 
basis to do so without difficulty. The 
basic problem is the same for all users, 
and while some of the details may vary, 
these details should be relatively easy to 
collect once the requirements are known. 

In case of new circuit breakers, the cal- 
culated normal and emergency ratings 
may exceed name plate values by mod- 
erate amounts depending on the physical 
arrangement and the ambient tempera- 
ture. On older types of circuit breakers, 
however, the name plate values will sel- 
dom be exceeded unless the units are 
equipped with silver surfaced contacts 
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ARLY IN 1948 a number of engineers 

in the Bonneville Power Administra- 
tion were informed of a new ‘‘mystery 
load’’ which was to be added to the BPA 
system. Later this load became known 
as the Hanford Engineer Works of the 
Manhattan District. We, of course, were 
warned that the new load was one of the 
war’s top secrets. The product to be 
made, about which no one seemed to know 
anything, the location of the plant and its 
general arrangement, the amount of power 
to be taken by the plant, the location of 
the transmission lines which were to sup- 
ply it, and the additional important fact 
that the power to be supplied had to have 
the utmost reliability were subjects which 
were not to be discussed unless absolutely 
necessary. It is our feeling that all these 
secrets were well-kept. For while BPA 
engineers had the responsibility of ar- 
ranging their system to provide reliable 
service to this new load, there were 
times when we despaired of ever obtaining 
sufficient general technical information 
regarding the apparatus to be used by the 
Hanford Engineer Works to make pos- 
sible the best co-ordinated system design. 
At the time this new load first was con- 
sidered on the BPA system slightly more 
than one year of war had passed. Ma- 
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tees on power generation and power transmission 
and distribution for presentation at the AIEE Pa- 
cific Coast meeting, Seattle, Wash., August 27-30, 
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terials and labor were critical, and the 
system had started serving many large 
war loads, including the reduction of alu- 
minum and power for shipyards. Com- 
mitments also had been made to supply 
power to other large war factories, the 
plants for which were still under construc- 
tion. A number of calculating board 
studies had been made previously of the 
transmission system including these fu- 
ture loads, and it was realized that the 
transmission system, heavily loaded as it 
would be, could not supply the type of 
reliable service which would be required 
by the new ‘‘mystery load.’ Accord- 
ingly, it was decided to determine by a 
series of a-c calculating board studies what 
system additions and changes would be 
necessary in order to obtain a reliable 
source of supply to the Hanford Engineer 
Works’ load. These studies were started 
and included load-flow diagrams, tran- 
sient stability studies, and relay studies, 
so that all possible contingencies could be 
taken care of. 


Location of the Hanford Engineer 
Works’ Load on the BPA System 


Geographically, the BPA’s transmis- 
sion system serves three major load areas 
—the Puget Sound, Portland, and Spo- 
kane areas. Figure 1 indicates the geo- 
graphic location of 230-kv and 115-kv 
transmission lines, major substations, 
and generating stations as of June 1946. 

The system peak load during the war 
was 1,427,000 kw. But in February 1943, 
when the Hanford Engineer Works first 


and ambient temperature, as well as the 
physical arrangements, are favorable. 
The specific method described has been 
used on circuit breakers for several years 
on the Philadelphia Electric Company 
system and has given results which are 
believed to be entirely safe. The same 
general method also has been applied to 
other types of major power equipment 
and has.resulted in considerable savings 
on capital investments. These savings 
have contributed to the maintenance of 
low rates in spite of the steadily rising 
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costs involved in serving electric power to 
customers. 
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Figure 1. Bonneville Power Administration 
230-kv and 115-kv transmission grid 


was being considered as an additional 
load, the BPA system had not grown to 
its present size. A simplified schematic 
diagram of the BPA 230-kv transmission 
system as of February 1943 is indicated 
in Figure 2. This diagram shows a 230-kv 
loop with two large generating stations, 
Grand Coulee and Bonneville, and two 
large load centers, the Portland area and 
the Puget Sound area, connected to the 
loop. At this time there were three 108,- 
000-kva generators installed at Grand 
Coulee and four 60,000-kva génerators 
installed on the 230-kv system at Bonne- 
ville. But before the Hanford Engineer 
Works’ load would be able to start opera- 
tion, there would be eight Grand Coulee 
generators operating with two new 230-kv 
lines to Spokane and a large load at Spo- 
kane connected to the system. 

The Grand Coulee generating station is 
constructed and operated by the United 
States Bureau of Reclamation; the Bon- 
neville Power Plant is constructed and 
operated by the United States Army En- 
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gineers; and power from these two sta- 
tions is transmitted to load centers over 
the transmission system of BPA. Two 
parallel 230-kv transmission lines connect 
the two generating stations through an in- 
termediate switching station at Midway 
which is 100 miles from Grand Coulee and 
134 miles from Bonneville. The Hanford 
Engineer Works’ load was to be supplied 
from Midway, as this station had a source 
of supply either from Grand Coulee 
through two 230-kv lines or from Bonne- 
ville through two 230-kv lines. 


The Problem 


At that time the process to be used at 
the Hanford Engineer Works never had 
been tried fully so that knowledge of how 
it would work was very limited. In view 
of this lack of information and present- 
day knowledge of the destructiveness of 
atomic bombs, it is not surprising that 
extreme precautions were taken to main- 
tain a source of supply of power to the 
load. We now know this power drove 
large pumps to supply cooling water to 
the uranium piles, and now can under- 
stand that the loss of power for even a 
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short time might have brought about 
serious operational difficulties. Accord- 
ingly, it was decided, in addition to other 
less stringent reliability requirements, 
that the BPA system should be arranged 
to maintain power supply to Midway sub- 
station even for the remote probability 
of simultaneous or near simultaneous 
faults on both Coulee-Midway lines. 

However, the following limitations 
were found with the 230-kv system as 
shown in Figure 2: 


1. When all new loads and generation had 
been added to the system, loads in the Puget 
Sound and Portland areas would be very 
large in comparison with the transmission 
capacity, so that any double-line-to-ground 
fault on the Coulee—Covington line or on a 
Coulee-—Midway line would result in the 
system being unstable. It would break 
apart, and in so doing would cause low volt- 
age at Midway which was considered 
dangerous to the Hanford Engineer Works’ 
process. 


2. Power normally flows from Grand 
Coulee to Bonneville and the Portland area. 
After the system breakup occurred, with 
Grand Coulee separated from Midway, 
there was not sufficient generation at 
Bonneville to supply both the Portland area 
and the Midway loads so that the frequency 
and voltage at Midway would drop rapidly. 
Such drop in frequency also was considered 
dangerous to the Hanford Engineer Works’ 
process. Similar difficulties would be en- 
countered in case of a simultaneous fault on 
both Coulee—Midway lines. 


3. At the beginning of the war, Grand 
Coulee had only one generator installed. 
Before August 1944 when the Hanford 
Engineer Works’ load was to be energized, 
there would be eight generators installed 
with a maximum overload capacity of ap- 
proximately 930,000 kw, and if all 230-kv 
lines and eight generators were to be con- 
nected to the same bus the short-circuit duty 
on 230-kv circuit breakers would approach 
5,000,000 kva. Existing circuit breakers had 
an interrupting rating of 2.5 million kva 
while the largest available breaker, which 
was developed after the war started, had 
only a 3.5-million kva interrupting rating. 
Accordingly, the Grand Coulee bus had to be 
split up, and it was decided after consider- 
able study that more reliable service could 
be supplied to the Hanford Engineer Works 
if one Coulee-Midway line was to be con- 
nected to each of the two new busses at 
Grand Coulee. This design of the Grand 
Coulee bus, which utilizes an interleaved 
arrangement of the transmission lines on two 
busses, has been covered in a previous 
paper. 


4. It already has been indicated how the 
system load, generation, and transmission 
lines had grown since the start of the war. 
Orders for high-speed carrier-current relay- 
ing had been placed for each end of all major 
230-kv lines, but because of higher pri- 
orities of Army and Navy equipments, not 
one of some 22 sets ordered had been de- 
livered. Without high speed clearance of 
faults at both ends of a faulted 230-kv line 
as provided by these relays, the system could 
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not be made stable without a greater number 
of reinforcements being required than 
otherwise would be the case. All such rein- 
forcements, of course, had to be justified to 
the War Production Board because of short- 
ages of critical material and labor. 


Solution of the Problem 


Extensive and intensive studies were 
conducted to determine the minimum sys- 
tem additions needed to obtain reliable 
service. Over 150 transient stability 
studies were made using several bussing 
arrangements at Grand Coulee and as- 
suming faults at various locations on the 
system. The transmission system as 
shown in Figure 3, which finally was se- 
lected as satisfying the Hanford Engineer 
Works’ load requirements for reliability 
as well as having sufficient capacity to 
supply other system loads, consists of the 
230-kv loop with generation supplied at 
two points, while major loads are sup- 
plied from the loop at five other points. 
System characteristics were determined 
during transient stability swings follow- 
ing the clearance of a faulted line to be 
certain that relays would operate cor- 


Figure 2. Schematic 1-line diagram of BPA 
230-kv system in February 1943 


rectly when called upon to do so during 
these transient swings as well as during 
the faults. In this respect the war had 
forced transmission line loadings that 
were very high, and it was found that 
standard carrier type relays on some lines 
had to be modified before they would be 
completely satisfactory. 

Because of the transmission loop ar- 
rangement, it was found that out-of-step 
blocking was undesirable, for instability 
might be initiated between any two ma- 
jor substations depending on the fault 
location, the initial system load division, 
or generation division, as well as circuit 
breaker and relay operating time. If 
such out-of-step operation did occur as a 
result of any cause, it was necessary to 
make certain that the system breakup 
would not produce low frequency or ex- 
cessively low voltage at Midway except 
that low voltage would occur unavoidably 
for the few cycles (five to ten) between the 
time when a fault first occurred near the 
Midway bus and when it was cleared. 


System Changes Needed 


As a result of the foregoing and other 
studies, the following system changes 
and additions were made from February 
1943 (Figure 2) to August 1945 (Figure 
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CIRCUIT BREAKER TO BE OPERATED 
BY TRANSFER TRIPPING SCHEME 


3). Important steps also are listed which 
are not shown easily on Figure 3. 


1. Change in bussing arrangement at 
Grand Coulee.! 


2. Addition of Coulee-Covington line 
number 2. 


8. Arrangement for bus tie and bus sec- 
tionalizing breakers at Midway. Power to 
Hanford Engineer Works fed from both ends 
of the bus to prevent outage in case of a bus 
fault at the Midway substation. 


4. Installation of carrier relays on all 230- 
kv transmission lines. Priority assistance to 
obtain delivery was needed most as most 
of the sets previously had been ordered. 


5. Installation of a transfer tripping 
scheme at Coulee, Midway, and North Bon- 
neville to provide an alternate source of 
supply from Bonneville generating station 
without drop in frequency or low voltage in 
the event of a double line outage of the two 
Coulee-—Midway lines. (Until installation 
of Columbia—Midway 230-kv line.) 


6. Installation of Columbia switching sta- 
tion (in Coulee—Covington lines) and Colum- 
bia-Midway 230-kv line. 
7. Special relay studies. 


(a). Resulting in modification of carrier relays. 


Figure 3. Schematic 1-line diagram of BPA 

230-kv system in August 1944, approximate 

time when Hanford Engineer Works started 
operations — 
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(6). Resulting in nonstandard relay settings. 
(c). Special backup arrangements on relays. 


8. System tests. 


This list is rather imposing. Items 1, 
2, and 4, and the Columbia switching sta- 
tion previously had been planned, but 
‘even though the load had grown enor- 
mously, lack of materials had stopped all 
‘construction and expansion except that so 
absolutely necessary that the War Pro- 
duction Board would grant priorities for 
the additions. A few of the foregoing ad- 
ditions and changes are of sufficient inter- 
est to be discussed more in detail. 


Coulee—Covington Line 


Repeated efforts had been made to ob- 
tain a second Coulee—Covington line long 
before anything was known about the 
Hanford Engineer Works’ load; however, 
it had not been approved by the War 
Production Board because of scarcity of 
materials. When it became known that 
the Hanford Engineer Works’ load would 
be connected, approval was expedited. 
However, before this line could be built 
and before the Hanford load was con- 
nected to the system, extremely heavy 
loads were carried on the first Coulee— 
Covington line. A peak value of 240,000- 
kw input at Grand Coulee was obtained. 
A board study previously had determined 


776 TRANSACTIONS 


Bee Mathie UNIT 289 Zone 
+} START UNIT MODIFIED 


NOTE: RELAY WILL TRIP INSTANTANEOUSLY 
WHEN IMPEDANCE FALLS WITHIN 
START UNIT CIRCLE BELOW I8t ZONE 


START UN IT UNMODIFIED 
OHM wie tat ZONE 


A 


7.5, 


Se as 752.5 4 INITIAL. OPERATING 
POINT 


ON SWING 


| PaeGRiiae 3 ee 


the static-stability limit of this line when 
connected to the system at Covington 
with two 108,000-kw generators con- 
nected at Grand Coulee at approximately 
265,000-kw input. Hence the foregoing 
loading corresponded to 90 per cent of the 
static limit. For literally days at a time 
the line was loaded to 230,000-kw input 
(210,000-kw output at Covington). Over 
this period several faults occurred on the 
115-kv system in the vicinity of Coving- 
ton but several miles out from the bus. 
Nevertheless, the line was operating so 
neat to the stability limit that the two 
generators connected to the line at Grand 
Coulee lost synchronism with the system 
for these faults, even though the fault 
normally would be considered remote 
from the generators, The circuit breaker 
at Grand Coulee would open for these 
conditions while the circuit breaker at 
Covington would remain closed. Further 
investigation showed that the relay char- 
acteristic needed to be modified at Grand 
Coulee to prevent tripping up to the maxi- 
mum transient swing for which this por- 
tion of the system still would remain sta- 
ble. 


System Stability 


With the Hanford load scheduled to be 
added to the Bonneville system, the pro- 
curement of carrier equipment, as well as 
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Figure 4. Imped- 
ances seen by Cou- 
lee end GCX and 
HDX relays, in 
Coulee — Covington 
line during stability 
swings 


TO. 
SPOKANE 


all other materials and equipment needed 
to safeguard that load, became greatly fa- 
cilitated. The original carrier relaying 
equipment consisted of standard distance 
relays (HZ and GCX), high speed carrier 
ground relays, and auxiliary carrier re- 
lays and equipment. These were to be 
arranged in well-known directional com- 
parison schemes for high speed tripping 
of line faults by either first zone or carrier 
relays, and backup by other zones and by 
independent slower directional ground re- 
laying. Ground-current balance relays 
also were provided on parallel line sec- 
tions. As mentioned previously, it was 
decided not to use relays which would 
block tripping on out-of-step conditions, 
but to do everything possible to avoid 
transient instability, and in those cases 
where instability was inevitable to per- 
mit the system to split where it would. 
Accordingly, transient stability studies 
were made of the system as shown in Fig- 
ure 3, with the object in mind of deter- 
mining the limit to which the system 
could swing and still remain stable, and 
the critical load and fault conditions 
which would produce such swings. Dur- 
ing these studies the loci of apparent im- 
pedances seen by line relays were plotted 
on R-X diagrams and compared with the 
relay impedance characteristics. 

It was learned that the 230-kv loop 
with generation at some points and loads 
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at other points would produce compli- 
cated loci of apparent impedances seen 
by line relays during these transient 
swings. An example of this is shown in 
Figure 4, on which is drawn the charac- 
teristics of a modified start unit and the 
unmodified start unit (shown dotted), for 
the GCX and HDX relays located at 
Grand Coulee in a Covington line. The 
loci of impedances, as seen by the relay 
during two transient swings, are drawn 
on this figure. Curve A corresponds to a 
fault on a Coulee-Midway line which af- 
ter clearing was found to be stable, but 
the locus very closely approaches the un- 
modified circle before it turns away. The 
reversal of direction of this characteristic 
indicates that transient stability could be 
maintained by the system provided the 
relay does not trip. Ifthe impedance had 
moved within the start unit circle, unde- 
sirable instantaneous tripping would be 
indicated. Curve B corresponds to a 
fault on one Coulee—Covington line, 
which after clearing was found to produce 
instability. It will be observed that the 
relays in the remaining Coulee-Covington 
line will trip this circuit when the appar- 
ent impedance has progressed until it is 
within the start unit circle. Numbers on 
each curve represent cycles elapsed after 
the fault first occurred; the first point was 
at 7.5 cycles because of calculating board 
technique. In all these studies, the fault 
was assumed cleared at both ends in five 


cycles through use of carrier relaying and 
3-cycle breakers. As a result of these stud- 
ies, the start unit was changed to the fore- 
going modified 90-degree characteristic 
instead of the standard 60-degree char- 
acteristic as shown dotted, since the 90- 
degree angle conforms more closely to the 
average impedance angle of BPA 230-kv 
lines (811/2 degrees) than the 60-degree 
angle. 

Another example of the transient im- 
pedance characteristics of the system, in 
this case compared with the HZ imped- 
ance relays at the Midway end of a Cou- 
lee-Midway line is shown in Figure 5. 
Curve A represents the impedance seen 
by the relay for a fault on the other 
Coulee-Midway line and is stable since 
the curve reverses direction. The curve 
actually progresses into third zone trip- 
ping (modified to be nondirectional) ex- 
cept that there is a time delay of 45 cy- 
cles before actual tripping can occur, and 
the system has moved out of danger be- 
fore the necessary time can elapse. The 
directional element eliminates the possi- 
bility of the second zone tripping during 
this period. 

Curve B shows corresponding values 
for a fault on a Coulee—-Covington line 
which was unstable. It would appear 
that this relay also would trip; however, 
analysis of other relays on the system 
shows that the system breaks up between 
Coulee and Covington and between Mid- 
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way and North Bonneville. Hence Han- 
ford is left with power supply from Grand 
Coulee. 

In Figure 5 it may be observed that the 
average reach of the second and third 
zones is rather short, being approximately 
120 per cent of the line section. These 
were reduced in order to avoid tripping 
on transient swings from which the sys- 
tem can recover. These swings are shown 
in the figures as impedance loci which re- 
verse direction, and it was to avoid hav- 
ing these swings get within the tripping 
areas for any appreciable time that the 
second and third zone areas were reduced. 

In order to permit the reduced settings 
mentioned and at the same time obtain 
as much reach as possible for third zone 
backup time delay relays, these relays 
were made nondirectional. By this means 
the third zones of all breakers on a bus 
provide backup for any particular 
breaker, rather than depending upon 
remote breakers. They are better able 
to perform this function with the neces- 
sary reduced settings because they are 
one line section closer to the fault, and 
backup tripping tends to be localized to 
the affected bus section. 


Special Backup Relaying 


A time delay backup arrangement has 
been added in major stations which has 
definite advantages in meeting the re- 
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quirements of the system. This scheme, 
in the event that a breaker fails to open, 
operates the bus differential auxiliary re- 
lay associated with that breaker in 6 to 12 
cycles after the breaker trip coil has been 
energized. (These are 3-cycle breakers.) 
This scheme tends to isolate trouble be- 
fore second zone operations occur in other 
substations and is consistent with the 
attempt to localize backup tripping to 
the affected station as much as possible. 
Another important aspect of this backup 
feature, in cases where several sources 
can feed into a faulted line, is that it does 
provide backup where the normal type 
of overlapping directional impedance 
relays with time delay would fail to do so. 
The fact that the currents in the unfaulted 
lines are small percentages of the total 
fault current, because of multiple feeds, 
makes the impedance apparent to relays 
in the unfaulted lines often much larger 
than the settings of their backup zones. 
Since the normal backup scheme is not 
suited to the conditions, it was decided to 
use the special scheme described, the opera- 
tion of which is initiated directly by the 
failure of the breaker to trip in the faulted 
line. 

In order to provide more reliable serv- 
ice to the Hanford Engineer Works, at 
Midway substation only, the second zone 
distance trip circuits are connected to 
auxiliary relays arranged to trip any se- 
lected group of breakers. Since any sec- 
ond zone operation at Midway probably 
would be accompanied by system insta- 
bility, this arrangement was made so that 
the system could be split to provide serv- 
ice to Midway from at least one line. 

The third zone trip circuits of the 
Coulee and Bonneville lines at Midway 
are wired to trip one of the two bus differ- 
ential auxiliary relays. The selection of 
the particular bus differential auxiliary 
to be tripped is made by directional re- 
lays on the bus sectionalizing breaker. 
Since both Midway-Bonneville lines are 
tripped by either bus differential auxili- 
ary relay, this final backup arrangement 
of the Coulee lines. Similar backup for 
the Hanford lines is provided by in- 
stantaneous overcurrent relays which 
are operated by the sum of the two 
Hanford line.currents. These relays cut 
out the third zone trip circuits but 
produce tripping through the directional 
relays and a timer, which is set for a 
longer time than the third zone delay of 
relays on the Hanford circuits. 


Miscellaneous Relay Arrangements 


A 1-cycle time delay has been added to 
all ground carrier trip circuits to decrease 
the possibility of false tripping because of 
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gap flashover in carrier sets or sequential 
pole operation of oil circuit breakers. 

Overcurrent fault detectors have been 
added in the first zone and carrier trip 
circuits of all the relays on the Hanford 
loop and many on the Bonneville system 
to prevent tripping caused by loss of 
potential. 


Transfer Tripping Scheme 


Certain network analyzer stability 
studies showed that the loss of both Cou- 
lee—Midway lines, before the installation 
of the Columbia—Midway line, during a 
critically heavy load period might result 
in system instability, that is, Coulee 
would run ahead of Bonneville and sepa- 
rate from the Portland area. Asa result 
of this, Bonneville would be loaded heav- 
ily by the Portland area with resultant 
low voltage and frequency at Midway. 
To safeguard against this contingency, a 
bus sectionalizing breaker has been in- 
stalled at North Bonneville (Figure 3) and 
a transfer tripping scheme arranged which 
can be used to isolate two Bonneville gen- 
erators on the lines to Midway whenever 
both Coulee—-Midway lines are opened. 

This scheme is designed to operate as 
follows. If either line breaker is opened 
at Coulee, one of two audio tones is trans- 
mitted over the line carrier relaying 
channel to Midway. At Midway, tone 
relay contacts and pallet contacts on the 
Coulee breakers are arranged so that 
whenever both Coulee lines are opened at 
either end an auxiliary relay will initiate 
the transmission of two additional tones, 
both over the two carrier relaying chan- 
nels to Bonneville. At Bonneville the au- 
dio components are filtered and brought 
to their respective tone relays. These re- 
lays have their contacts in series, and are 
also-in series with a power directional re- 
lay, which is closed for power flow toward 
Midway, and with a 6-cycle time delay 
relay. This arrangement was made to 
prevent any possible misoperation of the 
transfer trip relays because of arcing on 
disconnects, which can cause the tone re- 
lays to operate. 

To date, system loads have not ap- 
proached the critical condition for which 
this scheme might have been necessary, 
and it actually is not in service. 


Conclusions 


Since the inception of the Hanford En- 
gineer Works’ load on the BPA system, 
no change on the 230-kv system or ad- 
dition of any importance was contem- 
plated without a consideration of its ef- 
fect and the requirements of that load. 
The result has been the development of 
the afore-mentioned transmission and 
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relaying system which was designed to 
supply continuous service to the Hanford 
Engineer Works, if necessary at the 
sacrifice of other loads on the system. 

The extreme contingencies resulting 
from line faults, bus faults, or circuit 
breaker failure for which the system was 
designed have not occurred. The worst 
of this type which has occurred was a si- 
multaneous outage caused by lightning of 
both Midway-Grand Coulee lines. This 
occurred twice in May 1946. However, 
the system was loaded lightly at the time, 
so that these faults, although severe, were 
not equal to the worst condition for 
which the system was designed. The 
Hanford operators noticed the voltage dip 
at the time, but they continued to oper- 
ate normally, apparently without ill ef- 
fects. The transfer tripping scheme was 
not in service because of a previous de- 
termination that it would be unnecessary 
under present system conditions, that is, 
withthe Columbia—Midway line inservice. 

A more severe condition, not a result of 
a line fault, occurred in March 1946, when 
the excitation was lost accidently on five 
Grand Coulee generators, all that were 
operating at that time, and they pulled 
out of step from the rest of the system. 
The result was a drop in frequency to 94 
per cent and in voltage to 72 per cent of 
the normal. Design information on the 
pumps and motors at Hanford indicates 
that even at this lowered voltage and 
frequency, sufficient power could have 
been supplied to keep the pumps operat- 
ing. However, during this disturbance 
the pumping load was taken over auto- 
matically by a standby source of power 
within the Hanford area, thereby avoid- 
ing this critical test of apparatus. 

Numerous other line outages, caused 
by a variety of line faults, have occurred 
without incident at Hanford other than 
momentary voltage fluctuations. 

It is difficult to evaluate a transmission 
and relaying scheme when the goal is ab- 
solute continuity of service. Practical de- 
sign considerations have been based on as- 
sumptions of very severe conditions, many 
of infrequent occurrence, through which 
service would have to be maintained, but 
there are always a number of imaginable 
disasters which unavoidably would result 
in loss of service. Generally speaking, it 
is believed that this scheme, as incorpo- 
rated into the system, has met and prob- 
ably will continue to meet the require- 
ments of this load. 
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N electronic frequency meter and 
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to measure and hold the speed of a small 
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be used as a general purpose laboratory 
instrument for the precise measurement 
of frequency or the accurate indication 
of small deviations from a given fre- 
quency. It gives an indication which is 
stable to about one or two rpm under 
normal line voltage variations, and its 
accuracy can be made to approach one- 
tenth of one per cent. 

For use on machinery operating at 
speeds up to 100,000 rpm, the measuring 
instrument must not unbalance (and in 
some cases must not load) the moving 
part; therefore a photoelectric speed 
pickup is employed which requires no 
mechanical connection to the turbine 
shaft. The speed pickup, which can be 
placed several inches away from the tur- 
bine, merely ‘looks at” alternate black 
and polished areas on the surface of the 
turbine shaft and produces an electric 


Paper 46-188, recommended by the AIEE commit- 
tees on air transportation and instruments and 
measurements for presentation at the AIEE Pa- 
cific Coast meeting, Seattle, Wash., August 27-30, 
1946. Manuscript submitted July 1, 1946; made 
available for printing July 18, 1946. 


Eviis LEVIN is an engineer with the physical re- 
search unit, engineering department, Boeing Air- 
craft Company, Seattle, Wash. 


The author wishes to acknowledge the contributions 
of Doctor C. K. Stedman, for his suggestion of the 
frequency measuring circuit; G. H. Stoner, for 
joint design of the complete frequency meter and 
regulator; and other persons who assisted in the 
work. 


DECEMBER 1946, VoLUME 65 


signal whose frequency is some known 
multiple of the rotational frequency of 
the shaft. 

Then in place of counting the revolu- 
tions per minute of the shaft we have 
the problem of measuring the frequency 
of an electric signal. The frequency 
meter used for this purpose must meet 
the following requirements: 


1. Accurate within plus or minus one-half 
of one per cent or better. 


2. Continuously adjustable over a fre- 
quency range of at least ten to one. 


3. Capable of operating from an input sig- 
nal having a very distorted wave form such 
as would be provided by a photoelectric or 
magnetic pickup. 


4. Capable of providing an error signal 
proportional to deviation from any desired 
frequency to operate a servomechanism for 
regulating the turbine speed. 


None of the commercial frequency 
meters are able to meet all of these re- 
quirements. A new frequency measuring 
circuit therefore has been devised which is 
essentially an electronic frequency meter 
of the recurrent capacitor discharge 
type but modified to operate as a “‘null- 
balance’ circuit instead of a direct- 
reading device. By this simple modifica- 
tion the accuracy is increased from 
plus or minus two per cent to the order 
of one-tenth of one per cent and means 
are provided for obtaining a d-c or an 
a-c error voltage proportional to varia- 
tion of shaft speed from the desired value. 
This voltage is used for indicating speed 
variations and for automatic speed regula- 
tion. It also operates a protective relay 
which will stop the machine in the event 
of an excessive speed deviation. 


General Description 
The desired speed is set up on a 3-dial 


decade speed selector having increments 
of 10,000, 1,000, and 100 rpm. The dif- 
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ference between selected speed and meas- 
ured speed is called speed error. Its 
magnitude and algebraic sign are indi- 
cated on a large speed error meter, which 
has two ranges: plus or minus 250 rpm 
and plus or minus 1,000 rpm. A small 
speed meter, 0 to 100,000 rpm, is provided 
to show the approximate speed at which 
the turbine is running. 

An electropneumatic servomechanism 
actuated by a speed error signal operates 
a steam control valve to regulate the 
steam pressure at the input to the tur- 
bine and hold the turbine speed at the 
desired value. The servomechanism is 
provided with a proportional air pressure 
“follow-up” and a manual reset control 
called the air pressure control dial. The 
steam control valve also is provided with 
proportional pressure follow-up so that 
the valve reproduces output pressure 
rather than valve position. In addition, 
the speed error signal contains a certain 
amount of error ‘“‘anticipation”’ to mini- 
mize the response time of the system. 
By holding down a “‘bat handle” on the 
control panel the operator at any time 
can disconnect the speed error signal and 
assume manual control of the turbine 
speed, which he regulates by means of the 
air pressure control dial. 

A block diagram of the complete speed 
control system is shown in Figure 1. 
The general scheme of operation is as 
follows: The turbine operator sets the 
speed selector dial to the number of 
revolutions per minute at which he desires 
the turbine to run. By means of the air 
pressure control dial he manually brings 
the turbine up to speed while watching 
the approximate turbine speed indicated 
by the speed meter. When the turbine 
speed comes within 4,000 or 1,000 rpm 
(operator’s choice) of the desired preset 
value, the system switches into auto- 
matic control and the air pressure control 
dial becomes a fine speed adjustment. 
The operator trims the air pressure to 
make the speed error meter stabilize at 
zero. The frequency meter and servo- 
mechanism then hold the speed within 
plus or minus one-half of one per cent 
of the desired value. When a major 
load change is made, the operator re- 
trims the air pressure control dial to re- 
turn the speed error to zero, and the 
system regulates about the new control 
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point. To measure a given speed at 
which the turbine is running, the operator 
adjusts the speed selector until the speed 
error meter read zero, and then reads the 
setting of the speed selector dial. 

If for any reason the actual turbine 
speed goes either above or below the 
selected speed by more than 1,000 or 
4,000 rpm (operator’s choice), automatic 
protection circuits will shut off the steam 
supply and stop the turbine. In addition, 
the turbine automatically will be shut 
down by failure of any of the electric cir- 
cuits. The speed error meter and auto- 
matic protection circuits function regard- 
less of whether the system is in automatic 
or manual control. 

The operator’s control panel is shown 
in Figure 2. At the top is the frequency 
meter chassis with the speed selector in 
the center. On the left is the speed meter 
and an indicator light which shows when 
sufficient speed signal is present. On the 
right is the speed error meter, its range 
switch, and a light which indicates when 
the speed error is less than 1,000 or 4,000 
rpm. Below the frequency meter is a 
panel containing steam and air pressure 
gauges. The next lower chassis contains 
the servo and automatic protection cir- 
cuits, with the “‘bat handle’ in the center 
and the air pressure control dial on the 
right. At the very bottom is the power 
supply chassis, with switch, fuses, and a 
monitor voltmeter. 

At the present time, the turbine is being 


driven by high pressure air instead of 
steam, involving no changes, however, in 
the speed control equipment. 


The Basic Frequency 
Measuring Circuit 


The basic null-balance frequency meas- 
uring circuit is shown in Figure 3. It 
consists of a pair of push-pull connected 
triode switching tubes (Vi and V2) ca- 
pacitor coupled to a diode bridge rectifier. 
The negative end of the bridge output re- 
sister R,z is grounded to the negative end 
of the common triode cathode resistor Rx 
and the negative side of,battery By. 

A square wave voltage, derived by the 
use of suitable shaping or trigger circuits 
from the signal whose frequency is to be 
measured is applied to the input ter- 
minals A and B in such a way that during 
one half-cycle the potential of terminal B 
is sufficiently negative to drive tube V, to 
cutoff. During the period of cutoff no 
voltage drop caused by tube current 
occurs in the resistor R,,, and the capaci- 
tor C, will become charged to approxi- 
mately the potential of battery B,. The 
charging path is from ground, through 
battery B,, resistor R,:, capacitor (Ore 
diode tube V4, rectifier output resistor Rg, 
and back to ground. 

During the next half-cycle the signal 
applied to terminal B is within the oper- 
ating range of tube Vi, and terminal A is 
sufficiently negative to drive tube V2 to 
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cutoff, so that tube V, will conduct and 
allow the potential of its anode to drop by 
an amount IR,,, where I is the steady 
state plate current of the tube. The po- 
tential across the capacitor C; will drop by 
the same amount JR;,, the discharge path 
being to ground through tube V, and re- 
sistor Rx in parallel with resistor R;, and 
thence back to the capacitor C; through 
battery Bz and diode V5. 

Since the electronic circuits are sym- 
metrical, a similar charging and discharg- 
ing of capacitor C, produces identical cur- 
rent pulses at alternate half-cycle inter- 
vals of the driving signal voltage, with the 
result that the charging current for the 
capacitors C; and C; flows through the re- 
sistor Rg in the manner illustrated in Fig- 
ure 3a, and the discharging current of the 
capacitors C, and C, flowing through the 
resistor R; takes the form shown in Fig- 
ure 3b. The resistor R,, therefore, car- 
ries only the transient charging current of 
capacitors C; and C2, while the resistor Rx 
carries the steady current of the tubes Vi 
and V2 in addition to part of the transient 
discharge current of the capacitors C, and 
C2. 

In order to utilize this circuit as a fre- 
quency meter, it is only necessary to ad- 
just discharge resistor Rx so that the 
average voltage developed across this re- 
sistor equals the average voltage across 
the rectifier output resistor Rg. When 
this has been done the voltmeter V will 
indicate zero. 
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System block diagram 
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Figure 3. The basic null-balance frequency 
measuring circuit 


If the frequency of the driving voltage 
applied to terminals A and B is raised, 
the heights and durations of the peaks in 
Figures 3a and 3b will not change, but 
will move closer together. The average 
current through resistor Rz is thus pro- 
portional to the frequency.. However, 
the average current in resistor Rx 1s 
practically independent of frequency 
because the area of the discharge current 
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peaks is only a fraction of the total area 
under the curve shown in Figure 3b. Con- 
sequently, the value of the resistor Rx re- 
quired to balance the voltmeter V to zero 
will be very nearly proportional to the 
frequency of the signal applied to the in- 
put terminals A and B. 

The equation of balance now will be de- 
rived. Since the circuit is symmetrical, 
either of the identical wire-wound re- 
sistors Rz, or Rz2 can be represented by 
the single symbol R, and either of the 
high-stability mica capacitors C, and C», 
can be represented by the symbol C. R, 
indicates the anode resistance, J the 
steady state anode current of either of the 
tubes Vi and Vo, f the frequency of the 
signal voltage applied to the terminals A 
and B, Rz the value of the rectifier output 
resistor, and Rx the value of the discharge 
resistor required to balance the voltmeter 
V to zero. Each time a capacitor C is 
charged its voltage rises by an amount 
IR, and its charge rises by an amount 
CIR. The number of such charging 
pulses passing through R, per second is 2f. 
Thus the average voltage across Rzis 


2fCIRRz (1) 


Similarly, it can be shown that the 
average voltage across Rx is 


IRR? 
rat] (gee) aes ] . 


If Rx is adjusted until the voltmeter V 
reads zero, then these two average volt- 
ages are equal, and 
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Since the expression RRx/(R+R,+ 
Rx) in the denominator varies with Rx 
from zero to a very small percentage of 
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the resistance of Rz, the calibration curve 
of fas a function of Rx is very nearly a 
straight line, or 


Rx 
2RCRz 


fa (5) 

If the circuit is to be used as a frequency 
meter, it is only necessary to vary the 
discharge resistor Rx until the voltmeter 
V reads zero, and then compute the input 
signal frequency by means of equation 4 
or 5, or obtain the frequency value 
directly from the calibration curve pre- 
viously prepared by comparison with a 
frequency standard. 

Such a circuit can be used as a speed 
regulator control if discharge resistor Rx 
is adjusted so that the voltmeter V reads 
zero when a pickup device on the shaft 
rotating at the desired speed is supplying 
substantially square wave voltage im- 
pulses via a suitable trigger circuit to the 
signal input terminals A and B. Varia- 
tions in speed of the shaft then will pro- 
duce a pulsating d-c error voltage at the 
output terminals G and H which can be 
smoothed by a suitable electric filter and 
impressed upon a servo amplifier for speed 
control purposes. 

Equation 5 shows that the only com- 
ponents which materially affect the cali- 
bration are the capacitor C and the re- 
sistors Rx, Rg, and R (Ry and Ry in 
Figure 3). If these components are stable 
and have low temperature-coefficients, 
the performance of the circuit as a fre- 
quency meter or as a speed regulator will 
be accurate and stable. The stability of 
the circuit also is increased by the fact 
that the voltages across resistors R, and 
Rx are both proportional to the steady 
state anode current J so that variations 
caused by tube characteristics and bat- 
tery voltages cancel out. The battery Be 
reduces to a low value the current which 
initial velocities of electrons in the diodes 
would cause to flow through the diodes 
and R,;. Changes in the contact poten- 
tials of the tubes resulting from changes 


Figure 4. The single-ended-output frequency 
measuring circuit 
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in heater voltage are small compared with 
the charging potential of the battery Bi. 
Equation 4 shows that moderate varia- 
tions in the anode resistance R, of the 
tubes VY; and V2 have only a minor effect 
on the frequency calibration. 


The Single-Ended Frequency 
Measuring Circuit 


The circuit shown in Figure 3 and dis- 
cussed thus far utilizes a double-ended in- 
put signal balanced to ground and pro- 
duces an error voltage such that neither 
output terminal is grounded. A single- 
ended input can be utilized, if desired, 
by eliminating half of the symmetrical 
capacitor charging and discharging cir- 
cuit, namely, Ve, Ryo, Ce, Ve, V7, and 
Rg. The output circuit can be modified 
to produce an error voltage with one out- 
put terminal grounded, by interchanging 
the wire a (Figure 3) with the voltmeter 
V, so that terminals G and H are joined 
together when the voltmeter is connected 
between terminals £ and F. 

The turbine speed control system de- 
scribed in this paper employs the fre- 
quency measuring circuit arranged for a 
double-ended input and grounded out- 
put, as shown in Figure 4. In this modi- 
fied circuit the voltmeter V is connected 
between terminals E and F, and the ter- 
minals G and H are connected together. 
This joins the two measuring resistors R, 
and Rx at their positive voltage ends 
rather than at their negative ends (as was 
done in Figure 3). Inthe circuit of Figure 
4 at the bridge output, resistor R, will 
conduct capacitor discharging current in- 
stead of charging current, but the circuit 
performance will be substantially the same 
as in the basic circuit which is shown in 
Figure 3. 

Also in Figure 4, a milliammeter M has 
been inserted to measure the current in 
Rg. As this current will be proportional to 
the input frequency but subject to errors 
caused by variations in line voltage and 
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tube characteristics, the meter M is used 
only for an approximate indication of the 
input frequency or speed. But the value 
of Rx required to balance the voltmeter 
V to zero at a given input frequency will 
be independent of variations in line volt- 
age and tube characteristics to an ac- 
curacy approaching one-tenth of one per 
cent. The setting of Rx which gives zero 
output error voltage is used as a precise 
measure of the input frequency. The 
capacitor connected across the cathode 
resistor Rx, and the five RC sections con- 
nected to output terminals E and F serve 
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to filter the pulsating output voltage into 
a steady d-c error signal. 


The Complete Frequency Meter 


A block diagram of the complete fre- 
quency meter is shown in Figure 5. An 
input trigger amplifier converts the low 
level input frequency signal (this can be of 
sine, square, or distorted wave form) into 
high level single-ended square wave which 
is applied to a phase inverter. Output 
from the phase inverter is double-ended 
square wave which drives the two switch- 
ing tubes in the frequency measuring cir- 
cuit. 

Full scale d-c error signal from the fre- 
quency measuring circuit is about 25 volts 
for 100,000-rpm speed error or 0.25 milli- 
volts per revolution per minute deviation 
from the selected speed. In order to 
achieve a measuring and control accuracy 
of plus or minus one-half of one per cent 
if any speed between 10,000 and 100,000 
rpm the circuit should be sufficiently 
sensitive to indicate changes of at least 
0.1 to 0.05 per cent. For 0.1 per cent 
speed deviation the d-c output error volt- 
age is 2.5 millivolts at 10,000 rpm and 
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Figure 8. The servo circuit 


25 millivolts at 100,000 rpm, which is not 
sufficient signal to operate a high re- 
sistance d-c voltmeter directly. There- 
fore the output voltmeter V shown in Fig- 
ures 3 and 4 should be a vacuum tube 
voltmeter, which generally employs an 
amplifier to drive a panel type d-c micro- 
ammeter or milliammeter. 


The Error Signal D-C Amplifier 


Because of the instabilities associated 
with conventional direct-coupled ampli- 
fiers a special stabilized, sensitive, dis- 
criminating d-c amplifier was devised for 
use in this frequency meter. This ampli- 
fier utilizes the established technique of 
“chopping” the d-c signal into square 
wave alternating current and passing it 
through a more easily stabilized a-c am- 
plifier; but in addition it employs a 
familiar phase-discriminating rectifier to 
change the alternating current back to 
high level direct current, and incorporates 
d-c negative feedback to produce a high 
degree of over-all stability. 

The circuit of the error signal d-c am- 
plifier is shown in Figure 6. 

The input d-c ‘‘chopper” is effectively 
a single-pole double-throw mechanical 
switch which opens and closes continu- 
ously at the rate of 60 cycles per second. 
It consists of a vibrating reed contactor 
driven between two stationary contacts 
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by means of a 6.3-volt 60-cycle-per- 
second exciter coil. As the reed oscillates 
between the two fixed contacts it assumes 
the potential of the upper contact for 
approximately one-half of the 1/60-second 
cycle and the potential of the lower con- 
tact during the other half of the cycle. 
Therefore, when a direct voltage is ap- 
plied between the two fixed contacts it 
will be converted to a 60-cycle-per- 
second square wave voltage across the 
vibrator output impedance connected be- 


Figure 9. The sole- 
noid air valve partly 
disassembled 


Levin—Electronic Frequency Meter 


tween the reed and the lower fixed con- 
tact. The output alternating voltage will 
be in phase with the 110-volt 60-cycle- 
per-second line when the applied direct 
voltage is of a given polarity (say posi- 
tive) and 180 degrees out of phase with 
the line when the input direct current is 
of the opposite polarity (negative). 

Consider for the present that the lower 
fixed contact is grounded. Then the 
amplitude of the 60-cycle-per-second 
square wave from the vibrator will be 
approximately equal to the d-c error volt- 
age and proportional to speed error. The 
phase will reverse when the speed error 
goes through zero. Connected across the 
100,000-ohm vibrator output resistor is a 
0.05-microfarad capacitor which serves to 
by-pass the high frequency transient 
peaks which occur during the “make” 
and “‘break”’ switching intervals. 

The low level a-c error voltage is ampli- 
fied in the conventional 6SJ7 stages Vio 
and Vy, and then impressed upon the 
phase-discriminating half-wave rectifier 
Vi2, which operates as follows: Via the in- 
jection transformer T,, the 110 volt a-c 
line voltage switches the two diodes of 
Viz on and off at the rate of 60 cycles per 
second and in synchronism with the 60- 
cycle-per-second vibrating reed in the d-c 
“chopper” at the input to the error signal 
amplifier. 

The 60-cycle-per-second speed error 
voltage applied between point a and 
ground cannot reach point b when the 
diodes are cutoff; but during the half- 
cycle of line voltage that the diodes con- 
duct there is a path of finite resistance 
from a to b allowing pulsating direct cur- 
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rent to be fed to capacitor Cy; through two 
parallel paths, each consisting of one-half 
of P;, one 75K resistor, one diode, and 
one-half of the secondary winding of 7}. 
(The diodes are balanced so that the 
switching voltage from 7) causes no po- 
tential difference between points a and b.) 
Because it comes from the d-c chopper, 
the a-c signal applied to point a is either 
in phase or 180 degrees out of phase with 
the 110-volt 60-cycle-per-second line. If 
a becomes positive when the diode plate 
2 becomes positive the pulsating direct 
current will flow from a to } and through 
C3 to ground, producing across C3 an out- 
put voltage such that point 0 is positive 
with respect to ground. Similarly if point 
a is driven negative when diode plate 2 is 
negative, then the pulsating direct cur- 
rent will flow from ground through C;; and 
from b to a, producing across C3; an out- 
put voltage such that point 6 is negative 
with respect to ground. Capacitor C3 
smooths the pulsating direct current to 
give a steady output voltage of the same 
polarity but greater magnitude than the 
d-c speed error signal applied to the d-c 
chopper at the input tothe amplifier. The 
output high level d-c error voltage is im- 
pressed upon the cathode follower Vi; 
which drives the zero-centered speed 
error meter to the right or left of zero to 
indicate positive or negative speed devia- 
tions. 
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Figure 10. Tem- 
porary control valve 
installation with tur- 
bine operated by 
high pressure air in- 
stead of steam 


By means of a voltage divider con- 
nected across the cathode follower out- 
put terminals, a portion of the d-c output 
voltage is fed back to the lower fixed con- 
tact of the input “chopper.” The circuit 
is phased, by means of 7), so that the po- 
tential at h is of the same polarity as the 
input potential at the upper fixed contact 
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of the vibrator. Therefore, as the vi- 
brating reed assumes during one half- 
cycle of 60-cycle-per-second line voltage 
the input potential of the upper fixed con- 
tact and during the other half-cycle the 
feedback potential of the lower fixed con- 
tact, the magnitude of the alternating 
voltage output from the vibrator is re- 
duced by the d-c feed-back voltage. This 
reduces the over-all gain of the error signal 
amplifier but serves to stabilize the ampli- 
fier output against changes in supply volt- 
ages and tube characteristics. The 
amount of feedback, and consequently the 
gain of the amplifier, is adjusted by means 
of P, 6. 

Also connected across the d-c output is 
the on-range relay which actuates the 
automatic protection circuits when the 
speed error exceeds 1,000 or 4,000 rpm, 
depending upon the setting of the range 
switch. When energized it also inserts a 
1.5-megohm protective resistor in series 
with the speed error meter. 


The Input Trigger Amplifier 


There are various shaping amplifiers 
which can be used to operate the fre- 
quency measuring circuit. The one se- 
lected for this frequency meter is a new 
reliable ‘‘go—no go”’ circuit. That is, when 
the input speed signal amplitude exceeds 
a critical minimum voltage of about 0.15 
volt (at any frequency from zero to at 
least 5 kc), the amplifier will trigger and 
provide high level square wave output of 
constant amplitude and one-half the in- 
put frequency. If the input signal ampli- 
tude falls below the critical value, the cir- 
cuit will give no output at all. This fea- 
ture is utilized by the automatic protec- 
tion circuits to stop the turbine and sum- 
mon the operator in the event of erratic or 
insufficient input signal from the photo- 
electric speed pickup. 

The circuit diagram is shown in Figure 
13. The input tube Vo is an amplifier 
to feed the required 10,000-ohm input 
to the first trigger tube V;. With the 
plate, cathode, and grid resistance values 
as shown, V; can be set up to have two 
stable operating points. The bias and 
feed-back resistors are adjusted until the 
tube is operating in one equilibrium con- 
dition and almost at the point where it 
will change to the second equilibrium 
condition. Then a small input signal will 
trigger the tube from one operating con- 
dition to the other. Output can be taken 
between ground and either the plate or 
the number 2 grid. 

Although the tube will be triggered by 
either a rising or decreasing wave front 
as soon as the amplitude crosses a given 
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critical value, better square wave results 
when the triggering impulse is a sharp 
pulse, in which case a small capacitor 
connected between the plate and the num- 
ber 1 grid adds to the reliability of opera- 
tion. 

The output from the number 2 grid of 
V; has squared sides but not a perfectly 
flat top and bottom. This signal is dif- 
ferentiated in the output R-C branch (25 
micromicrofarads, 10,000 ohms) to obtain 
sharp pulses for tripping a second trigger 
tube V3. 

The differentiated output appears at 
the number 1 grid of V2 as a series of al- 
ternate positive and negative pulses. 
But the timeinterval between a given posi- 
tive pulse and the adjacent negative 
pulse might be different in length from 
the interval between the negative pulse 
‘and the following positive pulse if the 
speed input signal has unequal positive 
and negative half cycles such as might be 
provided by a photoelectric speed pickup. 
Therefore the blanking amplifier V2 re- 
moves alternate pulses (by successive 
positive and negative blanking), produc- 
ing at its second cathode a new series of 
equidistant pulses that are positive only. 
These are differentiated in the output 
R-C branch (10 micromicrofarads, 500,- 
000 ohms) to obtain very sharp double- 
ended pulses which are used to fire the 
second trigger tube V3. A given pulse 
triggers the tube in one direction and the 
following pulse trips it in the opposite 
direction. The resultant output from V3; 
is a good square wave voltage having 
equal positive and negative half cycles. 
Its frequency is exactly half that of the 
input speed signal. This single ended 
square wave is fed to a 6N7-G phase in- 
verter which produces double-ended 
square wave to drive the two switching 
tubes V, and V2 in the frequency measur- 
ing circuit. 


The Servomechanism 


As shown in Figure 1, the diaphragm- 
actuated steam control valve is operated 
by an electropneumatic servomechanism, 
which receives 60-cycle-per-second speed 
error signal from the frequency meter unit. 
To supply regulated air to the steam 
control valve, at 0 to 100 pounds per 
square inch, the servomechanism utilizes 


The phototube assembly 


Figure 12. 


each end of the cylinder housing, a sole- 
noid and adjustable spring assembly is 
provided to position the armature within 
the cylinder. When the armature is 
moved to the right far enough to open the 
inlet port, high pressure air will flow 
around the undercut middle section of the 
armature and through the center outlet to 
the diaphragm of the steam control valve. 
The pressure built up in the diaphragm 
chamber will depend upon how much and 
how long the inlet port is open. When the 
armature is returned to the neutral posi- 
tion so that both ports are closed, the 
output pressure will remain at the built- 
up value until the armature is moved to 
the left to open the exhaust port or until 
the air leaks out around the armature 
bearing surfaces. Thus by proper posi- 
tioning of the armature, the output pres- 
sire can be set to any value between 0 and 
100 pounds per square inch. 

Each of the solenoid coils is connected 
as the plate load of a 6L6 power output 
tube in a phase-discriminating servo 


20,0002 


° 
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amplifier shown in Figure 8. The two 6L6 
plate circuits are energized, 180 degrees 
out of phase, by the 60-cycle-per-second 
line via the high voltage transformer T» 
whose secondary is grounded at its center- 
tap. At zero a-c input to the 6L6 grids, 
the tubes are balanced to supply equal 
plate currents to the two solenoid coils. 
A 60-cycle-per-second error signal applied 
to the grids such that it is in phase with 
the plate voltage of the upper tube will be 
out of phase with the plate voltage of the 
lower tube; therefore the plate current of 
the upper tube will increase and that of 
the lower tube will decrease. This will re- 
sult in a differential magnetic pull on the 
valve armature, which will move the arma- 
ture toward the inlet port to increase the 
output air pressure. Similarly, if the 
phase of the input error signal is reversed, 
the lower tube will conduct more plate 
current than the upper one, moving the 
armature toward the exhaust port to de- 
crease the output air pressure. 

The current in each solenoid is half- 
wave rectified 60-cycle - per - second, 
partly smoothed by means of a 0.5-micro- 
farad shunt capacitor. The remaining a-c 
component of coil current is utilized to 
buzz the armature at 60 cycles per second 
and minimize static friction in the valve 
bearings. A portion of the second-har- 
monic cathode voltage is fed back to the 
input voltage amplifier to provide added 
stability and an over-all gain control. 

The 60-cycle-per-second sine-wave in- 
put to the servo amplifier consists of speed 
error signal (coming in through a “‘control 
sensitivity” attenuator and the bat handle 
switch) in series with air pressure follow- 
up signal (from the pressure gauge bridge 
circuit via transformer JT). The electro- 
magnetic pressure gauge consists of two 


Figure 13. The input trigger amplifier 
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Electrical Anti-icing of Aircraft 
Windshields 


J. D. Mc¢CRUMM 


ASSOCIATE AIEE 


REVENTION of ice formation on the 

aircraft windshield presents difficult 
problems. In addition to optical quality, 
the thermal and structural characteristics 
of suitable transparent materials, such as 
glass and certain plastics, must be given 
careful consideration. Further, an im- 
portant design criterion for an aircraft 
windshield is its ability to withstand im- 
pact loads such as those which result 
when a large bird strikes the windshield. 
Contemporary windshield design practice 
usually calls for a laminated structure, 
commonly consisting of a layer of poly- 
vinyl butyral, encased between two 
plates of tempered glass. The impact re- 
sistance of such a construction has been 
shown to be dependent upon the vinyl 
temperature, the optimum temperature 
being of the order of 110 degrees Fahren- 
heit. Direct correlation thus exists be- 
tween impact resistance and anti-icing 
ability in windshield design. The regula- 
tions of the Civil Aeronautics Board 
specify that the windshield and support- 
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ing structure of a transport airplane shall 
be designed to resist the impact of a 4- 
pound bird when the airplane is flying at 
sea level cruising speed.! It is apparent, 
therefore, that it may be necessary to 
supply heat to a laminated windshield 
continuously, regardless of the prevalence 
of icing conditions, and further that the 
amount of heat must be controlled within 
the limits specified by impact resistance 
as well as deicing. 

Five schemes or combinations thereof 
have been advanced for the prevention of 
ice formation on the windshield: 


1. Fluid and wiper. 

2. Hot air. 

3. Resistance wires embedded in the wind- 
shield. 

4. Radiant heat (infrared). 


5. A transparent electrically-conductive 
coating. 


It is the purpose of this paper to ex- 
amine the basic considerations for the de- 
sign of a windshield anti-icing system, and 
to discuss in some detail the pertinent 
characteristics peculiar to each scheme. 
The design will be considered primarily as 
a windshield ice-prevention problem, with 
impact resistance as the major secondary 
consideration. 


Heat Requirements 


Thermal energy is removed in several 
ways from a heated windshield which is 
being flown in an icing envirenment. 
Assuming flight through a dense forma- 


similar coils whose inductances are varied 
equal amounts but in opposite directions 
by changes in servo output air pressure. 
These coils are connected along with the 
air pressure control dial into a 60-cycle- 
per-second bridge circuit. By means of 
the air pressure control dial, the bridge 
can be balanced to zero at any given 
operating air pressure. Then any change 
in pressure will produce a bridge unbal- 
ance and a proportional output error 
voltage, which will energize the servo 
amplifier to return the air pressure 
to its original value and rebalance the 
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bridge. If, however, the air pressure con- 
trol dial is displaced, the servo will 
stabilize the output pressure at the new 
value required to rebalance the bridge at 
the new setting of the control dial. 

By means of the resistor R; and ca- 
pacitor C; the follow-up voltage at the 
secondary of T, is phased exactly with the 
speed error signal from frequency meter. 

When the bat handle is held down, the 
speed error signal is disconnected and the 
servo responds only to the bridge circuit, 
so that the air pressure control dial can 
be used for manual speed control. 
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tion of super-cooled water droplets, effec- 
tive anti-icing will be achieved by main- 
taining the outer surface of the wind- 
shield at a temperature above freezing, 
say 35 degrees Fahrenheit. The heat ab- 
sorbed from the surface can be grouped 
into four basic categories: 


1. The loss by forced convection and radia- 
tion. 

2. The heat of liquid required to raise the 
temperature of the water droplets striking 
the surface. 


3. The loss by evaporation of that portion 
of water required to maintain 100 per cent 
vapor saturation in the surface boundary 
layer. 


4. The edge losses by conduction to the 
structure. 


A fifth category, kinetic heating,* should 
be considered, representing a gain of heat. 

The relative importance of kinetic heat- 
ing is dependent upon the amount of free 
water in the cloud. For a low water den- 
sity and small droplets, the droplets may 
be evaporated entirely before they strike 
the windshield surface. For a higher 
water concentration, water will strike the 
surface and at once be vaporized so that 
the surface remains dry; in this case, the 
kinetic heat equals or exceeds the heat 
losses. Insufficient kinetic heating is 
characterized by a sharp reduction in the 
temperature of the surface (with a conse- 
quent icing over) unless auxiliary heat is 
supplied. Complete wetting of the sur- 
face will be brought about by a relatively 
high concentration of water, and all five 
factors plus auxiliary heat achieve im- 
portance in an anti-icing heat balance 
analysis. 

The relative magnitude of the thermal 
losses for a given airplane and windshield 
are dependent upon the outside air tem- 
perature, water droplet size, amount of 
water per unit volume, altitude, and air- 
craft velocity. Two other determining 
factors, the surface boundary layer ve- 
locity distribution and amount of water 
catch, are influenced by those structural 
conditions which determine the aero- 
dynamic flow characteristics over the 
windshield. Briefly consider each pre- 
viously mentioned heat loss. 

Loss by forced convection in wet air is 
greater than in dry air because of the 
higher specific heat of wet air; the radia- 
tion loss is relatively small. The heat of 
liquid required to raise the water tempera- 
ture is dependent upon the amount of 
water catch on the windshield and the 
temperature differential through which it 
is raised. The loss by heat of evaporation 


* In wet air Prandtl’s number approaches unity, 
and kinetic heating becomes proportional to the 
airplane velocity squared. 
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requires more detailed explanation. As 
the temperature of the air in the boundary 
layer over the windshield increases, be- 
cause of the acquisition of auxiliary heat, 
it possesses a greater ability to absorb 
water. If the air at the initial tempera- 
ture is considered 100 per cent saturated, 
a lower degree of saturation will exist at 
the higher temperature. Because of the 
resulting differential vapor pressure con- 
ditions, liquid will be evaporated from the 
water droplets and the wet windshield 
surface, and a considerable amount of 
thermal energy will be extracted in the 
process. Loss by conduction at the frame 
is a function of the frame configuration 
and thermal contact at the glass edge. 


The temperature specifications for 
maximum impact strength have been 
mentioned. Figure 1, taken from refer- 
ence 2, indicates a maximum strength 
when the vinyl plastic is maintained at 
110 degrees Fahrenheit, but little devia- 
tion from the maximum strength results 
over a temperature range of from 100 to 
120 degrees Fahrenheit. When the vinyl 
is at a temperature corresponding to that 
of cabin air, say 70 degrees Fahrenheit, 
the impact strength based on penetration 
velocity is reduced by about 45 per cent. 
This is a serious diminution. The data of 
Figure 1 refer to a specific windshield and 
frame design. Other similar designs will 
have different absolute maximum impact 
resistance, but the maximum will occur at 
about the same vinyl temperature. 


It is evident that if impact resistance be 
considered a design criterion of an anti- 
icing windshield, the thermal require- 
ments will be influenced accordingly. 
This is particularly true when the time 
schedule of operation is considered, since 
adequate impact resistance may require 
application of heat continuously while the 
airplane is in flight; anti-icing may be re- 
quired only at infrequent intervals. The 
relative heat demand is modified by varia- 
tions in glass and vinyl thickness, method 
of heat application, and plane at which 
heat is developed initially, as well as dif- 
ferences in the flight atmosphere. 


Design Considerations 


Definite factors influence the adoption 
and design of a windshield anti-icing 
scheme: 

1. Anti-icing ability. 


2. Impact resistance. Proper structural 
design is involved, possibly supplemented 
by heat. 


3. Weight. 


4. Optical properties. Freedom from an- 
noying reflections, adequate light transmis- 
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sion, freedom from optical distortion, and 
so forth, are necessary. 


5. Easeofcontrol. The arrangement must 
lend itself to a reasonably simple and reliable 
control system with rapid response charac- 
teristics. 


6. Transient thermal properties. The sys- 
tem should be able to commence effective 
anti-icing quickly from an initially unen- 
ergized state. 

7. Structural factors. Depending upon 
the source of heat, the structure must be 
adapted to the primary needs of the system. 
A simple structural and interior layout is 
desirable. 


8. Fundamental means for ice prevention. 
Other than fluid deicing, four thermal sys- 
tems are available. Selection of a system 
must include consideration of the influence 
of the deicing system on the functional be- 
havior of other components of the airplane. 


9. Reliability and safety. 


10. Aerodynamic considerations. The ve- 
locity distribution over the windshield sur- 
face and the amount of water catch will be 
determined by the air flow characteristics 
over the nose and upper front fuselage. 
Thermal requirements are affected directly. 


11. Pilot comfort. A high temperature 
at the inner windshield surface will result 
in excessive radiant heat on the pilot. 
Discharging large amounts of warm air in 
the cockpit enclosure from a hot air system 
is likewise undesirable. 


12. Maintenance and ease of servicing. 


13. Fabrication of windshield. A means of 
ice removal requiring a panel difficult to 
manufacture and correspondingly costly is 
to be avoided. Replacement as well as 
initial cost would be high. 


14. Defogging and defrosting. Collection 
of fog or frost on the interior windshield 
surface also must be avoided, the simplest 
means being to maintain the inner surface 
above the dew point temperature for the 
given cockpit air humidity, density, and 
temperature. 


Miscellaneous factors arise from other 
sources. For example, one air line is con- 
sidering the addition of a thermal deicing 
system on a modified Douglas C-54 air- 
plane. Since the line figures a revenue loss 
of over 1,000 dollars for each day the air- 
plane is out of service, a system which can 
be installed quickly is highly desirable, 
even though a weight penalty of several 
pounds is exacted. 

A discussion of the possible methods of 
supplying heat to the windshield will 
assist in forming a decision as to the most 
desirable scheme for a given airplane. 


Nonelectrical Methods 


Two nonelectrical deicing systems are in 
common use and will be discussed briefly 
for comparison with electrical methods. 
The earliest and most widely used method 
consists of a mechanical wiper which also 


McCrumm—Electrical Anti-icing 


distributes an alcohol fluid freezing point 
depressant over the wiping surface. 
There are definite limits to the deicing 
ability, and of course no protection at all 
is afforded after the supply of fluid is ex- 
hausted. The system is, however, simple 
and reasonably light in weight, and may 
be applied readily to most structural con- 
figurations without modification. Curved 


x 

b= 

al 

<> 

fae 

w2 

es 
70 80 90 100 10 (20 (30 140 
TEMPERATURE — DEGREES FAHRENHEIT 

Figure 1. Variation of bird penetration 


velocity with temperature of a laminated glass 
and vinyl plastic windshield 


windshields present an obvious problem. 
Other advantages and disadvantages are 
evident and will not be enumerated. 

Hot air anti-icing has received much 
attention since 1940.2 The most com- 
monly used arrangement consists of two 
panes with an air gap of from 0.1 to 0.2 
inch. The heated air is introduced at one 
edge, passes between the two panels, and 
is discharged directly into the cockpit, 
over other windows for defogging, or else- 
where. The inner panel is usually of im- 
pact resistant construction and the outer 
designed for maximum heat transfer con- 
sistent with adequate strength. One 
heated air scheme introduces the air to 
the windshield on the outside surface in 
the form of an artificial boundary layer. 

The hot air system is reasonably light 
in weight, although the weight of a second 
panel is appreciable. Optically, the 
double windshield is poorer than a single 
pane arrangement because of the multi- 
plicity of light images, both transmitted 
and reflected, occasioned by the two addi- 
tional prime surfaces. A distinct dis- 
advantage is the high temperature and 
mass of air flow required to provide the 
necessary thermal energy for combatting 
a severe icing atmosphere. This may 
overheat any vinyl plastic present, caus- 
ing permanent small bubbles to form, and 
also appreciably reduce the impact 
strength of a laminated panel. Further, 
the resulting hot inner surface radiates 
excessive heat to the pilot’s face. The 
glass may crack because of the high ther- 
mal gradients. However, the system has 
been adopted for numerous military and 
commercial aircraft, largely because of 
the relative ease in obtaining heated air, 
either from waste exhaust heat or primary 
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combustion heaters, compared with the 
difficulty of procuring sufficient electric 
power and specially designed windshields. 


Embedded Wires 


Perhaps the most obvious electrical 
method of developing heat at the wind- 
shield surface is by means of embedded 
resistance wires. This idea is not new. 
Rodert describes experiments in which a 
series of wires were mounted in a space 
between two glass panels with the inter- 
vening region filled with liquid ethylene 
glycol.4 The method proved unsatisfac- 
tory because of the difficulty in sealing the 
configuration against leaks of glycol 
liquid. A windshield of laminar con- 
struction with a layer of vinyl plastic 
sandwiched between two panes of 
tempered glass conceivably could have 
wires embedded in either the glass or the 
vinyl. Because of fabrication difficulties, 
however, it is impracticable to embed the 
wires in the glass. One air frame manu- 
facturer has intensively pursued an in- 
vestigation of panels having the fine wires 
situated at the interface of the glass and 
plastic. 

The wires must be of a material which 
can be drawn to a diameter of about one 
mil or less and still possess adequate ten- 
sile strength. The resistance must be 
correlated with the required deicing power 
per square foot, wire spacing, and oper- 
ating voltage. The wire surface should be 
dull to avoid reflections. Several ma- 
terials are suitable, such as copper, pla- 
tinum, copper encased in platinum for 
strength, beryllium-copper, or nickel. 
During manufacture the wires are bonded 
to the vinyl while under tension. Wire 
buckling and kinking thus is prevented 
both during panel fabrication and while 
being heated electrically. The ends are 
soldered to a bus, usually running hori- 
zontally at the top and bottom of the 
windshield with the wires contained 
wertically. Visual distraction is less with 
this arrangement than with the wires 
amounted horizontally. 

A typical design will be described. 
Beryllium-copper wire one mil in di- 
ameter is embedded at or very near the 
interface between the outer pane and the 
vinyl. The thicknesses of glass and 
plastic depend upon the impact strength 
desired, except that a sufficiently thick 
front glass pane is required to permit a 
uniform temperature distribution over 
the outer face. Three-quarter tempered 
glass panels 3/16 inch thick, with 1/8 inch 
to 1/4 inch vinyl are typical dimensions 
for a windshield 15 inches by 30 inches 
over-all. Assuming an anti-icing heat de- 
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Figure 2. Dependence of radiation intensity 
upon wave length for a black body 


mand of 1,740 Btu per hour per square 
foot with a five-per-cent loss into the 
pilot enclosure, 535 watts per square foot 
must be developed by the heated wires. 
Mounting the wires vertically, and allow- 
ing a one-half-inch-wide horizontal bus at 
top and bottom, the wires will be 14 
inches long. One mil beryllium-copper 
has a resistance of about 60 ohms per foot, 
and at 27 volts each wire will dissipate 
10.4 watts. Thus 60 wires will be neces- 
cary per foot of panel, or a wire spacing of 
0.2 inch, 

A German windshield, reported by a 
technical observer of the ‘‘Combined 
Intelligence Objectives Subcommittee” 
under the British and United States 
Armies, is described as having 0.015 
millimeter (0.6 mil) of copper wire embed- 
ded in a plastic middle layer, with a very 
narrow spacing of the order of 0.05 inch. 

The deicing ability of an embedded 
wire panel should be good, but will be 
limited by the temperature developed in 
the vinyl. Exceeding the temperature for 
maximum impact strength is one consider- 
ation; another is a 200-degree-Fahrenheit 
limit imposed by the tendency of the 
plasticizer to vaporize above this tempera- 
ture, forming permanent small bubbles. 
Values much higher than the critical limit 
for bubble formation must be developed 
at the wire surfaces to produce a lower 
required average vinyl temperature. 

The important factors favoring hot 
wire windshields are the light weight 
associated with operation on 28 volts, 
their reliability, and the efficient manner 
in which the developed heat energy is 
dissipated. 

The disadvantages of the scheme are 
fundamental and _ serious. Optically, 
there are two deterrents. First is the 
necessity for looking through the closely 
spaced fine wires with the concomitant 
eye fatigue. Viewed from a distance of 
two feet, with eyes focused on objects be- 
yond the windshield, the visual distrac- 
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tion is slight but not insignificant. Sec- 
ond, and of greater importance, is the 
optical distortion caused by the local 
heating of the vinyl sheath about each 
wire. The resulting localized variation of 
the index of refraction will distort se- 
verely objects viewed through the panel. 
The extent of distortion is proportional to 
the temperature gradient, and provision 
of, sufficient heat for anti-icing under 
moderate to extreme conditions may ren- 
der the windshield optically useless. This 
condition is tempered by virtue of an out- 
side visibility of zero during icing condi- 
tions anyway, but the significant time re- 
quired for the distortion to fade away 
after the panel is de-energized may be 
serious. The distortion produced by the 
heat necessary in clear air for interior de- 
fogging and for impact strength further 
establishes the seriousness of the situation. 

The necessary construction renders the 
windshield difficult and expensive to 
manufacture, and the deicing ability is 
limited by local overheating of the vinyl. 
If the necessity for supplying heat in 
clear air conditions (for impact strength 
and defogging) or the inadvisability of 
so doing (because of distortion) are dis- 
regarded, a complication is introduced by 
the thermal lag of the system. The time 
which elapses between the application of 
power and the inception of ice removal 
could be serious in an emergency. 


Infrared Radiation 


Radiant thermal energy directed on a 
solid body will be absorbed to a varying 
degree. Most solids are sensibly opaque 
to infrared radiation, but because of the 
characteristic similarity between energy 
in the visible spectrum and in the near 
infrared spectrum, visually transparent 
substances such as windshield constitu- 
ents will pass a certain portion of the 
energy entering the surface. Because of 
surface reflection, only a part of the radia- 
tion impinging on the surface will enter 
any material. 

The amount of energy reflected or ab- 
sorbed by a receiver is a function of the 
wave length of the radiations emitted by 
the source.5 The visible spectrum is in- 
cluded within the range of from 0.35 to 
0.8 micron. The infrared spectrum is 
divided arbitrarily into the near infrared 
spectrum ranging from 0.8 micron to 
around 25 microns, and the far infrared 
spectrum ranging above 25 microns. In 
general, thermal radiation at all wave 
lengths is emitted by hot solid bodies, 
the total emission depending upon the 
temperature, the material, and the con- 
dition of the surface. Typical radiation 
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patterns for a body at two temperatures 
is shown in Figure 2. A small fraction of 
the total energy is in the visible range but 
the greatest portion is in the near infrared 
spectrum. At higher temperatures the 
peak of the curve is shifted to a lower 
wave length, the position of the maximum 
being inversely proportional to the abso- 
lute temperature. 


The dependence upon wave length of 
the total energy absorbed by an optically 
transparent receiver is indicated in Figure 
38. Ordinary glass and vinyl plastic 
readily pass the visible frequencies. The 
very near infrared spectrum is largely 
passed by the glass, but strongly ab- 
sorbed by the vinyl. Thermal radiation 
at frequencies above 2.8 microns is ab- 
sorbed by both materials. Special glasses 
are available which are opaque to visible 
radiation, but which transmit most of the 
infrared rays from one to four microns. 
Conversely, others transmit most of the 
visible rays, but strongly absorb all wave 
lengths above 0.8 micron. 


An anti-icing scheme using infrared rays 
is apparent. A grid consisting of electri- 
cally heated wires or a series of specially 
constructed radiant heat lamps are prac- 
tical as a source. A polished metal re- 
flector will assist in concentrating or dis- 
tributing the energy on the windshield. 
An infrared filter may be incorporated, 
depending upon the amount of visible 
light developed (a direct function of 
source temperature) and the necessity for 
eliminating it. Directing the radiation on 
the windshield will cause it to rise in tem- 
perature, and if sufficient energy is sup- 
plied, effective ice prevention may be 
accomplished. 

Most of the heat is developed within 
the windshield because of the relatively 
strong absorptive characteristic of the 
vinyl. The proportional amount for a 
specific case may be determined from 
Figure 3. The heat then is transmitted 
by conduction to the outside. The 
amount of energy passing on through the 
assembly may be reduced by using a heat 
absorbing glass as the outer pane, thus 
collecting more heat energy in this plane. 
However, radiation energy passing com- 
pletely through the windshield will be 
absorbed by ice or water which may have 
collected on the surface. Laboratory 
tests show that a layer of ice so irradiated 
tends to ‘‘mush-up” and melt throughout 
the layer, a phenomenon readily ex- 
plained by the penetrating power of the 
radiation. 

A similar layer melted only by 
heat conducted through the glass dis- 
plays a tendency to melt away at the 
glass surface, leaving an ice bridge over 
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the windshield but separated from it by a 
small air or water filled space. 

Suitably locating the source of the in- 
frared rays is one of the major problems 
presented by this system. Pilot vision 
must not be impaired, but a reasonably 
uniform distribution of heat must be se- 
cured. These conditions are difficult to 
meet except for highly sloping wind- 
shields, since the incident radiation should 
strike the windshield at as near 90 degrees 
as possible. Any solution for windshield 
configurations similar to the DC-3 or 
DC-6 is apt to be awkward, and require 
considerable skill in overcoming the in- 
herent spatial problem. The ratio of 
source space required to power emanated 
is of the order of one to two cubic inches 
per watt. The applicability of radiant 
heating thus is seen to be greatly depend- 
ent upon the structural configuration of 
the cockpit. 

One answer to the space question is to 
locate the source outside of the airplane. 
Some form of retractable mounting for 
hermetically sealed source could be em- 
ployed in conjunction with a filter to 
eliminate the visible light. The slope of 
the windshield may make it desirable to 
mount the source above the windshield 
rather than on the nose. This or other 
factors combined with the high space-to- 
power ratio again emphasize the funda- 
mental awkwardness of the scheme based 
on infrared radiation. 

Advantages of a radiant heating scheme 
are light weight and ability to operate on 
28 volts. A special windshield design is 
unnecessary, and the appropriate plastic 
temperature for satisfactory impact 
strength may be maintained, although 
this temperature will not be synonymous 
with the all anti-icing heat requirements. 
Indeed, because of the absorbtive 
capacity of the vinyl in the near infrared 
spectrum and its low thermal conduc- 
tivity, an inside source may overheat 
seriously the inner plane of plastic in an 
attempt to transmit sufficient heat to the 
outer glass. 

Major disadvantages are the cumbrous 
installation demands, the difficulty of ob- 
taining even heat distribution over the 
windshield, and the fire hazard inherent 
in operating the source at a suitably high 
temperature. The over-all energy ef- 
ficiency is poor because of heat losses at 
the source by convection and conduction 
plus the loss in a filter should one be 
necessary. There are also practical limits 
to the amount of heat energy that can be 
developed by the source, and to the 
amount the windshield can absorb with- 
out undue temperature gradients within 
the glass and vinyl sections. The former 
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condition is more of a limitation than the 
latter, and is related to the space and 
safety requirements and thermal effici- 
ency. Either factor may make it impos- 
sible for the infrared radiation system to 
provide sufficient protection against the 
expected icing environment. 


Transparent Electric Conductor 


A transparent electrically conductive 
coating on glass, a coating of unique 
properties, recently has been developed 
and introduced by a major glass manu- 
facturer.* The importance and applica- 
tion of such a coating for windshield de- 
icing is at once obvious. A coating of 
this general description is not new; a film 
of high electrical resistance has been used 
in the past on glass surfaces for the pre- 
vention of electric charge collection, or 
electrostatic shielding. The new coating, 
however, exhibits the very important ad- 
vantages of relatively low resistance and 
indestructibility. Instead of resistivities 
of the order of megohms, the new so-called 
NESA coating, can be produced with a 
resistivity as low as 100 to 120 ohms per 
square, this being the resistance measured 
between opposite sides of a square sheet 
of any linear dimension. Some idea of the 
thinness of the NESA coating is gained 
by considering that a film of copper hav- 
ing a resistivity of 100 ohms per square 
would be only seven billionths of an inch 
thick (assuming that the dimensional 
resistance properties are maintained for 
very thin sections, which may not be the 
case). This is about 0.03 of one per cent 
of the wave length of light. 

The exact nature of the NESA film is 
not known to the author, but its physical 
properties and limitations can be de- 
scribed. The basic material is applied to 
a glass surface and processed at relatively 
high temperatures. It cannot be applied 
to such materials as Plexiglas (because of 
the high processing temperature, and 
possibly other factors). The film has ex- 
cellent abrasive resistance properties, be- 
ing of the nature of the glass itself. The 
coated glass may be partially tempered, 
but a high temper presents some difficul- 
ties. A laminated panel can be made with 
the coating next to the vinyl plastic if so 
desired. A NESA coating within @ 
laminated panel will introduce a loss in 
light transmission of around four per cent 
largely by reflection loss caused by the 
difference in the index of refraction of the 
glass or vinyl and the NESA. A coating 
on the outer glass surface will double this 
loss and occasion more objectionable re- 
flections. The index of refraction of the 


* The Pittsburgh Plate Glass Company. 
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NESA is approximately two. When 
viewed by transmitted light, the panel 
imparts no noticeable reflections or color. 
By reflected light, the reflections from the 
NESA surface are sharp and possess a 
greenish or reddish caste. The coating 
appears mottled under close inspection 
and formed of small splotches reflecting 
red and green. 

Electrical connection is established by 
means of a narrow opaque bus applied as 
a coating to the surface of the NESA film 
and usually running lengthwise along 
opposite edges of a panel. A copper strip 
may be soldered to the bus and brought 
out to serve as a terminal connection 
point. 

The uniformity of the NESA coating 
on an aircraft windshield is important, 
since a nonuniform film will produce 
localized hot and cold spots. Several 
large laminated panels, with the coat- 
ing either on the outer glass surface 
or next to the vinyl, have been labo- 
ratory tested for thermal variance. 
The results show a maximum deviation 
from the average of about plus or minus 
three degrees Fahrenheit for spot checks 
at points two inches apart over the entire 
windshield surface. These data were ob- 
tained with the horizontally mounted 
panel in still air with a steady state aver- 
age surface temperature of approximately 
100 degrees Fahrenheit. 


A windshield has been designed for a 
pressurized Douglas airplane which is ex- 
pected to provide freedom from icing 
under the most severe anticipated condi- 
tions at any operating speed or altitude of 
the plane. Further, impact resistance of 
significant excess over the minimum re- 
quirement may be incorporated at all 
times. The panel is approximately 13 
inches wide, 28 inches long at the top and 
31 inches long at the bottom. A maxi- 
mum power of 3,100 Btu per hour per 
square foot is to be dissipated by the 
NESA film which has a resistivity of 120 
ohms per square. The heat requirement 
was computed by methods previously 
described as that required to anti-ice for 
the severest expected atmospheric con- 
ditions at minus ten degrees Fahrenheit, 
sea level, and 270 miles per hour, and 
assuming that the outer surface of the 
windshield is maintained at 35 degrees 
Fahrenheit. The average vinyl tempera- 
ture will be controlled at 110 degrees plus 
or minus ten degrees Fahrenheit for 
greatest impact strength, and will not ex- 
ceed 125 degrees Fahrenheit under this 
maximum power demand condition. 

First considerations in the design were 
the location of the NESA layer, and the 
glass and vinyl thicknesses. For the most 
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Pittsburgh Plate Glass Company 
Figure 3. Transmission characteristics as a 
function of wave length 


A—Polished plate glass, 6.17 millimeters 
B—Vinyl plastic, 3.1 millimeters 
C—Laminated panel, 0.120-inch vinyl plastic 
encased between two 7/gs-inch glass panes 


rapid response and most effective deicing, 
the coating should be put on the wind- 
shield outer surface. This, however, in- 
troduced the problem of protecting the 
bus from abrasion, a safety hazard be- 
cause of the exposed coating, and neces- 
sitated other means, such as another in- 
terior coating, for maintaining a warm 
vinyl and for defogging. The best com- 
promise was a NESA coating on the inner 
surface of the outer pane. The power of 
3,100 Btu per hour per square foot will be 
conducted through the outer pane at a 
negative temperature gradient of 465 de- 
grees per inch, neglecting edge conditions. 
A glass panel 3/16 inch thick will transmit 
this thermal energy at a temperature dif- 
ference of 87 degrees Fahrenheit, thus re- 
quiring 122 degrees Fahrenheit at the 
vinyl-glass interface, a figure which is 
approximately the upper limit for maxi- 
mum impact strength. A thinner front 
pane would be satisfactory thermally and 
more desirable from the standpoint of 
rapid transient response, but strength and 
glass temper considerations lead to the 
selection of the greater thickness. The 
same thickness was adopted for the inner 
pane, and 1/8 to 3/16 inch adopted for the 
vinyl. The temperature difference across 
the vinyl under operating conditions will 
be only a few degrees. 

The described windshield incorporates a 
5/16-inch bus running horizontally at the 
top and bottom edges behind the mount- 
ing frame. The heated area is 2.65 square 
feet requiring 2.4 kw at 3,100 Btu per 
hour per square foot. This amount of 
power will be developed by 350 volts for a 
coating resistivity of 120 ohms per square. 

Control may be effected by maintaining 
a vinyl temperature appropriate for high 
impact resistance. At 110 degrees Fahr- 
enheit nearly all icing environment can be 


McCrumm—Electrical Anti-icing 


countered; for the most severe conditions 
the control setting can be increased to 
120 or 125 degrees Fahrenheit. Only a 
minor sacrifice in impact strength will be 
introduced by maintaining the tempera- 
ture in the upper range, and full anti-icing 
ability will be provided at all times. Or, 
if sufficient strength is developed at a 
lower temperature, say 70 degrees Fahren- 
heit, control could be maintained at this 
point with a corresponding improvement 
in pilot comfort in a warm cockpit. Sev- 
eral schemes for control have been ad- 
vanced which will not be enumerated 
here. The design will depend largely 
upon the following three factors: 


1. The source of electric power and type of 
generating equipment. 


2. The type of temperature sensing element 
incorporated with the windshield. 


3. The transient thermal response of the 
windshield and associated components. 


At the maximum flying speed in cold 
clear air, sufficient power must be sup- 
plied to the windshield to maintain the 
optimum vinyl temperature. The pre- 
viously quoted figure of 3,100 Btu per 
hour per square foot will suffice to main- 
tain a vinyl temperature of 120 degrees 
Fahrenheit for an outside air temperature 
of minus 70 degrees Fahrenheit at 270 
miles per hour. 

Provision for stand-by in case of con- 
trol or generating equipment failure may 
be obtained by using two control units and 
two alternators or inverters. Alternating 
current is the most logical type of power 
because of the high voltage requirement 
and absence of disturbing unidirectional 
fields. One generator may be of a capac- 
ity that is sufficient to do the whole job, 
with a second machine for stand-by; or 
two generators of half capacity may be 
used with a switching arrangement to 
allow application of power to the pilot’s 
windshield system only, should his gen- 
erator or control fail. Thus at least half 
of the pilot’s enclosure could be kept ice- 
free in an emergency, and for light icing 
conditions the one generator could deice 
the entire windshield system. 

The transparent electrically conducting 
coating of low resistance appears to be an 
ideal solution to the windshield icing and 
impact proofing problem. The maximum 
amount of heat required for the worst 
conditions may be supplied easily and 
used efficiently. The system lends itself 
readily to control both from anti-icing and 
impact resistance considerations. A 
NESA coated windshield possesses satis- 
factory optical characteristics at all times. 
It is relatively simple to manufacture, not 
subject to failure in operation, and alleged 
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HE USE of an inert gas in enclosed 

electric equipment has increased con- 
siderably in recent years. In transform- 
ers an inert gas is used in the space pro- 
vided above the transformer fluid to al- 
low for its volumetric expansion with 
temperature rise. There the function of 
the gas is to provide an inert medium by 
which the pressure at the surface of the 
transformer fluid is kept slightly above 
atmospheric. Thus the fluid is not ex- 
posed to the moisture and oxygen of the 
air, as it is with the so-called ‘“‘open- 
breather” or ‘‘oil-conservator’” types 
unless the latter communicate with the 
outside atmosphere through chemical 
agents. In gas pressure cables, however, 
the inert gas is used at pressures up to 
approximately 15 atmospheres in order 
that the cables may operate successfully 
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at electric stresses that are higher than 
otherwise would be possible.!~* 

The purpose of this paper is to call at- 
tention to a phenomenon that occurs in 
enclosed electric equipment in which 
both an inert gas and fibrous material 
are present. The systems involved tend 
to establish an equilibrium between the 
moisture content of the fibrous materials 
and that in the gas space. Considera- 
tion, therefore, should be given to the 
moisture content of the fibrous materials 
present as well as that of the gas itself. 
A quantitative method is suggested for 
predetermining the equilibrium condi- 
tion for both unimpregnated and impreg- 
nated fibers. It is believed that use of 
the method may assist in the solution of 
manufacturing and operating problems. 


Field Experience and Data 


The increasing of the moisture content 
of dry nitrogen by the transfer of moisture 
from fibrous materials has been observed 
in The Detroit Edison Company in trans- 


formers and in the 120,000-volt gas-pres- 
sure cable.'~* This increasing of the 
moisture content of the gas can be of 
practical significance only if the dew 
point of the gas is reached at local cool 
spots over considerable periods of time, 
thus causing progressive transfer of 
moisture from the warmer fibrous ma- 
terials, and if the resulting condensate 
drops upon a vulnerable part of the equip- 
ment. Any condensation that takes 
place as a result of an over-all cooling of 
the equipment or of a cool spot of short 
duration is of no significance because the 
water content of the gas is relatively low. 
During severely cold weather, it is 
probable that some condensation occurs 
in all of the transformers that have been 
investigated. Moreover, it is probable 
that, in certain transformers, condensa- 
tion occurs during the cool part of the 
day nearly every day of the year. Ap- 
parently the condensate usually drops 
in locations where it does no harm. Con- 
densate has been found, however, on the 
terminal board inside transformers. 
Whether or not service failures actually 
have been caused by condensate on vul- 
nerable parts is unknown, but there seems 
little question that such condensation 
constitutes a potential source of trouble. 
In the case of the 120,000-volt gas- 
pressure cable, in which the paper-insu- 
lated unsheathed cables rest on the bot- 
tom of a steel containing-pipe, nearly all 
locations are vulnerable to attack by liq- 
uid water should condensation occur at 
local cool spots. Such cool spots might 
occur at a terminal, a length that crosses 


to be free from deterioration caused by 
aging,sunlight, overheating, and abrasion. 
During operation the inner surface of the 
windshield is not excessively hot, which 
improves pilot comfort by minimizing the 
radiant heat. The installation should 
prove reliable and safe. Structurally, a 
clean design should result, the only com- 
plication being the means for attaching 
the power wires and control elements. 
There are disadvantages to the scheme, 


--however. Most important is the weight, 


which may be high because of the neces- 
sity for using high voltage alternating 
current delivered by inverters or engine 
driven alternators. The control system 
adds significant weight, although a unit 
to effect the same order of regulation in 
other ice prevention schemes would be of 
comparable weight. Inability to operate 
the VESA film directly from the ship’s 
28-volt power supply and provide the 
necessary power is a disadvantage. The 
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requisite high voltage introduces a safety 
hazard, although placing the NESA coat- 
ing next to the vinyl will tend to mitigate 
the danger. Windows or shields made of 
plastics such as Plexiglas cannot be de- 
iced or defogged by this method since the 
NESA coating cannot be applied to their 
surface, at least not by present techniques. 


Conclusions 


1. Aside from anti-icing, an additional 
prime reason for heating aircraft windshields 
is evident. For a given weight and con- 
struction, vastly improved impact resist- 
ance can be obtained by using a laminated 
panel with the vinyl plastic maintained at 
about 110 degrees Fahrenheit. 


2. The method of heating a windshield 
will depend greatly upon the structural con- 
figuration of the cockpit and of the wind- 
shield system. Availability of heated air 
and (or) electric power are equally impor- 
tant factors. 


3. Use of the transparent electrically con- 
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ductive coating on glass is the most desir- 
able electrical method for providing heat 
at the windshield. Indeed, unless operat- 
ing experience proves otherwise, this method 
appears to be suited ideally for the purpose 
of windshield anti-icing. For most air- 
planes, it ultimately should supplant other 
presently known systems. 
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a canal, or a location in proximity to a 
water main. For this reason when it was 
found during the progress of the installa- 
tion that the moisture content of the dry 
nitrogen gas, which was introduced im- 
mediately after the cable-pulling opera- 
tion, was beginning to increase, steps were 
taken co-operatively by the manufac- 
turer and user to determine the cause and 
corrective measures necessary. These 
efforts were completely successful as dem- 
onstrated both by the data herein con- 
tained and by the performance of this 
circuit since it was energized in Decem- 
ber 1941. The data concerning this 
cable are presented in this paper only 
because they indicate that a predictable 
equilibrium exists between the moisture 
content of the fibrous material, even 
when impregnated, and that of the gas 
space. 

As has been described elsewhere?:? 
the 120,000-volt gas-pressure cable is of 
preimpregnated-tape construction; that 
is, the cable was taped in an air-condi- 
tioned room with tapes that previously 
had been impregnated and from which 
the excess impregnant had been re- 
moved. Over the taped insulation two 
layers of metallized-paper shielding tapes 
were applied and over these a thin bronze 
tape intercalated with an impregnated 
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muslin tape. This was followed by two 
layers of paraffin-impregnated canvas* 
to provide mechanical protection during 
installation. After a spiraled skid wire 
was wrapped over the canvas and the as- 
sembly coated with petrolatum for lubri- 
cant during installation, the cable was 
enclosed in a temporary lead sheath that 
was stripped within a few feet of the en- 
trance tube to the pipe line as the cable 
was being installed. 

When the dry nitrogen, which was 
introduced into the steel pipe line with 
the cable and held at slightly over at- 
mospheric pressure by temporary plugs, 
began to show the presence of moisture, 
the source of the moisture was sought. 
The pipe was known to be dry. No water 
was found in the petrolatum grease but 
from 2.4 to 5.0 per cent of water** was 
found in the impregnated muslin and 
canvas tapes,* based upon the weight of 
dry fabric. The average for 14 samples 
was 3.3 per cent. Two steps were taken 
to minimize the moisture content of the 
muslin and canvas tapes. 


1. The manufacturer modified his process 
in such a manner that the moisture content 
of the muslin and canvas tapes on further 
shipments of cable was reduced to an aver- 
age of 1.67 per cent as judged by tests on 


* This type of construction no longer is used by the 
manufacturer and hence it does not follow that dew 
point problems are inherent in other gas-pressure- 
cable installations. 


** As determined by Dean-Stark apparatus and 
boiling toluene.‘ 
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Figure 2. Equilibrium between water con- 
centrations in fibrous materials and vapor pres- 
sure at selected temperatures 


six samples in which the content varied 
from 1.0 to 2.0 per cent. 


2. Evacuation of the completed line, which 
is a normal procedure in the installation of 
this type of cable, was extended for eight 
days while the cable was heated by con- 
ductor heating to give a tape temperature 
of between 40 and 42 degrees centigrade® 
The water removed was collected in a car- 
bon-dioxide-alcohol trap and measured. 
From the average water concentrations 
and the weight of water removed, the aver- 
age moisture content of the protective tapes 
as the line was placed in operation was cal- 
culated to be 1.73 per cent. Presumably, 
most of the water that was removed came 
from the wetter tapes. 


In order to determine whether these 
efforts to prevent the possibility of con- 
densation were successful, periodic deter- 
minations were made of the moisture 
concentrationst or the dew points of the 
gas space and of the temperature at 
various points along the line. During 
the first year of operation the dew points 
rose until late summer when at the more 
moist locations, which contained cable 
not given the special factory treatment, 
they were above the winter operating 


+ Originally the moisture concentrations were de- 
termined gravimetrically at atmospheric pressure 
and the results calculated to line pressure. Later 
dew points were determined at line pressure using a 
dew-point apparatus. 
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temperature of the pipe line. In winter, 
however, the dew points fell to values 
safely below the winter operating tem- 
perature. 

Inasmuch as the rise and fall, with 
temperature change, of the vapor pres- 
sures that corresponded to the several dew 
points or moisture concentrations fol- 
lowed the vapor pressure rule for liquids, 
within experimental error, it became evi- 
dent that an equilibrium existed between 
the moisture content of the gas space and 
that of the tapes. This behavior, coupled 
with the change in dew points of trans- 
formers with temperature change, led to 
a search of the literature to determine 
whether quantitative data existed con- 
cerning this equilibrium for the fibrous 
materials generally used in the electrical 
industry. Literature on the subject re- 
- vealed that although there are many ar- 
ticles describing the water concentrations 
of various fibrous materials under various 
relative humidities, only a few show the 
effect of temperature change. Fortu- 
nately two such sets of data were available 
for cotton and one each for kraft paper 
and spruce wood. From these data an 
equilibrium chart has been prepared that 
is useful for predicting and interpreting 
the behavior of the moisture within elec- 
tric equipment containing fibrous ma- 
terials and a gas space. 


Preparation of the 
Equilibrium Chart 


Figure 1 shows the data as obtained 
from the literature. In this figure the 
vapor pressures, on a logarithmic scale, 
are plotted against the reciprocals of the 
absolute temperatures on a linear scale. 
The top curve is for water alone. The 
long solid curves below the top curve rep- 
resent the data of Urquhart and Williams® 


x COTTON VS] KRAFT PAPER AT 90 G 
© COTTON VS| SPRUCE WOOD AT 25 © 


for cotton containing over one per cent of 
water. The data for each concentration 
are represented as a continuous curve in- 
stead of as the two intersecting straight 
lines used by the original authors. As 
thus represented, the curves for the higher 
concentrations are nearly parallel to, and 
have nearly the same curvature as, the 
curve for water. With diminishing con- 
centration of water, the curves become 
more divergent and their slopes approach 
that of the curve for ice. This curve for 
ice is not shown in Figure 1. The solid 
curves at the lower right hand corner of 
the figure represent the data of Neale and 
Stringfellow® for cotton of low moisture 
content. These curves are straight, par- 
allel lines having the slopes of the vapor 
pressure curve for ice. The curves that 
appear to extend as broken lines from the 
curves representing Neale and String- 
fellow’s data represent the data of Houtz 
and McLean’ for kraft paper of low 
moisture content at elevated tempera- 
tures. The data for the samples having 
the higher moisture concentrations are 
best represented by curved lines whereas 
the data for the samples of lower concen- 
trations fall along straight lines as shown. 
The latter are not parallel with each other. 
For the data of Urquhart and Williams, 
the slopes of the curves become steeper as 
the moisture concentrations of the sam- 
ples represented diminish. The fourth 
set of data is that of Pidgeon and Maass*® 
for spruce wood. These data appear in 
the same region as those of Urquhart and 
Williams. Because the temperature range 
for the investigation on spruce wood was 


Figure 3. Comparison between the concen- 
tration of water in cotton and that in kraft 
paper or spruce wood required to give the 
same vapor pressure at the same temperature 
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narrow, it is not clear whether the data 
are best represented by straight or curved 
lines. The slopes of the lines are approxt- 
mately the same, however, as those of the 
adjacent curves for cotton. 

In using the four sets of data to prepare 
a general equilibrium chart, no effort was 
made to distinguish between absorption 
and desorption data. The difference, 
where shown by the original authors, is 
small as compared with ‘the effect of 
temperature change, which is the primary 
concern of this paper, and probably is also 
small as compared with the effect of the 
previous history of the samples.° 

The data for the equilibrium chart for 
cotton were obtained essentially by inter- 
polation, for selected temperatures, of the 
vapor pressures that correspond to chosen 
concentrations of moisture. The princi- 
pal object of the interpolation, of course, 
was to bridge the gap between the data of 
Urquhart and Williams and those of Neale 
and Stringfellow in the concentration 
range between 0.0016 and 0.012 gram of 
water per gram of dry cotton. Interpola- 
tion was carried out by means of Figure 
2, where the vapor pressures and concen- 
trations of water in cotton are both 
plotted on logarithmic scales for selected 
temperatures to give the long S-shaped 
curves that represent both the data of 
Urquhart and Williams and those of 
Neale and Stringfellow. In order to ob- 
tain the 90-degrees-centigrade curve of 
Figure 2, the data of Neale and String- 
fellow were extrapolated from 80 to 90 
degrees centigrade by extending the 
straight lines as shown in Figure 1. 

Because only one set of data was avail- 
able for kraft paper? and that at high 
temperatures only, interpolation similar 
to that described for cotton could not be 
carried out. Instead, the curves in Figure 
1 for the data of Houtz and McLean were 
extrapolated downward from 100 to 90 
degrees centigrade, and the resulting 
values of vapor pressure were plotted 
against their respective concentrations 
in Figure 2. The straight line that re- 
sulted when the extrapolated values for 
kraft paper at 90 degrees centigrade were 
plotted on the double-log scale of Figure 2 
lies slightly below the curve for cotton at 
80 degrees centigrade as shown. Next, it 
was reasoned that inasmuch as kraft pa- 
per often is made from spruce pulp, pos- 
sibly the equilibrium in kraft paper and 
spruce pulp might be related. For this 
reason the data of Pidgeon and Maass,® 
shown in the insert of Figure 2, were in- 


$ Vincent and Simons” evidently investigated the 
field over a wide range of temperatures and moisture 
concentrations but unfortunately did not include in 
their publication data suitable for preparing an 
equilibrium chart. 
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terpolated by the use of Figure 1 to 25 
degrees centigrade. Finally, the concen- 
trations of water in cotton required to 
give the same vapor pressure at 90 
degrees centigrade as are given by se- 
lected concentrations of water in kraft 
paper and those concentrations required 
to give the same vapor pressure at 25 de- 
grees centigrade as are given by selected 
concentrations of water in spruce wood 
were plotted on a double-log scale as 
shown in Figure 3. The straight line 
through these points indicates that the 
relationship between the water concen- 
trations that are required to produce the 
same vapor pressures in cotton and in 
either kraft paper or spruce wood is sim- 
ply the ratio 1 to 1.7. 

By dividing the concentrations of wa- 
ter in kraft paper, as given in Houtz and 
McLean’s data, by 1.7, an estimate was 
made of the vapor pressures that would 
result from low concentrations of water in 
cotton at 100 and 110 degrees centigrade. 
These data were combined with the ex- 
perimental data of Urquhart and Wil- 
liams in that temperature range to pro- 
duce the top two curves of Figure 2. 

The equilibrium chart was prepared by 
plotting the vapor pressures for cotton, as 
given from the curves of Figure 2 for se- 
lected concentrations, on a logarithmic 
scale against the reciprocals of the abso- 
lute temperatures, similarly to Figure 1. 
This chart is shown in Figure 4. All of 
the curves are extrapolated from 20 to 10 
degrees centigrade. Those for concen- 
trations above 0.03 gram of water per 
gram of dry cotton also are extrapolated 
for temperatures above 80 degrees cen- 
tigrade. For this extrapolation, the gen- 
tle curvature of the vapor pressure curve 
for water, shown as the broken line con- 
stituting the top curve, was followed. 

The equilibrium concentrations of wa- 
ter in cotton that were selected for the 
preparation of the equilibrium chart are 
shown by the numerals of each curve in 
the left-hand column. The numerals in 
the right-hand column represent the 
equilibrium concentrations of water in 
kraft paper or spruce wood, as obtained 
by multiplying the respective values for 
cotton by 1.7. 


Effect of an Impregnant 


Although the practical value of an 
equilibrium: relationship, such as that 
described in this paper, has been recog- 
nized previously for unimpregnated fi- 
brous materials,!° there seems to be no 
record of its application to impregnated 
fibers. Indeed, to many who have tried 
to dry impregnated fibers that have ab- 
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sorbed moisture, it might appear that 
impregnated fibers behave entirely dif- 
ferently from unimpregnated ones. The 
data for the paraffin-impregnated cotton 
protective tapes of the 120,000-volt cable 
previously described provide a compari- 
son between the behavior of commercially 
made American impregnated-cotton tapes 
and that of the two sets of laboratory- 
prepared unimpregnated-cotton fibers 
made in England. 


The comparison between the impreg- 
nated and the unimpregnated cotton 
samples is given in Figure 5. The solid 
lines in this figure, and the numerals ar- 
ranged in a column upon them, are repro- 
duced for cotton from Figure 4. The 
crosses represent the average conditions 
at three locations at which the higher 
moisture concentrations were found in the 
gas space as the average temperature of 
the pipe line rose and fell with seasonal 
and load change. The low-temperature 
point was determined while the line was 
not in operation. The circles represent 
the average conditions at two locations 


at which the lower moisture concentra-, 


tions were found. It is evident that, re- 
gardless of whether the fibers are impreg- 
nated or not, the change of the vapor pres- 
sure of water in the gas space is essen- 
tially the same function of temperature 
change. It is also evident that although 
equilibrium had not been reached when 
some of the data on the cable line were ob- 
tained, especially those taken in Septem- 
ber 1942, the moisture concentrations in 
the cotton, as indicated by the chart for 
different dates and temperatures, are 
nearly the same. Even including the 
September 1942 data, the indicated con- 
centrations ranged only between 2.2 and 
2.6 per cent for the tapes in the more moist 
regions and between 1.2 and 1.5 per cent 
for those in the drier locations. Data 
taken during the initial operation of the 
cable in the winter of 1942, however, fall 
far below the equilibrium values shown. 


It does not necessarily follow, that be- 
cause the vapor pressure changes in the 
same manner with the temperature 
change regardless of whether the cotton 
is impregnated or unimpregnated, that 
the equilibrium concentration of water 
in the cotton is the same in impregnated 
cotton as in unimpregnated. Naturally 
it was impractical to obtain samples of 
the tapes in the completed 120,000-volt 
cable line after the evacuation treatment 
in order to determine whether the impreg- 
nant alters the equilibrium. Neverthe- 
less, a means for obtaining a qualitative 
answer exists. As previously stated, the 
average concentration of water in the 
impregnated cotton tapes of the com- 
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pleted line, as calculated from the analyti- 
cal results and from the quantity of wa- 
ter removed, was 1.73 per cent. The 
points indicated by dots in Figure 5 
show the concentrations of water in cot- 
ton at each of the 30 joints at which the 
samples were taken. These were deter- 
mined with the equilibrium chart from 
the average temperature of the line and 
the vapor pressures that correspond to the 
dew points that were determined in Sep- 
tember 1944. The values, which because 
they were determined by the chart are 
for unimpregnated cotton, ranged be- 
tween 0.9 and 2.65 per cent and averaged 
1.68 per cent. The agreement between 
1.73 and 1.68 per cent is much closer than 
the analytical methods warrant. The 
agreement indicates that it is safe to use 
the equilibrium chart for impregnated 
cotton at least in the solution of practical 
problems in which an error of perhaps 
plus or minus two in the second signifi- 
cant figure can be tolerated. 

No data are available to show whether 
impregnation with insulating oil changes 
the equilibrium temperature for kraft 
paper. The data for the paraffin-im- 
pregnated cotton support the belief that 
although the impregnant greatly slows 
down the diffusion process by which 
equilibrium is attained, the equilibrium 
concentration of water in a fibrous ma- 
terial is not affected greatly by an organic 
impregnant. It seems probable that the 
equilibrium conditions shown for unim- 
pregnated kraft paper in Figure 4 will 
apply approximately for oil-impregnated 
kraft paper as well. 


Use of the Equilibrium Chart 


The following examples are intended 
to illustrate a few of the uses that may be 
made of the equilibrium chart in the elec- 
trical industry. The first three of these 
examples concern cable of the type dis- 
cussed. 


EXAMPLE 1 


Did the precautionary treatments of 
protective tapes (previously described) 
effect any substantial reduction in the 
dew point of the gas? 


This question is answered by the informa- 
tion in Figure 6, which also shows the 
method of using the equilibrium chart. 
As previously stated, before the drying treat- 
ments the maximum moisture concentra- 
tion was 5.0 per cent, and the average 3.3 
per cent. After the factory treatment on 
the part of the cables and evacuation of the 
entire line, the maximum concentration as 
determined from the dew points was 2.65 
per cent and the average concentration from 
both the dew point measurements and the 
calculated residual water concentration was 
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space corresponding to a point that repre- 
sents a given moisture concentration and 
selected temperature of the fibrous material 
is obtained by drawing a horizontal line 
from that point to the curve for water as 
shown by the arrows in Figure 6, and ob- 
taining the dew point temperature as given 
by the point of intersection. Thus the chart 
shows that the dew point in the vicinity of 
tapes having the maximum moisture con- 
tent of 5.0 per cent would be 26 degrees 
centigrade when the summer temperature 
of the cable line averages 38 degrees centi- 
grade, and nine degrees centigrade when the 
winter temperature of the line averages 
20 degrees centigrade. Thus it is shown 
that the drying treatments reduced both 
the maximum and the average dew points 
by approximately 15 degrees centigrade over 
the entire operating temperature range of 
the line, as shown. 


EXAMPLE 2 


What concentration of water would a 
cotton protective tape acquire if the ca- 
ble on which the tape is wrapped stands, 
until equilibrium takes place, in a room 
air conditioned to a relative humidity of 
20 per cent at 30 degrees centigrade, and 
the cable thereafter is sheathed? 


A 20-per-cent relative humidity at 30 de- 
grees centigrade is equivalent to a moisture 
content of 6.0 grams per cubic meter which 
corresponds to a vapor pressure of 5.7* 
millimeters of mercury. A point represent- 
ing 5.7 millimeters and 30 degrees centi- 
grade on the chart indicates a moisture con- 
tent of 2.6 per cent based upon the weight 
of dry unimpregnated cotton. 


* Because the concentration of water in grams per 
cubic meter and the vapor pressure are nearly the 
same numerically up to 50 degrees centigrade, only 
a small error is introduced by multiplying the vapor 
pressure shown on the chart by the relative humidi- 
ties to obtain the equilibrium vapor pressures. In 
this case, instead of 5.7 millimeters, a value of 20 
per cent of 32 or 6.4 millimeters would be obtained. 
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What concentration of water would 
preimpregnated kraft paper tapes ac- 
quire if they were exposed in the air- 
conditioned room described in example 
2 long enough for equilibrium to be 
reached ? 


The point representing 507 millimeters of 
mercury and 30 degrees centigrade on the 
chart indicates a moisture concentration of 
4.4 per cent in kraft paper. 


The foregoing example does not imply 
that the moisture content of a preimpreg- 
nated paper insulation is high just because 
the equilibrium moisture content is high 
for the humidities that feasibly may be 
maintained in the taping room. Under 
conditions of normal operation the time 
of exposure is too short to allow signifi- 
cant absorption. For example, the aver- 
age moisture content of the insulation of 
the cable previously mentioned was not 
4.4 per cent but only 0.055 per cent, 
which is essentially the same as that for 
other well-made cables impregnated in a 
conventional manner.. An equilibrium 
value that low would require, according 
to the chart, the relative humidity at 30 
degrees centigrade to be of the order of 
0.017 per cent. Obviously, the low rate 
of moisture absorption is of much more 
importance to the manufacturer of this 
type of cable than is the equilibrium 
concentration. 

The two examples that follow illus- 
trate the use of the equilibrium chart for 
problems involving condensation in trans- 
formers. For given equilibrium mois- 
ture content in the fibrous material, most 
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of which is of wood origin, the probability 
of condensation is greater than for gas- 
pressure cable. The reason is that the 
top of the transformer casing may be 
only a fewdegrees above outdoor tempera- 
ture while the fibrous material is at the 
oil temperature, which may reach a daily 
maximum of 50 to 60 degrees centigrade. 
The equilibrium for transformers is more 
complicated than for the paraffin-impreg- 
nated tapes because the amount of water 
in the large mass of oil is not negligible 
as compared with that in themuch smaller 
mass of fibrous materials. It is probable 
that a definite relationship also can be es- 
tablished for the equilibrium between the 
moisture content of oil and that of the 
gas space. Until such information is 
available, however, it is not possible to 
estimate the water content of the oil from 
dew point data. In the following the oil 
is considered only as a barrier that mark- 
edly reduces the rate at which equilib- 
rium becomes established between the 
moisture contents of the gas and fiber. 


EXAMPLE 4 


The gas in a new transformer had a dew 
point of ten degrees centigrade when op- 
erating at an oil temperature of 50 degrees 
centigrade while the outdoor temperature 
was well above the dew point of the gas. 
What was the probable moisture content 
of the kraft paper insulation within it? 


A dew point of ten degrees centigrade cor- 
responds to a vapor pressure of 9.2 milli- 
meters of mercury, which at 50 degrees 
centigrade is shown by the chart to be in 
equilibrium with a moisture content of ap- 
proximately 2.7 per cent in the insulation. 


EXAMPLE 5 


The gas in a reconverted oil-conserva- 
tor type of transformer had a dew point 
of 20 degrees centigrade when operating 
at an oil temperature of 42 degrees centi- 
grade while the outdoor temperature was 
well above the dew point of the gas. How 
much water would have to be removed 
from the fibrous insulation of the trans- 
former in order for the gas to have a dew 
point of minus ten degrees centigrade 
while the oil temperature was 50 degrees 
centigrade? 


A dew point of 20 degrees centigrade, or a 
vapor pressure of 17.5 millimeters of mer- 
cury, indicates an equilibrium moisture con- 
centration of 5.4 per cent at 42 degrees 
centigrade, according to the chart. A dew 
point of minus ten degrees centigrade or 
1.95 millimeters of mercury indicates a 
concentration of 1.05 at 50 degrees centi- 
grade. Thus it would be necessary to re- 
duce the water content by approximately 
4.35 per cent based upon the weight of the 
paper fibers. For a transformer containing 
3,000 pounds of such insulation, it therefore 
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> 
would be necessary tO remove approxi- 
mately 130 pounds or 15.6 gallons of water 
which does not include the amount that 
would have to be removed from the oil to 
reach the same equilibrium conditions. 


Vapor Barriers 


Consideration of the information given 
by the equilibrium chart leads to the con- 
clusion that, if no vapor barrier existed 
between the cotton and the kraft paper 
tapes of the cable previously mentioned, 
equilibrium ultimately should become 
established between the moisture con- 
tent of the cotton and kraft tapes with 
resultant reduction in the dew point of 
the gas space. The two kinds of tapes 
are present in the fiber-weight ratios of 22 
to 485. Considering the region in which 
the final concentration of moisture in the 
cotton tapes was highest (2.65 per cent), 
if equilibrium were established with the 
kraft types, which had an average con- 
centration of 0.055 per cent, the final 
moisture concentration of the cotton 
tapes would be 0.1 per cent and of 
the kraft tapes 0.17 percent. The equi- 
librium vapor pressure at a temperature of 
38 degrees centigrade then would be, ac- 
cording to the chart, approximately 0.05 
millimeter of mercury, and the corre- 
sponding dew point approximately minus 
45 degrees centigrade. Although estab- 
lishment of the equilibrium between the 
moisture contents of the cotton and kraft 
tapes would be expected to be slow, there 
was no evidence that any exchange had 
taken place in over 21/2 years of operation. 
This is remarkable when it is realized that 
the conditions are the same as though the 
cable had been exposed continuously for 
over two years to a relative humidity of 
approximately 30 percent. Furthermore, 
exposure for several months of unsheathed 
samples of the cable to Detroit’s humid 
summer atmosphere out of direct contact 
with rain resulted in no apparent in- 
crease in moisture content of the kraft 
insulation. Of three samples of cable so 
exposed before the line was completed, 
the moisture concentrations were 0.01, 
0.01, and 0.05 per cent, respectively, all 
of which values happened to be less than 
the average for unexposed samples. The 
author’s interpretation of the reason the 
insulation does not become moist is that 
the metallized-paper shielding tapes bar 
the diffusion of water vapor into the 
insulation. This fact is believed to be of 
further practical significance, for no 
longer can it be said that plastic cable 
sheaths cannot be used for oil-impreg- 
nated cables on the basis that all such 
sheaths, although they provide a barrier 
for liquid water, are too permeable to wa- 
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Figure 6. Use of the equilibrium chart in 

estimating the reduction in dew point that was 

effected by reducing the water concentration 
in impregnated cotton tapes 


ter vapor. It seems entirely possible that 
if an elastomer can be developed to have 
suitable life in contact with oil on one side 
and ground water and air on the other, 
it should be a suitable sheathing for ca- 
bles provided the outside of the insulation 
of each conductor is shielded by metal- 
lized paper or thin metal tapes. The 
latter without some sort of sheath are not 
adequate because they will not keep out 
liquid water nor provide mechanical pro- 
tection. Use of a corrosion and abrasion- 
resistant elastic material that can be ap- 
plied competitively with lead seems 
worthy of investigation, particularly for 
solid type cables. The elaborate ‘“‘sand- 
wich” scheme of Rihl and Heering™ to 
use a plastic sheath seems unnecessary. 


Conclusions 


An equilibrium chart has been pre- 
pared from data from the literature to 
relate the equilibrium concentration of 
water in cotton or kraft paper with the 
vapor pressure of water, over a tempera- 
ture range of 10 to 110 degrees centi- 
grade. The concentrations of moisture 
covered by the chart range from 0.01 to 
10 per cent for cotton and 1.7 times those 
values for kraft paper. 

Although the equilibrium chart was 
prepared from data for unimpregnated 
fibers, data taken on The Detroit Edison 
Company’s 120,000-volt gas-pressure ca- 
ble line show that the chart is also valid 
for impregnated materials, at least for 
cotton impregnated with paraffin. 

Examples are given of the use of the 
chart in predicting the equilibrium mois- 
ture content that fibrous materials will 
acquire when exposed to atmospheres of 
various relative humidities and tempera- 
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tures, in predicting the dew points of the 
gas in enclosed electric apparatus, and 
in employing dew point measurements as 
a nondestructive analytical tool for deter- 
mining the moisture content of fibrous 
materials in electric equipment. 
Metallized-paper electrical shielding 
tapes placed over fibrous materials are 
shown to be remarkably effective in pre- 
venting diffusion of water into these ma- 
terials. The significance of this phenom- 
enon in connection with the use of an elas- 
tomer as a sheathing material, particu- 
larly for solid-type cables, is pointed out. 
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Synopsis: An 8-channel microwave relay 
system is described. Known to the Army 
and Navy as AN/T RC-6, the system uses 
radio frequencies approaching 5,000 mega- 
cycles. At these frequencies, there is a 
complete absence of static and most man- 
made interference. The waves are concen- 
trated into a sharp beam and do not travel 
along the earth much beyond seeing dis- 
tances. Other systems using the same fre- 
quencies can be operated in the near 
vicinity. The transmitter power is only 
one four-millionth as great as would be 
required with nondirectional antennas. 
The distance between sets is limited but 
by using intermediate repeaters communi- 
cations are extended readily to longer dis- 
tances. Short pulses of microwave power 
carry the intelligence of the eight messages 
utilizing pulse position modulation to modu- 
late the pulses and time division to multiplex 
the channels. The eight message circuits 
which each A N/TRC-6 system provides are 
high-grade telephone circuits and can be 
used for signaling, dialing, facsimile, picture 
transmission, or multichannel voice fre- 
quency telegraph. Two-way voice trans- 
mission over radio links totaling 1,600 miles, 
and one-way over 3,200 miles have been 
accomplished successfully in demonstrations. 


HE AN/TRC-6 is a combined trans- 

mitter and receiver designed specifi- 
cally for radio relay purposes and includes 
multiplex facilities for providing eight 
two-way high-grade message circuits 
between points separated by an un- 
obstructed optical path. Acknowledg- 
ment is made of the impetus and assist- 
ance given in this development by those 
concerned in a somewhat similar British 
development (British Wireless Set Num- 
bet 10) conducted by the Ministry of 
Supply on behalf of the British Army. 

In military use, one AN/TRC-6 set 
usually is transported by truck, and can 
be set up and placed in operation on a 
favorable site in a few hours. Figure 1 
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depicts an arrangement used by the 
Army in tactical movements, with the 
operational units housed in a truck, All 
of the microwave equipment is atop the 
50-foot tower. Simultaneous two-way 
communication is obtained by the use of 
different radio frequencies for the two 
directions of transmission. Using sepa- 
rate antenna systems, the microwave 
transmitter and receiver-converter are 
mounted directly behind their respective 
5-foot parabolic reflectors. 

A sharply focused and highly directive 
microwave beam whose frequency is 
nearly 5,000 megacycles is used to carry 
the intelligence of the eight messages. 
This extremely high frequency affords 
communication channels free from static 
and most man-made interference. By 
the use of beamed radiation and recep- 
tion, the transmitter power is only one 


Figure 1. AN/TRC-6 
with operational units 
in a truck 
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four-millionth as great as would be re- 
quired with nondirective antennas. 
Sharply beamed transmission combined 
with the absence of external noise means 
a small amount of transmitter power is 
adequate for communication over optical 
paths of considerable length. A peak 
power of a few watts serves for jumps as 
great as 100 miles. This power is ob- 
tained from a small tube no larger than 
an ordinary radio receiving tube, operat- 
ing as a reflex velocity modulated oscilla- 
tor (‘“‘reflex klystron’’). 

Because of the sharp beam, because 
of the type of modulation used, and be- 
cause transmission must be over an un- 
obstructed optical path other sets using 
the same frequency can be operated in 
the near vicinity. 

The sets were designed to be used in 
pairs to form a radio repeater, and it is 
practical to operate a considerable num- 
ber of radio links in tandem. Because 
of the line-of-sight over which the sys- 
tem operates, the distance between sets is 
limited by the curvature of the earth, but 
by using intermediate sets as repeaters, 
communications are extended readily to 
hundreds and even thousands of miles. 

When the set is used for military pur- 
poses, essential units are supplied in dup- 
licate, as indicated by Figure 2 which is 
a close-up of the operational units. The 
portable test oscilloscope is for conveni- 
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Figure 2. AN/TRC-6 set up as a field ter- 


minal 


ence in monitoring. A high voltage 
rectifier for the transmitter is located at 
the bottom of the tower. 

An optional and improved arrangement 
representing a recent development and 
known as A N/TRC-6 (X C-4) is now avail- 
able. This improved equipment features 
one antenna instead of two, a lighter 
weight tower presenting a less conspicu- 
ous target, and the location of the micro- 
wave transmitter and receiver-converter 
on the ground instead of atop the tower. 
The radio transmitter and receiver-con- 
verter connect through wave guide filters 
to a single antenna system also located 
onthe ground. The parabolic ground re- 
flector (Figure 3) is beamed on a wire 
mesh 48-degree plane reflector atop the 
lightweight 50-foot mast. The extra 
loss introduced by the single antenna 
system is about three decibels. 

Unlike conventional communication 
equipment which transmits a continu- 
ously modulated wave, AN/TRC-6 makes 
use of pulse modulation. In such a sys- 
tem, the transmitter is caused to emit 
short pulses of microwave power. These 
microwave pulses are substantially con- 
stant in amplitude and frequency. Eight 
l-microsecond pulses (Figure 4), one 
for each channel, are transmitted in se- 
quence and are preceded by a 4-micro- 
second synchronizing pulse called a 
marker. This sequence of marker plus 
eight channel pulses repeats itself 8,000 
times a second and is called a frame. 

The intelligence of each channel is 
conveyed by varying the exact position 
in time of the channel pulses. The 
phrase pulse position modulation has 
been applied to this method. The eight 
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channels share the operating time of the 
transmitter, each using the radio path in 
turn. Such a sharing process utilizes a 
multiplexing principle that for many 
years has been known as time division. 
Pulse modulation, therefore, not only 
provides for position modulating the 
pulses but also permits multiplexing the 
channels by time division. No detectable 
distortion of the recreated message in the 
final receiver need be inherent in this 
method of transmission, nor is the scheme 
limited to eight channels. Systems using 
these same principles could be designed 
readily for many more channels. 

In carrying out the pulse modulation 
method, the voice wave of each incoming 
message is sampled 8,000 times a second. 
Each sampling subsequently results in a 
pulse of microwave power leaving the 
transmitting antenna. With no voice 
input, the pulse associated with a par- 
ticular channel recurs 8,000 times a 
second or every 125 microseconds. When 
the channel is busy, the pulse occurs earlier 
or later, depending on whether the voice 
wave is positive or negative. The exact 
displacement of a pulse from its unmodu- 
lated position is linearly proportional to 
the magnitude of the voice wave at the 
time of sampling. 

The modulation of channel 2 in this 
manner is illustrated in Figure 5 for the 
case of a particular sinusoidal input of 
1,000 cycles. When the input signal is 
zero, namely, at points A, F, and J in the 
figure, the channel pulse will occur at 
the middle of the position allocated to the 
channel. Successive diagrams depict the 
change in the relative position in time of 
the channel-2 pulses from frame to frame 
for nine successive frames. 

The eight voice circuits connect to the 
common unit (Figure 6) and go to the 
transmitting portion of the multiplex 


which generates marker and channel 
pulses. These pulses are cabled to the 
transmitter and are used to turn the 
transmitter (transmitter-oscillator) on or 
off for intervals of time corresponding to 
the length of each pulse. Thus, d-c or 
video pulses from the transmitting multi- 
plex are translated into pulses of micro- 
wave power. These microwave pulses 
are conducted to the focal point of the 
transmitting paraboloid where they radi- 
ate to illuminate the reflector, the pat- 
tern of the reflected radiation being 
sharply beamed. 

Attenuated microwave pulses from the 
distant transmitter are picked up by the 
receiving parabolic reflector (Figure 6) 
and go to the receiver (receiver-con- 
verter). The converter changes the 
microwave pulses to JF (intermediate 
frequency) pulses centered about 58.5 
megacycles. After amplification, the JF 
pulses go to the remainder of the radio 
receiver located on the ground. 

Here the JF pulses are amplified fur- 
ther, detected; and the resulting video 
pulses fed to an amplifier. The receiver 
has automatic tuning so that it is at all 


Figure 3. AN/TRC-6 featuring two-way trans- 
mission with a single antenna 
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Figure 4. Pulse array at output of transmitting 
multiplex or input to receiving multiplex 
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Figure 5. Modulation of channel-2 pulses 


times correctly tuned to the distant trans- 
mitter. The receiver also has automatic 
volume control so that the output pulses 
are substantially constant despite fading. 

The receiver has a special feature 
termed a slicer or double clipper whose 
function is to carve out a narrow slice 
(about 5 per cent) from each received 
pulse. The slicer (Figure 7) substantially 
frees the pulses of noise. 

The output of the slicer goes to the re- 
ceiving multiplex. Here the marker pulse 
is identified because of its greater length 
and causes the receiving multiplex to 
operate ‘‘start-stop.”’ 

The sequence of events triggered off 
by recognition of the marker opens, suc- 
cessively, electronic “gates” to each of 
the eight channels in turn. After a 
‘particular channel gate is opened, the 
next pulse passes through and is caused 
to trigger another circuit which starts a 
direct current flowing. This flow of di- 
rect current continues until stopped by 
the closing of the gate. The starting and 
stopping of a direct current in this man- 
ner generates a length modulated pulse 
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Figure 6. Block diagram of single link system 


whose trailing edge is fixed but whose 
leading edge depends upon the exact 
timing of the received channel pulse. 
This represents the conversion of pulse 
position modulation to pulse length 
modulation. The voice signal is derived 
by passing the length modulated pulses 
through a low-pass filter. 


Specific Embodiment 


METHOD OF OPERATION OF THE 
MULTIPLEX 


Figure 8 is a block diagram of the 
transmitting section of the multiplex. 
An 8,000-cycle oscillator fixes the frame 
frequency and produces a rectangular 
wave for starting the marker pulse gen- 
erator and eight pulse position modula- 
tors. 

The marker pulses are generated by dif- 
ferentiating the oscillator output and 
applying the resulting pulses to a tube so 
operated as to be insensitive to positive 
pulses. Each negative pulse produces an 
output pulse which, when limited or clip- 
ped, results in a nearly rectangular 4- 
microsecond pulse at the start of each 
irate ae 

Except for channel 1, which will be 
described separately, short positive pulses 
are required for starting the pulse posi- 
tion modulators. For channels 7 and 8 
it is possible to derive these directly from 
the oscillator by a differentiating circuit. 
Exciter circuits, similar in design to the 
marker generator, start channels 2 to 6. 
Use of separate exciters for odd and even 
numbered channels reduces interchannel 
crossstalk. 

Except for channel 1, each position 
modulator is a multivibrator. This mul- 
tivibrator is a 2-stage resistance-ca- 
pacitance coupled amplifier with its 
output fed back to the input. The cir- 
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cuit is so operated that the first stage 
normally is cut off and the second con- 
ducts. Application of a positive trigger 
pulse to the grid of the first stage causes 
it to conduct and cut off the second stage. 
After an interval of time, depending 
mainly upon the time constant of the 
R-C circuit which connects the two 
stages, the multivibrator relaxes, that is, 
returns to its original condition with the 
first stage cut off and the second conduct- 
ing. Each trigger pulse results in an out- 
put pulse, the duration of which is deter- 
mined primarily by the time constant. 
The time constants are adjusted so that 
each multivibrator relaxes at the time 
assigned to that particular unmodulated 
channel pulse. 

Although the time of relaxation of the 
multivibrator is controlled primarily by 
its time constant, this time also can be 
altered by superposing a varying voltage 
on the grid of the second stage. This 
grid is the point at which voice fre- 
quency voltage is applied from the voice 
amplifier of that particular channel. 
Consequently, the trailing edges of the 
pulses developed by the multivibrator 
are position modulated by the voice in- 
put. A 1-microsecond pulse, produced 
in a generator common to four channels, 
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Figure 7. Reduction of noise by slicer or 
double clipper 
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is derived from this trailing edge. 
two groups of channel pulses and the 
marker are combined and go to the radio 
transmitter. | 

Because little time exists between the 
marker and the first channel pulse, chan- 
nel 1 differs from the other channels in 
that it does not require a multivibrator to 
delay the channel pulses. For this chan- 
nel, therefore, a simpler circuit is pos- 
sible. This circuit produces a length 
modulated pulse by clipping a saw-tooth 
shaped pulse at a voltage determined by 
the voice sample. The desired channel- 
1 pulses are derived from the leading 
edges of these length modulated pulses. 

In the receiving section of the multiplex 
(Figure 9), video pulses from the radio 
are amplified and the circuit branches 
into two paths, one of which serves to 
select the marker pulse. The marker se- 
lector is so arranged that its output volt- 
age is proportional to the duration of an 
input pulse. Marker pulses produce 
voltage peaks about four times those re- 
sulting from channel pulses. The marker 
amplifier is negatively biased so that the 
channel pulses do not cause plate current 
to flow. Therefore only the marker is 
passed. A new pulse derived from the 
trailing edge of the selected marker is 
fed to a multivibrator (called square 
wave generator) which thus is synchro- 
nized accurately with the marker. This 
symmetrical square wave is used either 
directly or through intervening sweep 
generators to operate the gate generating 
circuits. 

To separate the channels, properly 
timed gate pulses are used. Each gate is 
a rectangular pulse 13 microseconds long. 
The gates must be delayed by varying 
amounts from the edges of the square 
wave. This is accomplished by generat- 
ing sweep or saw-tooth voltages and 
starting the gate pulses at the time the 


DECEMBER 1946, VoLuME 65 Black, Beyer, Grieser, Polkinghorn—Radio Relay System 


MODULATORS 
— 

Sa 

=[oeref | 


mitting multiplex 


ULSE 
GENERATOR 


respective sweep voltages cross a refer- 
ence voltage. The circuit constants for 
the various channels are different so as 
to vary the rate of rise of the sweep 
voltage and thereby locate each gate at 
its assigned time. 

It was noted previously that the re- 
ceived video pulses branch into two paths, 
one of which selects the marker. The 
second path includes a 2-stage amplifier 
which produces new pulses derived from 
the trailing edges of the received pulses. 

These new pulses are fed to the input of 
the eight channel converters. To each 
converter is fed also the output of the 
appropriate gate generator. The gate 
pulse voltage plus its corresponding 
channel pulse voltage is appreciably 
greater than the voltage of the other 
channel pulses. For example, gate 1 
voltage plus channel 1 voltage is greater 
than channel pulses 2 to 8. Channel 1 
is separated from the other channels and 
this position modulated pulse is converted 
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vibrator so operated that it can be trig- 
gered by the combined gate and channel 
pulse voltages but not by either alone. 
This circuit not only separates the chan- 
nels but also converts pulse position 
modulation to pulse length modulation. 
When the channel pulse is superposed on 
the gate pulse, sufficient voltage is ob- 
tained to start the multivibrator so that 
the first stage conducts and remains con- 
ducting for the remainder of the gate 
pulse interval. At the end of the gate 
pulse, the first stage in the multivibrator 
circuit is cut off, thereby returning the 
multivibrator to its original condition. 
Because the multivibrator is started at 
a variable time dependent upon the posi- 
tion of the channel pulse and is cut off 
at a fixed time established by the end of 
the gate pulse, the output pulses vary in 
length in accordance with the instantane- 
ous position of the input pulses. By 
passing these length modulated pulses 
through a low-pass filter, the audio 
signal is obtained and all modulation 
products above the highest audio fre- 
quency are eliminated. 


SPECIAL RADIO FEATURES 


While two radio frequencies suffice for 
operation over a single link, a choice of 
four frequencies is available as a further 
means of reducing interference between 
systems or between sets of the same 
system when repeaters are operated in 
tandem. Although designed to operate 
on fixed frequencies, the equipment is 
capable of being adjusted continuously to 
operate at any frequency between the 
extremes. Both transmitter and re- 
ceiver-converter use small oscillator tubes 
of the reflex velocity-modulated type 
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Figure 10. Alternative repeater arrangements 


having a flexible cavity which is mechani- 
cally varied to get the approximate fre- 
quency. The exact frequency is obtained 
by varying the repeller potential. 

Each antenna has a gain of approxi- 
mately 33 decibels over a simple half- 
wave antenna. The polarization is nor- 
mally horizontal but vertical polariza- 
tion can be used if desired. 

A feature of a pulse modulated oscilla- 
tor is that because power is not gener- 
ated continuously, the heating of the tube 
is less than for a continuous wave system 
and advantage may be taken of this by 
increasing the applied voltages so as to 
get increased power during the pulsing 
intervals. 

The radio transmitter is a simple self- 
excited oscillator which oscillates or not 
depending on whether a pulse is present. 
This oscillator is pulsed by a modulator 
tube whose plate connects to the cathode 
of the oscillator. The repeller electrode is 
pulsed simultaneously with a fixed frac- 
tion of the voltage applied to the cathode 
in order to reduce frequency modulation 
toa minimum. A peak pulse power of 2 
to 10 watts is obtained depending upon 
the type of tube and frequency. 

Radio frequency power from the oscilla- 
tor passes through a short coaxial lead 
which radiates into a wave guide through 
an impedance matching arrangement. 
The wave guide is tuned with a plunger 
at one end and delivers power to the an- 
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tenna at the other end. A coupling ar- 
rangement is provided on the latest 
model to permit in-service measurement 
of microwave power without affecting 
the power delivered to the antenna. 
Microwave power is measured with a 
portable direct-reading power meter. 

In the latest model of the receiver-con- 
verter, the beating oscillator is fed to a 
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Figure 12. Typical voice input 
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wave guide through an attenuator and 
coupling arrangement which permits 
amplitude adjustments or frequency 
measurements without regard to the im- 
pedance presented to the beating oscilla- 
tor by the antenna. 


VIDEO REPEATER 


The two radio sets forming a repeater 
can be joined either at voice or video 
frequencies (Figure 10). Joining at voice 
frequencies is a convenient arrangement 
if message circuits are dropped or added. 

When sets are joined at video frequen- 
cies, there is a saving in equipment be- 
cause the multiplex boxes are not re- 
quired. Instead, a video repeater is 
used. Located in the common box, this 
repeater provides order wire facilities 
for monitoring and modulating channel 1 
so that a relay attendant will be able to 
signal and talk to any other station along 
the route. In addition, the received 
pulses are lengthened to compensate for 
their having been shortened, chiefly by 
the preceding transmitter. 


SPECIAL EQUIPMENT FEATURES 


The mechanical and equipment features 
of AN/TRC-6 were governed largely by 
Signal Corps specifications. Important 
objectives such as ruggedness, portability, 
maintenance, storm-proofing, ease of 
setup, weight, and dependability were 
given proper balance to obtain a set suit- 
able for military use. 

The 50-foot sectionalized welded alu- 
minum tubing tower consists of six 8-foot 
sections from two to three feet square 
with provision for omitting sections to 
obtain lesser heights. The four interme- 
diate sections are tapered and may be 
telescoped together for shipping. The 
top section rests in the base section to- 
gether with the hoisting boom during 
shipment. 

With the tower properly guyed, the 
movement of the antenna beam pattern 
is restricted to a fraction of a degree even 
in a 60-mile wind. The sets have oper- 
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Figure 14. Diagram of V and U 
UV is the result of sampling V 


ELECTRICAL ENGINEERING 


+UV 
TIME, t 
—_ 
UV kV Vv 
——o LOW- 
as PASS — > ee 
FILTER 
ete) 


Figure 15. Passing UV through a low-pass 
filter and amplifier to obtain V 
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Figure 16. Spectrum analysis of V and UV 


ated successfully through two hurricanes. 
The electrical and mechanical perform- 
ance have proved satisfactory in actual 
field usage even when the antennas, top 
beam section, platform, tower, and guys 
were coated with more than three- 
quarters of an inch of ice. 


Pulse Modulation Principles 


The discussion to follow is a treatment 
of pulse modulation including the sam- 
pling principle and time division. To 
enumerate important features: 

1. It is the sampling principle which speci- 


fies the least number of points required to 
reproduce a changing voice wave. 


2. It is the job of the modulated pulses to 
carry this information to the distant re- 
ceiver. 


3. Pulse position modulation, like fre- 
quency modulation, reduces noise at the 
expense of band width. 


4, A method of scaling is described 
whereby time division is regarded as a scale 
model of a single channel system. 

In carrying out the pulse modulation 
method, the voice signal usually is passed 
first through a low-pass filter (Figure 11) 
to cut out all frequencies above an upper 
limit which is less than one-half the 
sampling frequency, f,. After filtering, 
the signal is designated V and termed 
voice input. 

V (Figure 12) is the instantaneous value 
of a short portion of a voice signal which 
might have passed the low-pass filter of 
Figure 11. The sampling principle 
teaches that if V is sampled instantane- 
ously at regular intervals T, where T is 
less than a half period of the highest fre- 
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quency in V, then the samples contain 
all of the information of the original sig- 
nal. The magnitude of a sample is the 
information a modulated pulse is required 
to carry to the distant receiver. 

The unit sampling wave (Figure 13) is 
designated U and will be used presently 
to sample the voice. Mathematically U 
is regarded as equal to a d-c term plus 
harmonics of the sampling frequency, f,. 
The interval between pulses is designated 
T and equals 1/f,. The ratio of pulse 
length to the interval between pulses is 
designated k. 

The voice input and unit sampling 
wave are repeated at the top of Figure 14. 
Because U is either one or zero, the prod- 
uct UV is an analytical process for sam- 
pling the voice. The result is a series of 
positive and negative pulses. When U 
is one, the product is equal to the voice 
input and at all other times zero. 

Because UV is similar in appearance to 
amplitude modulated pulses (Figure 15), 
it is not surprising to find that an attenu- 
ated replica of V is obtained simply by 
passing UV through a low-pass filter. 
In the process of sampling and filtering, V 
is reduced by a factor k. Amplifying by 
a factor 1/k restores V to its original 
value. 

To bring out more concretely that 
passing UV through a low-pass filter 
produces the original signal, Figure 16 
presents a spectrum analysis of V and 
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also UV. The upper diagram is the 
spectrum of V. After sampling V be- 
comes UV. The spectrum of UV is the 
spectrum of V, small but exact, together 
with upper and lower sidebands about 
harmonics of f,. 

Remembering UV is the result of 
sampling, we can draw a conclusion; if, 
in a communication system, the resultant 
sampling UV is transmitted to the dis- 
tant receiver either by direct transmis- 
sion or by conversion to pulse position 
modulation, the voice signal can be de- 
rived simply by passing through a low- 
pass filter followed by an appropriate 
amplifier. 

The simple physical concepts of pulse 
position modulation (Figure 17) will be 
reviewed by considering an idealized 1- 
channel system. With no voice input, 
pulses of fixed amplitude and length recur 
at regular intervals T. When the chan- 
nel is busy, each pulse is displaced from 
its unmodulated position and occurs 
earlier or later depending on whether the 
voice signal is positive or negative. The 
exact displacement is linearly propor- 
tional to the instantaneous value of the 
voice wave at the time of sampling. With 
full input, the maximum excursion, neg- 
lecting the length of the pulse, is plus or 
minus 7/2 or +1/2 fe. 

Figure 7 illustrates the reduction of 
noise by the slicer or double clipper. A 
practically noise-free pulse is delivered by 
the transmitting multiplex. A long radio 
path attenuates the pulse and noise is 
introduced by the receiver, producing a 
typical pulse with noise as indicated. 
The double clipper works in two steps. 
First, the top of the wave is shaved off 
reducing noise superimposed on the pulse. 
Second, the bottom of the wave is 
chopped off leaving a nearly noise free 
but attenuated pulse. This is amplified 
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Figure 19. Decibel signal-to-noise ratio 


versus path loss 
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Figure 20. Formation of J channels by time 
division 


and delivered to the receiving multiplex. 
It should be noted that whereas the effects 
of noise on amplitude can be practically 
eliminated by the slicer, nevertheless, 
the effects of noise on the exact timing 
of the pulse remain. However, the magni- 
tude of this error in timing can be reduced 
by increasing the band width. 

Because the exact time of occurrence of 
these nearly noise-free pulses is changed 
by the presence of noise at the input to 
the slicer, this effect, namely, the varia- 
tion in exact time of occurrence of the 
pulses, will register as additional noise in 
the final receiver. This additional noise 
is evaluated by an approximate formula 
(Figure 18) for the signal-to-noise im- 
provement due to the slicer (see Appen- 
dix). B/2,/2f, is the improvement 
where B is the JF band.* This is the 
improvement for a single channel system 
whose maximum excursion approaches 
plus or minus 7/2. 

Because of the slicer, noise affecting 
the remainder of the system is restricted 
substantially to that which occurs during 
the time that the pulse amplitude is 
within the range of the slicer, provided the 
peak amplitude of the noise is less than 
one-half the peak amplitude of the signal. 
As the noise exceeds this limiting value or 
threshold, the ability of the receiver to 
distinguish between noise pulses and sig- 
nal pulses begins to deteriorate (Figure 
19). For values of peak noise below the 
threshold, the improvement in signal-to- 
noise ratio resulting from the slicer is 
constant, 

A feature of pulse position modulation 
is that for fixed average power out of the 
transmitter, the peak power can be in- 
creased as the pulse length is reduced. 
Thus, if the band width is increased K- 
fold, it is assumed the pulse length is 
divided by K and that the pulse power is 
increased K-fold. Assuming the noise 
has characteristics similar to resistance 


* An evaluation of the signal-to-noise ratio that is 
similar in principle is included in an article entitled 
“Pulse Time Modulation” by E. M. Deloraine and 
E. Labin in Electrical Communication, volume 22, 
1944, number 2, pages 91-8. 
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noise, the signal-to-noise ratio at the in- 
put to the slicer and, therefore, the 
threshold, are independent of band width. 
Because of the K-fold wider band, the 
maximum rate of rise and fall of the pulse 
will be increased K-fold, and conse- 
quently the signal-to-noise ratio at the 
output of the slicer further is increased 
K-fold which corresponds to a further 
improvement in decibels of 20 logy K. 
This is in contrast to a conventional fre- 
quency modulation system where, over a 
path of specified attentuation, the thresh- 
old represents a limitation on the signal- 
to-noise ratio obtainable with a given 
amount of carrier power. 

Passing to the theoretical concept of 
time division, a time division multiplex 
can be treated by first considering an 
idealized 1-channel system. Assuming 
one channel and maximum excursion of 
the pulse, the band width will depend 
upon the signal-to-noise improvement 
sought. For double sideband transmis- 
sion, the JF band will be twice the video. 
The band width of the transmitter should 
equal that of the receiver. The pulse 
should be as short as the band width of 
the system will tolerate. 

To provide J channels by time division 
(Figure 20), all significant band widths 
are increased J-fold; the length of each 
pulse is divided by J; the peak power of 
each pulse is multiplied by J; J pulses 
appear in each frame; the average power 
of the transmitter is increased J-fold; 
and the modulation or maximum excur- 
sion of each pulse is divided by J. Form- 
ing a scale model in this fashion, the J- 
channel system will have the same thresh- 
old and same signal-to-noise ratio as the 
idealized 1-channel system. 


Transmission Performance 


Microwave propagation at frequencies 
of 4,000 to 5,000 megacycles is subject to 
fading, and observed diurnal and sea- 
sonal effects are evidence of a close con- 
nection between microwave propagation 
and local meteorological conditions. 


Figure 21. Typical transmission-frequency 


characteristic 
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Figure 22. Typical load performance 


However, the presence of rain or snow in 
the transmission path has given no evi- 
dence of causing serious increases in at- 
tenuation. Although the radio propaga- 
tion may vary by very substantial 
amounts, the transmission stability of 
the message circuits is extremely good. 

The eight message circuits which each 
AN/TRC-6 system provides are high 
quality telephone circuits and meet com- 
mercial standards for long distance tele- 
phone transmission. The individual 
message circuits may be terminated 2- 
wire or 4-wire and may be used to trans- 
mit signaling, dialing, facsimile, pictures, 
or multichannel voice frequency tele- 
graph. In the latter instance, a single 
message circuit will handle as many as 
18 separate teletypewriter facilities. 

As indicated by Figure 21, the trans- 
mission—frequency characteristic of each 
of the eight channels varies less than one 
decibel from 300 to 3,300 cycles, and, as 
shown by Figure 22, each channel is ca- 
pable of handling inputs up to about plus 
eight decibels above a milliwatt at thezero 
level point (2-wire input) without appre- 
ciable overloading. The load capacity 
of the receiving multiplex is sufficient 
so that when terminated 4-wire, the cir- 
cuit can be adjusted to nine decibels gain. 
Receiving potentiometers provide a con- 
tinuous adjustment of channel gain over 
a 15-decibel range. 

Inspection of Figure 23 shows that the 
circuit noise observed on a single link is 
dependent upon the attenuation in the 
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> 
path. Fora many link system, this noise 
increases with the number of repeaters. 
However, the individual message circuits 
are particularly quiet. For example, 
over a good 50-mile path, the noise in the 
absence of fading is approximately six 
decibels above reference noise when 
measured at a receiving level nine deci- 
bels below zero level. In terms of rms 
signal-to-noise ratio, assuming the signal 
is plus eight decibels above a milliwatt 
at zero level, this corresponds to a signal- 
to-noise ratio of 75 decibels. Further in- 
spection of Figure 23 will show that on a 
50-mile path, a margin against failure of 
approximately 48 decibels has been built 
into the set, and fades approaching this 


Figure 23. Message circuit noise for a single 
link versus path loss 
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magnitude can be encountered before 
the system fails. 

The intervals of time that are signifi- 
cant in determining the exact position in 
time of a channel pulse are small. For 
example, in Figure 23, if the relative ran- 
dom jitter in the trailing edge of the chan- 
nel pulses had been as great as one 
thousandth of a microsecond, the noise 
meter readings for sufficiently low values 
of path attenuation would have been 
slightly more than 3 decibels higher than 
the experimental values observed. 

Two-way voice transmission over radio 
links totalling 1,600 miles and one-way 
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Figure 24. Transmission stability of 3,200- 
mile circuit 


over 3,200 miles have been accomplished 
successfully in demonstrations. To do 
this, ten radio sets were set up to form 
five two-way 8-channel systems each 
operating simultaneously over the same 
40-mile air path. The five links were 
connected in tandem to form a two-way 
8-channel system 200 miles long with four 
intermediate repeaters. By connecting 
all channels in tandem a two-way 1,600- 
mile circuit was obtained. Finally, by 
connecting both directions together, ex- 
cellent 1-way transmission was ob- 
tained over an air path 3,200 miles long. 
To illustrate the over-all stability of the 
3,200-mile circuit, Figure 24 is a typical 
24-hour recording of the received level 
of a 1,000-cycle test tone and it can be 
seen that the maximum variation is 
less than plus or minus 0.5 decibel. 


Conclusion 


Although this equipment was designed 
for military use, its basic principles and 
design features can be used to provide 
telephone and other communications to 
the public. Sharply beamed radiation 
and reception, pulse modulation and time 
division multiplex are all factors which 
tend to make such systems attractive 
and their economic field in competition 
with other alternatives needs to be de- 
termined. 


Appendix 


Noise will modify the times at which the 
incoming pulses reach the slicing or trigger- 
ing level. Figure 18 shows how a small 
noise voltage N, superimposed on a video 
pulse of amplitude S, changes the triggering 
time by an amount €. From the geometry 
of the figure, S/N=1/Be. After passing 
the IF amplifier of band width B and 
second detector, the approximate slope of 
the leading edge of the pulse at the slicing 
level is SB and the corresponding “time of 
rise” is 1/B. When the output of the slicer 
is passed to the receiving multiplex, the 
error in timing € will cause a noise voltage 
Np in the output of the receiving multiplex. 

Assuming a 1-channel system (Figure 17) 
and supposing that the maximum excursion 
of a pulse can assume its limiting value of 
plus or minus 1/2f,, plus or minus 1/2f. 
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An Improved Azimuth Indicating 
System for Aircraft 


E: Ee LYNCH 


MEMBER AIEE 


Synopsis: Because of the violent maneu- 
vering possibilities in modern aircraft, the 
usefulness of azimuth indicators in avigation 
depends on circumstances not existing in 
marine navigational applications. New 
problems in direction indicating instruments 
therefore have been introduced, such as the 
perplexing problem of obtaining indication 
after loops or rolls. Azimuth indicating 
systems now used in aircraft have not given 
a completely satisfactory solution to such 
problems. 

This paper summarizes the progress from 
the direct reading compasses to monitored 
gyroscopes and concentrates on the unique 
problems in aircraft where space limitations, 
reliability, and operation at all altitudes are 
important. It indicates how azimuth indi- 
cators and auto pilot controls close to the 
ideal are obtainable by the use of special 
features including a novel ‘“‘nontumbling’’ 
mechanism and an electromagnetic type of 
gimbal adjusting device. 


URING the past few years more em- 

phasis has been placed on the de- 
velopment of a directional indicating and 
control system which will meet the new 
rigid requirements for avigation as well as 
the older well-established needs of naviga- 
tion which are still used in guiding air- 
craft. The first systems for use in air- 
craft followed the natural development 


Paper 46-192, recommended by the AIEE com- 
mittees on air transportation and instruments and 
measurements for presentation at the AIEE Pacific 
Coast meeting, Seattle, Wash., August 27-30, 1946. 
Manuscript submitted November 23, 1945; made 
available for printing July 18, 1946. 


E. E. Lyncw and R. A. PFUNTNER are both with the 
General Electric Company, Lynn, Mass. 


represents the peak modulation (displace- 
ment in time) of a pulse from its unmodu- 
lated position. The corresponding rms 
displacement when the pulses are modu- 
lated fully by a single frequency test tone 
approaches 1/2/2f,. If So denotes the 
corresponding rms signal voltage in the 
output of the multiplex, Sy)=K/2./2f¢ 
where K is a constant factor of proportion- 
ality. 

In Figure 18, N can be regarded as the 
voltage of an instantaneous noise sample 
taken at the time of triggering and € as 
the corresponding error in timing caused 
by the noise sample. N can vary from 
sample to sample. The approximate rms 
value of € can be taken as the rms value of 
N divided by SB. In this case No will 
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trend towards improvement of naviga- 
tional compasses. However, the rota- 
tional and translational accelerations 
which are experienced in modern aircraft 
bring forth new and, until recently, un- 
solved problems in azimuth indication. 
A major and perplexing problem is that of 
obtaining indications during steep banks, 
rolls, and loops. It is the purpose of this 
paper to point out the principal features 
needed in an azimuth system for use in 
modern aircraft and to indicate how 
some of the major problems can be solved. 
It will be shown how a modern measure- 
ment system has been designed which 
closely approaches the ideal. 


Existing Systems 


Before stating the ideal characteristics, 
it is desirable to review briefly some of the 
systems utilized for indicating and con- 
trolling aircraft directions. The direct 
reading compass is simple, rugged, light 
in weight, and smallin size. Under favor- 
able conditions it is reliable and accurate. 
Because its indications often fluctuate 
rapidly and are influenced by proximity 
to magnetic fields or magnetic materials, 
its use is often limited to emergencies. It 
also displays the northerly turning errors 
which are well known to pilots and others 
familiar with compasses.! The remote in- 
dicating compass helps to solve the diffi- 
culty resulting from magnetic fields and 
materials by locating the direction sensi- 
tive element in a position where such in- 


denote the rms noise voltage in the output 
of the multiplex. If the noise voltage at 
the input to the slicer has the characteristics 
of resistance noise, its rms value will equal 
the rms value of the instantaneous noise 
samples N. 

Since 


So= K/2 V2f¢ 
and 
No=KN/SB 
then 
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fluences are minimized. However, it does — 
not solve the problems of northerly turn- 
ing errors or pointer oscillation. 

In certain cases the stabilization of the 
magnetic compass has been found de- 
sirable? in order to eliminate the effect of 
the vertical component of the earth’s 
field which is responsible for the northerly 
turning errors. This is done in the gyro- 
stabilized compass by mounting the 
direction sensitive element on a vertical 
axis gyroscope. The element thus is 
maintained in a level position during 
maneuvers and while flying in rough air. 
However, because the vertical gyroscope 
is kept vertical by gravity control, it will 
have some errors during maneuvers of 
long duration since centrifugal forces in- 
fluence the apparent direction of the 
gravitational force. It also has the dis- 
advantage of heavy weight and large 
size in the forms that are generally avail- 
able. Although in this general design the 
compass transmitter including the gyro- 
scope can be located remotely to minimize 
magnetic effects, its location must be 
selected carefully to provide sufficient 
space and to be sure that vibration will 
not damage the gyroscope bearings. 
Modern high speed airplanes allow only a 
few inches of height in the wing tips where 
it is often desirable to locate the trans- 
mitter. 


Another class of azimuth indicator is 
the directional gyroscope which in its 
electric form* has been used mainly as an 
indicating and control instrument in a 
relief type of autopilot.4 This device 
gives an indication that is well-stabilized 
but is subject to gradual drifting or wan- 
dering and must be reset frequently to the 
magnetic compass heading. A part of the 
drift may be the result of gimbal bearing 
friction, unbalance, or mechanical im- 
perfections, but a more fundamental cause 
is the rotation of the earth which produces 
an apparent drift depending on the geo- 
graphical location and heading of the 
directional gyroscope. Resetting is in- 
convenient and may result in an error if 
the compass happens to be under the in- 
fluence of temporary accelerations when 
the heading is transferred from the com- 
pass to the gyroscope. 


To avoid these difficulties the direc- 
tional gyroscope can be reset auto- 
matically and continuously to agree with 
the compass.6 Such an arrangement 
utilizes a remote compass transmitter 
and thus minimizes magnetic difficulties. 
Because it utilizes a directional gyroscope, 
its indication is stable. However, there 
still remains an unsolved problem in con- 
ventional directional gyroscopes, whether 
compass controlled or not. This is the 
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elimination of the error in indication or 
complete loss of indication caused by the 
upsetting of the gyroscope motor because 
of insufficient freedom of movement with- 


in its gimbal mounting. With modern 
aircraft violent maneuvers are possible 
and loops or rolls must be expected with 
military planes. These maneuvers will 
cause normal directional gyroscopes to 
upset. 


Ideal Characteristics of a Modern 
Azimuth Indicating System for 
Aircraft 


From the foregoing discussion of the 
limiting features in existing arrangements, 
it can be seen that an ideal azimuth indi- 
cator or control system for use on modern 
aircraft must meet certain requirements 
to avoid the difficulties described. With- 
out attempting to cover all the requisites,® 
one may state that such a measurement 
system should be light and small, and 
should occupy minimum panel space. 
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Figure 1. Compo- 
nents of azimuth in- 
dicating system 


Such a system should have provision for 
minimizing the effects of magnetic fields 
or magnetic materials, and its accuracy 
should meet the requirements of the 
application. It should produce an indi- 
cation which is stable. Its reading should 
not be excessively disturbed by normal or 
even violent maneuvers. It also should 


Figure 2. Schematic diagram of azimuth indi- 
cating and control system 
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have some provision for minimizing turn- 
ing and acceleration errors. For many 
applications it should have provision 
for transmitting the indication to a num- 
ber of remote stations and it also should 
provide the necessary signals for azimuth 
stabilization or azimuth autopilot control. 
An additional feature considered of much 
importance is an emergency compass, so 
that if the gyroscope fails there will still 
remain a readable indication which is in- 
dependent of local magnetic effects. A 
further very important feature is the 
characteristic of “‘safe failure’ if any- 
thing should go wrong with the system. 


Important Features for an 
Ideal System 


Three important features which help to 
meet these requirements are compass 
control, automatic gimbal adjustment, 
and nontumbling action. The first tends 
to hold the gyroscopic indication in agree- 
ment with the average compass position 
regardless of any natural tendency to 
drift. The second continuously tends to 
adjust the gimbals to a position at right 
angles to each other so that they will not 
drift into line and cause an upsetting con- 
dition. The third feature makes it pos- 
sible to operate satisfactorily even during 
violent maneuvers by eliminating the un- 
desirable tumbling action which occurs in 
normal limited angle directional gyro- 
scopes. 


General Description of an 
Improved System 


The following will show how an azimuth 
control system, which very closely ap- 
proaches the requirements of the ideal, has 
been obtained by the controlling or moni- 
toring of a small nontumbling directional 
gyroscope by means of a remote mag- 
netic compass. The basic devices re- 
quired are shown in Figure 1 and will be 
discussed in detail under ‘Operating 
Principles.” 

In order to overcome the tendency of 
the gyroscope to drift in azimuth, a mag- 
netic compass transmitter of the remote 
indicating type corrects the heading of the 
gyroscope continuously, but at a very 
slow rate. By this means both the natural 
tendency of the gyroscope to wander and 
the large oscillations of the compass are 
reduced to negligible values. 

A second harmonic signal from the re- 
mote compass transmitter A, as shown in 
Figure 2, is applied to a Selsyn detector B 
located on the azimuth axis of the gyro- 
scope. Any angular difference between 
the compass and gyroscope is translated 
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Figure 3. Basic diagram of Selsyn repeater 
circuits 


into a voltage which is amplified in a 
stabilizing control box C and used to cor- 
rect the gyroscope heading. The control 
is accomplished in a torque motor D 
attached to the gyroscope. 

The headings of the compass trans- 
mitter and the gyroscope instrument at 
any instant may be compared by means of 
a small compass repeater E located in the 
face of the directional gyroscope. This 
repeater, which is connected directly to 
the remote compass transmitter, pro- 
vides both a check on the correct func- 
tioning of the system and a very im- 
portant stand-by instrument in case of a 
failure of the gyroscope or automatic con- 
trol. 

An inductive type polyphase electro- 
magnetic ‘‘pick-off’ F generates alter- 
nating voltages G capable of azimuth 
control of an automatic pilot or other 
equipment. 

Because many airplanes require several 
simultaneous indications of direction in 
various parts of the airplane, a subtrans- 
mitter H, as shown in Figure 2, which is 
similar in principle to the remote indicat- 
ing compass transmitter, also is provided. 
This is capable of operating a number of 
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light compass repeaters J located as de- 
sired about the aircraft. Normally these 
repeaters duplicate the signal of the 
directional gyroscope and therefore are 
not subject to the usual compass errors or 
oscillations. Should the gyroscope fail, 
however, they may be connected directly 
to the compass transmitter by switch O 
shown in Figure 2. With this connection 
they provide a conventional remote com- 
pass system. 


Operating Principles 


A system such as the one described has 
many features which are responsible for 
its satisfactory operation. Included in a 
list of such features are 


1. The Selsyn detector to determine the 
difference between compass and gyroscopic 
indications. 


2. The stabilizer control unit that detects 
which direction the torque motor should run 
and controls that motor. 


3. The torque motor for correcting the 
gyroscopic reading. 

4, Thegyroscope motor. 

5. The repeater circuits which make 
possible the transmission of the stabilized 


gyroscopic indication to a large number of 
directional repeaters. 


The operating principle of units furnish- 
ing these features will be outlined before 
discussing the details of the very impor- 
tant automatic gimbal adjustment and 
nontumbling action features. 


REMOTE CoMPASS SYSTEM 


The compass transmitter and repeater 
usually are connected in a circuit similar 
to that shown in Figure 3. Double fre- 


stabilizer control 
with cover removed 
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Figure 4. View of 
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Figure 5. Gyroscope motor for compass 
controlled directional gyroscope 


quency voltages are generated in the 
transmitter windings by the interaction 
of the d-c flux from the north-seeking 
compass magnets and the a-c flux from 
the power source in a saturatable core 
material. The generation of double fre- 
quency voltages by this saturating means 
and their use in repeater instruments al- 
ready has been described adequately.” 

The distribution of the voltages about 
the core is determined by the angular 
position of the transmitter magnets rela- 
tive to the core and coils, and since the 
magnets are free to align themselves with 
the earth’s magnetic field, double fre- 
quency voltages are obtained whose rela- 
tive magnitudes are a function of mag- 
netic heading of the aircraft. The usual 
practice is to impress these voltages upon 
an indicator whose magnetic construction 
is similar to that of the transmitter. In 
the indicator the interaction of the a-c 
flux from the power source and the double 
frequency flux from the compass trans- 
mitter generate a d-c field across the di- 
ameter of the indicator core. Since the 
angular position of this d-c field is a func- 
tion of the transmitter heading, it is used 
to hold the indicator magnet to which the 
indicating pointer is attached in agree- 
ment with the transmitter heading. 


SELSYN DETECTOR 


In the control of the directional gyro- 
scope the compass transmitter is con- 
nected to the Selsyn detector. In the de- 
tector the polyphase coils and core differ 
from those of the conventional compass 
indicator or repeater by the fact that 
saturation of the core does not occur. 
Thus a double frequency flux with a 
direction depending on the voltage pat- 
tern of the transmitter is obtained instead 
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of a d-c field. Two magnetic vanes 
mounted on a shaft, as shown by L in 
Figure 2, can pick up this flux and guide 
it through a detector coil to detect the 
angular position of this double frequency 
flux. If the vanes are exactly in line with 
the a-c field, a maximum voltage will be 
induced in the coil, but if the vanes are 
turned 90 degrees from this position, zero 
voltage will be induced. By mounting 
the vanes on the gyroscope azimuth shaft 
the zero voltage position is used to detect 
when the gyroscope azimuth axis is in 
agreement with the compass heading. 
Any voltage present in the detector coil 
indicates an error in the gyroscope head- 
ing, the direction of which is determined 
by the polarity (in phase or 180 degrees 
out of phase from a reference voltage) of 
the alternating voltage. 


STABILIZER CONTROL UNIT 


The detector output is impressed upon 
an electronic control unit which amplifies 
and rectifies the signal to give a d-c out- 
put for operation of the torque motor to 
bring the gyroscopeto the correct heading. 
A photograph of the stabilizer control unit 
with the cover removed is shown in Figure 
4, The signal first is amplified in a con- 
ventional 2-stage amplifier circuit. It 
then is rectified. During rectification 
it is combined with a properly phased 
master voltage to obtain a direct current 
which reverses if the polarity of the input 
reverses. This direct current in turn is 
amplified and used to control the torque 
motor. 


Torque Motor 


The torque motor D, Figure 2, is 
operated by direct current from the 
stabilizer control unit circulating between 
the center tap and either end of a winding 
J. The current in the coil produces a 
magnetic field inside it parallel to the 
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gyroscope main gimbal axis and in a 
direction determined by the direction of 
the correction required. Four alnico bar 
magnets K are placed on the sides of the 
motor frame with their axes parallel to the 
motor shaft. The magnetic field from the 
coil reacts with these magnets to produce 
a torque in such a direction that preces- 
sion will take place about the azimuth 
axis. Precession will continue until the 
compass and gyroscopic indications are 
in agreement. 


GyroscorE Moror 


The gyroscope motor shown in Figure 5 
is a 3-phase 2-pole hysteresis-type motor 
which operates synchronously at 24,000 
rpm and is capable of furnishing a power- 
ful starting torque. Adequate moment of 
momentum is provided by means of an 
external rotor shell of a tungsten alloy, 
and this together with the high rotating 
speed gives the necessary stabilizing 
torque. Special bearings designed to with- 
stand high vibration accelerations give 
these motors improved characteristics. 


REPEATER SYSTEMS 


In order to utilize the stabilized direc- 
tional gyroscope for other purposes than 
as an individual indicator, additional re- 
peater systems are employed. One of 
these is the subtransmitter H shown in 
Figure 2. In principle this transmitter is 
equivalent to that of the remote compass 
except that the transmitter magnet is 
attached to the gyroscope azimuth axis. 
By means of a circuit similar to that 
shown in Figure 3, the heavily damped 
gyroscope subtransmitter signal may be 
used to actuate a number of standard re- 
mote directional repeaters located con- 
veniently about the aircraft. 

A second system is the autopilot azi- 
muth control which is initiated by a signal 
from a polyphase ‘pick-off’? mounted 


Figure 6. Typical 
toy gyroscope 


A. Standard type 

B. Special type 

equipped with non- 

tumbling compense- 
tion 
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Figure 7. Indication during an Immelman 


turn 


A. Without a compensating device 
B. With a compensating device 


around the gyroscope azimuth shaft as 
shown at F of Figure 2. The construction 
of this ‘‘pick-off”’ is similar to that of the 
Selsyn detector, but its operation is some- 
what different. The power supply fre- 
quency is supplied to the single center 
coil and the vanes M distribute the flux to 
the outer polyphase coils in accordance 
with the angular heading of the gyroscope. 
Voltages produced in the polyphase coil 
are therefore a function of the gyroscope 
heading. These voltages may be used for 
accurately controlling and_ stabilizing 
various directional devices. 


Automatic Gimbal Adjustment 


A very important feature is used in this 
compass-controlled gyroscope system. An 
automatic method of keeping the gimbals 
at right angles to each other prevents 
the horizontal gimbal from precessing 
into line with the main gimbal. Such a 
lineup of the gimbals causes the gyroscope 
to upset. Figure 2 shows the construction 
schematically. A copper cylinder P is at- 
tached to the instrument frame in such a 
manner that it surrounds the gyroscope 
motor and its axis coincides with the main 
gimbal axis. In the actual design illus- 
trated, this cylinder also serves as the 
mechanical support for the torque motor 
coil. A 4-pole disk magnet Q is attached 
to the end of the motor shaft R and turns 
with the motor rotor at 24,000 rpm. 
Eddy currents are induced in the copper 
ring by the spinning magnet and produce 
an electromagnetic drag acting on the 
motor rotor. 


As it revolves the upper part of the 
magnet moves in one direction with 
respect to the cylinder, and the lower part 
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moves in the other direction. The torques 
caused by the upper and lower parts of 
the magnet are, therefore, symmetrical 
when the spin axis is level, and no re- 
sultant drag exists about the vertical 
axis. When the motor axis becomes tilted 
with respect to the plane of the copper 
cylinder, the forces become unbalanced 
because one-half of the magnet disk is 
closer to the cylinder than the other. This 
force unbalance results in a torque about 
the vertical axis of the gyroscope which 
causes precession about the horizontal 
axis and prevents gyroscopic upset by 
keeping the spin axis at right angles to the 
main gimbal S. 


Nontumbling Gimbal Reversal 
Feature 


It previously has been pointed out that 
the system should indicate correctly after 
all the maneuvers that an aircraft may be 
expected to perform. The maneuvers in- 
clude loops and rolls which cause conven- 
tional directional gyroscopes to upset be- 
cause the angular movement of the spin 
axis in the main gimbal is limited. Uni- 
versal freedom mounting can be designed 
to reduce the hazard of upset. A toy 
gyroscope such as shown in Figure 6A 
illustrates the general construction. Prob- 
lems arise, however, which make it im- 
practical or, at least, undesirable. 

One major problem is illustrated by the 
fact that with 360 degrees freedom it is 
possible to go through certain maneuvers 
such as an Immelman turn where, after 
coming out of the maneuver, the instru- 
ment will read incorrectly by 180 degrees 
as shown in Figure 7A. This is further 
complicated by the fact that when going 
through a similar maneuver at a slightly 
different heading, this reversal will not be 
present. 

In order to clarify this principle, con- 
sider Figure 6 which illustrates schemati- 
cally a directional gyroscope. There are 
two conditions limiting the directional 
gyroscope’s proper use. 


1. The spin axis is fixed in direction. 


2. The base is fastened to the aircraft and 
is upright in normal flight. 
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Figure 8. Typical control rate for gyroscope 
azimuth precession 
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Figure 9. Typical control rate for leveling 
gyroscope gimbal 


The angle 0, Figure 6A, between the 
plane of the base ring and the plane of the 
main gimbal is a measure of the gyro- 
scopic indication. It is evident that with 
only these two limitations, the angle 0 
can have two values differing by 180 de- 
grees for a particular heading of the gyro- 
scope base ring, since besides the position 
illustrated, we can turn the spin axis as 
shown by arrow Y, continuing it through 
the main gimbal, and then we can bring 
the black end of the spin axis back to the 
left hand side by rotating it about the 
main gimbal axis. Thus for the same 
heading of the aircraft, we have two 
azimuth readings differing by 180 de- 
grees. 

The fact that both of the foregoing 
readings can exist is verified during an 
Immelman turn, which is illustrated by 
the following experiments. If the air- 
craft is considered heading in the direc- 
tion shown on the gyroscope base in Fig- 
ure 6A, and if the base is rotated as shown 
by the arrow X (keeping the spin axis in 
the plane of the base ring) until the base 
is upside down, the angle @ will not 
change. If the base then is returned to 
normal by rotating about the spin axis, 
6 still will be unchanged. 

If the experiment is repeated in a 
similar manner, but if the spin axis inten- 
tionally is kept slightly off the plane of 
the base ring, then a phenomenon occurs 
which at first thought may seem strange. 
The main gimbal rotates 180 degrees on 
its own axis as the base turns upside down. 
This phenomenon is caused by the gyro- 
scope’s tendency to keep its spin axis 
pointed in one direction. When the gyro- 
scope is mounted in gimbals with axes at 
right angles to each other, the main gimbal 
must turn in the manner described in or- 
der to allow the spin axis to hold its 
direction. This action is referred to as 
gimbal error action in less violent maneu- 
vers. 

The problem is to eliminate the possi- 
bility of having two different indications 
for the condition where the aircraft is up- 
right and headed in one particular direc- 
tion. A stop to prevent the spin axis 
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passing through the main gimbal prevents 
the possibility of two such indications, 
and the arrangement is schematically 
shown in Figure 6B. During a loop, when 
the pin hits the gimbal, it is engaged only 
momentarily since gyroscopic action 
turns the main gimbal to free the pin, 
and therefore no undesirable tumbling 
action takes place. 

The stop is placed so that the inner 
gimbal cannot quite line up with the main 
gimbal, and two additional desirable re- 
sults are attained. 


1. Since the inner gimbal will not rotate 
360 degrees, spirals can be used to lead cur- 
rent into the motor rather than slip rings. 
This eliminates undesirable friction. 


2. Since the axis of the inner and main gim- 
bal never can line up exactly, the maximum 
undesirable effects of “‘gimbal lock’’ are 
eliminated. ‘‘Gimballock”’ is the condition 
where the spin axis lines up with the main 
gimbal axis, and in this position friction of 
the motor bearings will tend to turn the 
main gimbal and thus start the directional 
gyroscope indicator dial spinning. 


Operating Characteristics 


There are certain operating character- 
istics of especial interest in the compass- 
controlled directional gyroscope. Some 
of these may be called design character- 
istics since they are easily adjustable in 
design. These would include the pre- 
cession rate of the gyroscope azimuth 
correction, and the leveling rate of the 
gyroscope gimbal automatic adjustment. 


PRECESSION RATE 


The advantage of a high rate for cor- 
recting the gyroscope indication lies in 
the faster return of the gyroscope when 
large errors occur, and also in a reduction 
in errors caused by the drift of the gyro- 
scope that is being compensated for, as 
shown in the appendix. However, be- 
cause the compass may have large errors 
during turns, a high rate might cause 
greater gyroscopic errors than a low rate. 
Figure 8 illustrates a typical control rate 
curve where the amplifier is designed to 
change from zero to the maximum cur- 
rent very quickly, and thus give a high 
correction rate for small angles of devia- 
tion. It has an approximately constant 
rate for all larger angles of deviation in 
order to reduce turn errors. 


LEVELING RATE 


Another characteristic is the leveling 
rate of the automatic gimbal adjustment. 
With the construction shown in Figure 2, 
characteristics similar to those illustrated 
by Figure 9 are obtained where the maxi- 
mum value may be varied by the strength 
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Figure 10. Data typical of actual results 
during a complete loop 


of the alnico bar magnet. Since the dip of 
the motor normally is not transmitted to 
the dial, the shape of this curve is not 
particularly critical. Ordinarily there is 
nothing to upset the motor to a position 
outside the range of the copper ring, but 
if considered necessary, air drag on the 
motor rotor may be used as a leveling 
means for the high angles. 


Flight Data During Violent 
Maneuvers 


Very important operating character- 
istics are shown by actual flight data. 
Figure 10 shows the data taken during a 
loop starting on a 90-degree heading in a 
typical flight test. 


Conclusions 


This system will give satisfactory over- 
all operation covering a wide range of 
voltage, frequency, temperature, and 
attitude conditions. For optimum per- 
formance, however, the frequency should 
be kept within ten per cent of its rated 
value, and volts per cycle within a similar 
range. 

As fast as instrumentation and control 
of aircraft in azimuth have posed new 
problems to solve, new techniques have 
been developed to meet the requirements. 
Magnetic compasses, stabilized com- 
passes, and compass-controlled gyroscopes 
have all been steps in the evolution of 
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direction indication but have failed in the 
past to be adequate for the violent maneu- 
vers which modern fast airplanes can per- 
form. It has been shown, however, that 
one form of compass-controlled direc- 
tional gyroscope when supplied with the 
new “nontumbling feature’ can provide 
satisfactory operation for these applica- 
tions. Not only can this be accomplished, 
but the weight and size are such that the 
gyroscope indicator can be mounted in a 
standard 3!/s-inch-diameter A N-size in- 
strument panel cutout, a feature which is 
extremely desirable. 


Appendix. The Servomechanism 
System of an Improved Azimuth 
Indicator 


With reference to Figure 2, the primary 
detector of the directional measuring system 
is a permanent magnet which seeks a north- 
south direction in the remote compass 
transmitter A. A voltage pattern is pro- 
duced which is transmitted to the compass 
repeater E& and, if desired, can be trans- 
mitted to the directional repeaters J. The 
main function of the voltage pattern, how- 
ever, is to act as the ‘‘desired behavior”’ of a 
regulatory loop or closed casual servo sys- 
tem. A paper on this subject, entitled 
“Unified Symbolism for Regulatory Con- 
trol’ by G. A. Philbrick, was presented at 
the December 1945 meeting of the American 
Society of Mechanical Engineers. Figure 
11 shows a graphical or symbolic diagram of 
the servo system. 

This voltage pattern produces an a-c flux 
in the Selsyn detector B that has a direction 
determined by the pattern. Using the 
symbolism of Brown and Hall this direction 
can be represented functionally by 0;(). 
The gyroscope itself positions pickup vanes 
in the Selsyn detector, the direction of 
which can be represented functionally by 
@,(t). The difference between the compass 
reading (corresponding to the flux direction) 
and the gyroscopic reading (corresponding 
to the vane direction) then is represented 
by @:(t) —9,(t) and this corresponds to the 
error signal voltage é(¢) induced in the 
pickup coil. 

This error signal voltage £(¢) isthe input to 
a stabilizer control C, the outputs of which 
are direct currents. These currents flow 


through the coils of a torque motor D to 
produce a torque which can be represented 
functionally by T7,(t). If the combined 
operator is C,(p), then the torque 7;(t) is 
the result of C,(p) operating on the input 
&(t). This output torque T7,(t) combines 
with disturbance torques T(t) such as those 
causing drifts to cause precession of the 
gyroseope in a direction to reduce the error 
signal. This precession operator H,(p) 
operating on the torques determines the 
position of the pickup vanes. 


Hip) [T.(¢) Te T,(t)] =0,(2) 


Figure 11 easily can be recognized as a 
standard simple servomechanism. The 
operator C,(p) can be considered a constant 
K for small values of &(t) because in this 
region the stabilizer is a proportional ampli- 
fier, and the torque from the precession 
coils is essentially proportional to the cur- 
rent. However, for large values of £(t), 
the amplifier saturates, and C,(p) has the 
necessary value to keep T¢(t) or Cc(p)é(é) 
essentially constant. The differential opera~- 
tor H,(p) is essentially an integral operator 
1/p since the speed of gyroscope precession, 
or (d@,)/dt, is proportional to the torque 
Te(t) + Tolt). 

From this discussion it is apparent that 
the standard simple servomechanism equa- 
tions which are covered fully in another 
paper® can be used to predict errors and 
stability of such systems. 

The three basic equations can be written 
as follows, omitting (¢) where convenient: 


E(t) =0;(t) —Oo(¢) 

or (1) 
£=0;—9 

T(t) = Co(b)E(d) 

or (2) 
T,=Ké 

@,(t) = Ho(p) [Te + To] 

or (3) 
@,=1/p[T-+To] 


Subtracting @; from each side of equation 3 
and substituting equation 2 in equation 38, 


0; — 9, = 9; —1/p[KE+ To] 
which from equation 1 gives 


£=0;—1/p KE—1/p T, 


Dtg2e 


REMOTE 
COMPASS 


Figure 11. Graphi- 
cal and symbolic dia- 
gram of compass con- 
trolled directional 
gyroscopic servo 
mechanism 
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or 
Ea 0; = 1/p To 
1+1/p K (4) 
oa E oe | 
p+kK 
The use of this den ator as an over-all 


system operator h | -en recognized in 
servomechanism ces1~ fur years. 

Thus (p+K)~! summarizes the system 
behavior over the range that K is a con- 
stant. Since (p+K)~! is the Laplacian 
transform for e~** its characteristic is an 
overdamped system without oscillation and 
with a time constant determined by K. 
From equations 1, 2, and 3 


C.(P) Ho (p)9x(4) +H, (p) T,(t) 


a nd wat-hG,() EE) 
or 
©, Kot To 
p+K 
or 
oe = K(0;—®))+To 


For ‘‘steady’”’ conditions 


d®, 


= () 


dt 
and 


@;—O,=§= —T,/K (S) 
Equation 5 leads to the conclusion that 
the basic error of the system can be kept 
small by increasing the gain represented by 
K and by reducing the undesired torque T9. 
Equation 4 which indicates a nonoscillating 
system with a time constant determined by 
K also indicates that K may be large without 
producing undesirable characteristics. 

If K is to be large over the range that it is 
a constant, and if the precession rate is to 
be limited beyond this range in order to re- 
duce errors that result from the gyroscope 
following the compass during the period that 
turn errors are present in the compass, a 
characteristic curve as shown in Figure 8 
results. 

With this characteristic, errors caused by 
normal undesirable torques are negligible 
and normal turn errors are small. If exist- 
ing turn errors are objectionable, the com- 
pass control can be disconnected during 
turns. 
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Some Aspects of Polyphase Motor 


Design—The Design and Properties 
of the Magnetic Circuit 
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N a preceding paper,’ an attempt was 
| made to present a design point of view, 
indicating that the criterion for a design 
method is its direct ability to provide the 
construction data whereby desired ma- 
chine specifications are met. The idea 
was illustrated by a procedure for poly- 
phase motor design, stripped of refine- 
ments, and employing a magnetic circuit 
of fixed contour. Such a condition arises 
through the use of standard laminations 
in which designs are made. The ques- 
tions naturally arise as to how these lam- 
inations are proportioned and what 
affect the proportions have on perform- 
ance. It is with such matters that the 
present paper is concerned, directed 
chiefly at motors with semiclosed slots of 
50 horsepower or less. 

An investigation of the various propor- 
tions and dimensions which can be used 
in the magnetic circuit of an electric mo- 
tor leads to some interesting relationships. 
Unfortunately, these readily can become 
of academic rather than practical interest 
unless several underlying facts of indus- 
trial and commercial importance are kept 
in mind, 

Faced with the requirements of design- 
ing a suitable stator and rotor lamination 
for one definite horsepower and speed 
rating for a polyphase induction motor, it 
can be imagined readily that the relation 
of slot area to tooth area, and rotor diam- 
eter to stator diameter (and several other 
proportions) could be set up in useful ra- 
tios so as to obtain minimum copper, or 
Paper 46-166, recommended by the AIEE com- 
mittee on electric machinery for presentation at 
the AIEE summer convention, Detroit, Mich., 
June 24-28, 1946. Manuscript submitted April 


15, 1946; made available for printing May 28, 
1946. 
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minimum material cost, maximum ef- 
ficiency, or any one of several other desid- 
eratum. This is a process of designing 
a lamination for a particular rating. In 
contrast to this is the process of designing 
a lamination for a given frame. The dis- 
tinction is important enough to bear fur- 
ther explanation. 

It has been pointed out that while a 
motor manufacturer sells horsepower, in 
reality he sets up to build frames. In 
some instances, a special frame or a spe- 
cial design may be made for one applica- 
tion, bearing one rating only, and planned 


for very large production. In such a 
Table | 
Horsepower RPM Horsepower RPM 


———— SET. 


General purpose, open type, 60 cycles 


TOMES sarees 3,600 o/s ere Sages 600 
(Roche oes 1,800 Sees cincters 514 
MP Facets 1,200 OU ie Pea Cid: 514 
Bi ones 900 gee Bat oe 450 
Ose SE OL. 720 
Totally enclosed 
CO ire ceca 1,800 PI PRO SENG 900 


case, the design of a ‘‘best’”’ lamination for 
the case at hand may be justified. 

In the majority of cases, a lamination is 
to be provided for a given frame and made 
as widely useful as possible for all ratings 
which expect to be sold in that frame size. 
Suppose, for instance, NEMA* frame 284 
is considered. Standardized ratings in 
Table I indicate the horsepower and 
speeds which all are expected from this 


* National Electrical Manufacturers Association. 


7. MAaAGNESYN ReMoTE INpIcATION, Robert S. 
Childs. AIEE Transactions, volume 63, 1944, 
September section, pages 679-82. 


8. Dynamic BEHAVIOR AND DESIGN OF SERVO- 
MECHANISMS, G. S. Brown, A. C. Hall. Tvransac- 
tions, American Society of Mechanical Engineers, 
volume 68, July 1946, pages 503-24. 
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“container” of more or_less fixed dimen- 
sions. 

From a commercial point of view, all 
ratings shown should be obtained from 
exactly the same lamination, stacked to 
the same axial length. Such a practice 
would mean that any order for such rat- 
ings could be filled from a stock of built-up 
unwound bodies and fields, modifying 
only the stator windings and the end 
ring sections of the squirrel cage. This 
ideal state cannot be realized but it can 
be approximated, and the attempt has a 
great effect upon lamination design and 
the functions of the designer. 

Considering the foregoing facts, an at- 
tempt to design a “‘best” lamination can 
be of interest only in the exceptional case. 
If the lamination is to be widely useful, 
the proportions determined as best for 
one rating readily may prove undesirable 
for another. The result is a series of 
compromises, based on the minimum 
number of laminations for any given 
frame, which will yield all of the stand- 
ardized (and some special) ratings as re- 
quired, without serious interference with 
the accepted standards of performance. 

Dealing with lamination contours for 
such purposes, it is reasonable to take a 
pragmatic viewpoint. Accordingly, we 
will investigate first the proportions of a 
series of laminations which, through re- 
finements of practice, have been known to 
yield useful results. 


Method of Fixing Stator Proportions 


A total of 108 stator and rotor lamina- 
tions were used to determine lamination 
proportions. These varied in rotor diam- 
eter from 3 to 15 inches. Their propor- 
tions had been determined initially by in- 
vestigations or as manifestations of the 
individual tastes of a number of designers 
over a period of years. As a first step in 
determining proportions, a series of points 
were plotted using diameter to the bot- 
tom of the stator slots versus rotor diam- 
eter. With surprisingly little variation 
these points fell on a straight line which 
can be expressed by the equation (see 


Figure 1) 
D,=1.175D +0.647 (1) 


To determine the outside diameter of 
the stator, relative flux densities of teeth 
and stator yoke will be used. Maximum 
tooth densities and average yoke densi- 
ties will be determined. 

Maximum stator tooth density is 


a1 .57 X poles X flux per pole 
“= number of slots X ty XL 


(2) 
The tooth width (¢,) is assumed to be the 


DECEMBER 1946, VOLUME 65 


Stator 


Figure 1. 
dimensions 


narrow straight portion shown in Figure 1. 
Average density in the yoke is 


ak 0.5 X flux per pole 
radial yoke length XL 


ave (3) 
The radial yoke length or depth below 
slot will be abbreviated dbs. 

As a working basis, it will be assumed 
that a reasonable magnetic circuit results 
from proportions giving a maximum sta- 
tor tooth density of 120 per cent of the 
average yoke density. This ratio can 
vary somewhat with few bad effects. It 
is obvious that if tooth densities were 
kept constant on say both 4- and 8-pole 
designs, the yoke densities would reduce 
to half in the latter case. As will be shown 
in dealing with compromise laminations, 
over-all densities may well be adjusted. 
The effect of other ratios is investigated 
briefly in the appendix. From the 120- 
per-cent ratio, 


1.576P _ 0.5¢ 4) 
Shi” Ga aes) 
Solving for depth below slot, 
Sit 
dbs =0.382—>° (5) 


Twice the depth below slot, plus D, 
represents the outside diameter of the 
stator laminations. It would be conven- 
ient to obtain this in terms of rotor diame- 
ter, and to do so the following method 
was employed. 

The portion of the stator lamination 
lying just within the circle swept out by 
D, obviously fulfills the double purpose of 
supplying both the magnetic and the elec- 
tric circuits. The division of this ring 
between slots and teeth affects the per- 
formance and results in an iron or a cop- 
per design. The effect is illustrated briefly 
in the appendix, but at this point it is 
sufficient to point out that a motor re- 
quiring low current densities (as a totally 
enclosed design with a cooling problem) 
might require a greater portion of this 
area for copper. Conversely, a design 
requiring high maximum torque, and in- 
tended for intermittent service, can be 
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shown to require an increased tooth 
width. Our interest, however, is to de- 
termine a working value which is useful 
for general purpose designs, and hence 
the average for a group of existing lami- 
nations were investigated. When (S; X 
ty) versus rotor diameters were plotted 
for the 108 laminations, the results spread 
over a band which gave a clearly defined 
straight line. The equation is 


Sily =1.85D (6) 


Substituting in equation 5, 


D 
dbs =0.515— 7 
s=0 P (7) 
Then 
D 
OD>ELi5D--1 035, 10.647 (8) 
Solving for D, 
OD —0.647 
Pas 
1.175 -+— 9 
Sate P (9) 


This equation, along with equation 1, 
is plotted in Figure 2 against rotor diame- 
ter. Based entirely upon average rela- 
tionships observed from a number of 
laminations used in practice, and a few 
fundamentals, it fixes the main propor- 
tions of a stator lamination. Its validity 
as a working method will be checked later. 


Compromise Dimensions 


To illustrate the use of these curves or 
formulas, assume that laminations were 
to be provided for a frame which could 
accommodate a lamination diameter of 
ten inches. By these rules, Table II can 
be made. 

Table II indicates that for each number 
of poles a different lamination would be 
necessary, and hence this practice repre- 
sents the very requirement which is least 
desirable commercially. The point is, 
however, that by an examination of the 
dimensions, progressing in a logical man- 
ner, an intelligent compromise of dimen- 
sions can be made. Any such compromise 


Table Il 
8S SS Se eS 
Poles D, In. Di, In. dbs, In. 
Be es Se ee 
Die wtevsia sicker Bub Oasraisiontsie Teal mrhsrsvorets 1.42 
Ae keene eters CPEB Sooo aad BiS2 sce tener 0.84 
CO Rain. Sores GiQa reir: estore SSO) cers seretes 0.595 
PB acw asco ied Gl srersnatet soles SLOG rotors 0.46 
LOR TB Qecernyers O25 ek sia 0.377 
PTR co eata hot MEAD Geielsisteete 9536. ois cots ate 0.317 
A Senenstavevet ats MEAD miata sisicle QA Baa idiwiscate me 0.276 
UOcierereletors isle UD Oiais diersisieie O52... crosteoie 0.242 
TSS asics cB Oi crocus eictens Ol5Gi. ceteerenere 0.217 
20 ations YA beteiranaa 9.60). sijc.s2na 0.196 
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involves a grouping of numbers of poles, 
and a consideration of mechanical 
strength of the yoke, in cases of many 
poles. 

A 2-pole lamination usually represents 
an isolated design, not used for any other 
speed. This distinction is obvious, as the 
flux density in the yoke is only half of 
that obtained for a 4-pole machine, if the 
two designs are attempted in the same 
lamination. This change is always pro- 
portionately less as the poles increase in 
number. Table II illustrates this point. 

No absolute rules can be laid down as to 
the grouping to be followed, partially be- 
cause the relative production in various 
lines represents an individual problem. 
Thus compromise dimensions might be 
set up between the 4- and 6-pole designs, 
planning all production of a greater num- 
ber of poles in one lamination. However, 
it might prove feasible to plan 4-, 6-, and 
8-pole production in a compromise lami- 
nation, using a different design from 10- 
pole up. If 36 stator slots are used, frac- 
tional slot winding obviously would be 
required on the 8-pole designs. Grouping 
the 8-pole requirements with the lamina- 
tion designed for the greatest number of 
poles, and using 72 slots, results in com- 
paratively few fractional slot windings 
from 8 to 20 poles. Three-phase cases are 
emphasized here. 

Granted that the grouping is an individ- 
tal problem, it is of interest to observe 
the general effects on performance which 
would result in using a lamination de- 
signed by these rules for 4-pole use, when 
applied to 6-pole motors and vice-versa. 
Such results are tabulated in the appen- 
dix and are contrasted with other designs 
made in compromise laminations. 


Stator Tooth Shape 


Shape of the tooth tip and contour of 
the slot bottom are necessary for the 
completion of the stator lamination de- 


OUTSIDE DIAMETER 
AND D; — INCHES 


(2 4 6 8 10 12 14 16 
ROTOR DIAMETER — INCHES ~ 


Figure 2. Values of outside diameter and D, 


The former varies with the number of poles 
when plotted as a function of rotor diameter 
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Figure 3. Rotor 
and stator tooth 
dimensions 


sign. Relative values of d’ and e’ are 
important to the performance (see Figure 
3). Too small a value of e’ may make 
insertion of the windings difficult or im- 
possible; too large a value increases the 
tooth flux fringing, the effective gap 
length, and the surface losses. An in- 
creased value of d’ shows up chiefly in the 
increased slot leakage reactance. 

A suggested working basis is to calcu- 
late 


e’=0.0143D +0.0643 (10) 


In designs with an unusually great 
number of slots for comparatively small 
diameters, the value of e’ given by this 
formula may prove quite large. Any 
modification should be made towards re- 
ducing this value. 

The depth d’ should be chosen so that 


(11) 


The bottom of the slot can be made 
semicircular, tangent to the circle swept 
out by D,; or it can be made flat, with 
rounded corners. No recommendations 
can be made on this choice, aside from the 
comment that a die maker usually pre- 
fers the former practice. 


d’/e’ =0.3 (approximately) 


Area of Stator Slots 


The toroid between D and D, represents 
an area from which total tooth area can 
be subtracted to give gross slot area. 
Such a calculation gives the following ex- 
pression for gross area of all slots: 


Area (sq in) =0.18D?+0.758D+0.33 (12) 


Note that this is independent of the 
number of slots. Actually, because of 
rounding off corners, the net useful area 
per slot for laminations designed by these 
rules is approximately 


0.9 gross area 
Si 


=actual slot area (13) 
Gross area is plotted in Figure 4. 


Rotor Lamination Design 


Items to be considered in the design of 
squirrel cage rotor laminations are the 
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number and size of slots, and the dimen- 
sions of the slot openings. Common 
practice makes use of the following two 
forms of construction: 


1. The round slot used with copper bars. 
2. The deeper slot used with die cast cages. 


The general problem will be considered 
in more detail for the first case. 

It already has been pointed out that 
the stator slot opening can be obtained 
through the empirical relationship of 
equation 10. A useful value for the rotor 
opening is 70 per cent of e’ or 


e” =0.01D+0.045 (14) 


Modification usually should occur on the 
low, rather than the high side. 

The slot constant K,” expresses the 
effective linkages per ampere per inch of 
length for a given slot shape. As a work- 
ing basis, it will be assumed that this 
should always be 1.3. Now, since 


K,” =0.623-+d"/e” (for round bars) (15) 


it follows that 


thé 
Ce = 


oN ee ne Te 
0.01D +0.045 


Hence 


ad” =0.00677D +0.0304 (16) 


Both d” and e” are now fixed by these 
equations 

The diameter of the slot remains to be 
determined. A working basis for deciding 
on slot diameter, and hence tooth width, 
involves a consideration of flux densities 
in the teeth. For field laminations the 
tooth width was fixed thus: 


In the same manner, if equal flux densi- 
ties in the stator and rotor teeth are de- 
sired, 


SEL a6D 
ty = S 


(17) 


where S, = the number of rotor teeth or 
slots. 

When round slots are used, the as- 
sumption that ¢t,” indicates the tooth 
width at the narrow neck usually permits 
higher densities in the rotor than in the 
stator (see Figure 3). A figure of 118 per 
cent is useful and hence 


1.35D 


ty” = 
PF RAs ue) 


For cast rotors in which the tooth is - 
commonly longer, equal flux densities in 
stator and rotor teeth are more desirable. 
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\a 


a ae 
The magnetizing ampere turns required 
for rotor teeth otherwise may become ex- 
cessive. 

While the foregoing relationship en- 
ables the designer to determine the tooth 
width, a more direct calculation for fixing 
the diameter of the slot (and hence the 
bars) is very useful. This problem will be 
instigated further. 

Our first concern is with an expression 
for the slot or bar circle diameter. 
tinction must be made concerning diame- 
ter D as to whether it is used as the true 
rotor diameter or the stator bore. If 
considered as the stator bore, the air 
gaps immediately enter the calculations. 
While practices as to suitable gap lengths 
vary considerably, a reasonable basis is 


A=0.0016 X D+0.0072+0.001L (19) 


_If modified, this usually would be in- 
creased for higher speed motors. 

This gives the radial length of air gap 
in inches, as a function of both diameter 
and stack length. For our purposes it will 
be sufficiently accurate to assume a gap 
resulting from an average stack of three 
inches, leaving gap length as a function of 
diameter only. 

To determine the slot diameter, we can 
make use of the following relationship: 


Diameter across slot centers = D —2A— 
2d”"—Q (20) 


where Q = diameter of slot in inches. 
(This equation is in error to the extent 
that d” is not measured on the diameter 
D, but is offset by the amount of one-half 
ide 

Expanding equation 20, by equations 
19 and 16 we obtain 


Diameter across slot centers =0.9833D — 
0.0752 —Q 


From which it follows that the diameter 
of the slot is 


1.95D —0.236 _ 
Sear 


It is of interest to note how the total 


Q (21) 
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IX) 
fe) 
aa 
ae 
ER 
x 


er 
pea 
, Sane eases 


2 4 6 8 10 12 
ROTOR DIAMETER — INCHES 


Figure 4. Total area of all stator slots as a 
function of rotor diameter 
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Figure 5. Total area of all rotor slots for 


various numbers of slots 


area of the rotor slots varies as a function 
of their number. These areas are shown 
in Figure 5. 


Recapitulation 


The foregoing rules are all that are re- 
quired to determine the dimensions for 
stator and rotor laminations, once the 
outside diameter and the number of poles 
are known. Yet, it must be kept in mind 
that perhaps the greatest use of such form- 
ulas occurs through the design of general 
purpose or average laminations which are 
intended for use for a variety of designs, 
involving various numbers of poles. The 
assumption is that if one wishes to design 
a lamination for 4-, 6-, and 8-pole use the 
procedure would involve the preliminary 
design for 4- and 8-pole, and thtis make an 
intelligent compromise between the 
known limits. 

No data on recommended numbers of 
slots are given here as that involves other 
factors not relevant to this paper. 


Lamination Capacity 


It cannot be emphasized too strongly 
that once a set of laminations has been 
proportioned the maximum torques avail- 
able from all motors built with these lam- 
inations have been fixed. Aside from the 
slight variation possible by a change in 
pitch, or the working of the magnetic cir- 
cuit at various densities, a given stack of 
laminations results in a fixed value of 
maximum torque. 

These facts give rise to the interesting 
possibilities of determining the inherent 
maximum torque of a given lamination 
when designed by the method evolved 
here and when designed according to any 
or no method. 

It is possible to set up expressions for all 
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motor constants in terms of the dimen- 
sions resulting from the rules given here. 
Then, by selecting a flux density for the 
teeth, the maximum torque for an entire 
line of laminations can be determined. 
Such calculations, while not shown here, 
can be used as the basis for empirical 
equations for maximum torque as func- 
tions of stack length and rotor diameter. 
By such a method, 4-pole 60-cycle de- 
signs of full pitch windings, and with a 
maximum stator tooth density of 96,000 
lines per square inch, display maximum 
torques of 


Gs = Kp! (22) 


where stator and rotor slots are, respec- 
tively, 24 and 34, K equals 0.21; 36 and 
48, K. equals 0.31; and 48 and 60, K 
equals 0.40. 

Similarly, for 2-pole motors designed 
in these laminations according to the 
foregoing standards, 


ie = KL}-p!}.8 (23) 


where stator and rotor slots are, respec- 
tively, 10 and 12, K equals 0.10; 24 and 
34, K equals 0.34. 

These constants will vary as the square 
of the ratios of the densities, for any other 
values chosen. 

It is of interest to compare the result of 
these empirical expressions with the ac- 
tual design carried through in some detail 
in Appendix I. A maximum torque of 
52.9 pound-feet was obtained therein. 
By equation 22 


Tm = 0.31 X31-4X 6.875157 
= 53.5 pound-feet 


Maximum Torque of Any Lamination 


Calculation of the maximum torque of 
any polyphase induction motor involves 
the determination of the stator winding 
resistance, the leakage reactance, and the 
leakage factor. Basically, these all are 
calculated from certain physical dimen- 
sions of a lamination stack and the wind- 
ings which can be provided in the lami- 
nations. 

Such expanded expressions obviously 
can be substituted in the maximum 
torque equation to obtain an equation 
in terms of dimensions. As this sub- 
stitution is straightforward, it requires 
no derivation here. The final equation is 


‘esate 1—P2K,\B,2L? 
LR ee Kk, K,P 


1 


K,/ K, Km 
: ( - HL+K)+Kal+ x 


(24) 


TRANSACTIONS 815 


6166-6 


TORQUE — POUND- FEET 


Figure 6 
A—lInherent maximum torque of a lamination 


with constant flux density in the teeth 


B—Maximum torque of standardized NEMA 
ratings (225 per cent ratio) 


C—Inherent volt-amperes of a lamination with 

constant current densities. Scale not shown, 

as only the relative slopes and positions of the 
curves are significant 


where 


K,=3.60(0.625p +0.375) (= +) ef 
Si So 


7.5DK, 
Si So A 


(0.8p+0.2) 


os) 


iff uv 
K,= ae) 
+N’ 


K,=0.2D 
DK,,? 
Kqg=0.845—— 
é AK, 
pekee 
t SC 
32 
ie, ___ 328 
(KaptySi)? 
0.153 X 108 
K, =———— 
z. ARS, 


K,=4.4p(D-+stator tooth length) 
Km =1.57D(1.25p — 0.25) 


and 


P=number of poles 

p=pitch as a decimal fraction 

B,=maximum flux density in the stator 
tooth in kilolines per square inch 

jf =frequency in cycles per second 

K,’+K," =primary and secondary slot con- 
stants, respectively 

Si+S2:=number of primary and secondary 
slots, respectively 

A=the radial air gap length in inches 

t’+2" =the effective tooth face in inches for 
primary and secondary, respectively. 
These are wider than the actual cir- 
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cumferential tooth widths by the 
effect of fringing 

\’-+r” =the tooth pitches of primary and 
secondary, respectively 

K,=the air gap constant. Greater than 
unity to allow for fringing effect 

ty’=the effective stator tooth width in 


The relationship can be derived as fol- 
lows: 


RS, 


nC 


(25) 


Circular mils per conductor = 


For a given maximum flux density in 


inches the teeth of B; kilolines, 
A =slot area in circular mils i 
k =the space factor for the slot (0.25 to 0.30) oe e EP X70.9 X 10° 
re (26) 
EX Beefs 


Fortunately, these constants are prop- 
erties of a given lamination and need not 
be recalculated for various designs. Spe- 
cifically, they are unaffected by changes 
in stack length, frequency, flux density, or 
voltage. If the change in winding factor 
with the number of poles is neglected in 
making rough calculations for estimates, 
the constants are unaffected. To be more 
EXA CH EIG, KG] Le eho andere, Aintistabe 
adjusted for each change in pitch and 
winding factor. 

A detailed example of this calculation 
is given in Appendix IV. However, its 
significance can be shown by assuming 
that one were interested in investigating 
design possibilities of everything from 4- 
to 16-pole motors in exactly the same 
lamination and stack. The inherent 
maximum torque of the lamination used 
in the appendix is shown plotted in Figure 
6. The relation of such torques to the 
torque ratings required of the motors 
built in a corresponding NEMA frame 
also are indicated by these curves. Mini- 
mum ratios of maximum torque to full 
load torque are fixed at 200 per cent by 
NEMA, but the plotted values are at 225 
per cent. 


Volt-Ampere Rating of a Lamination 


The volt-ampere capacity of a lamina- 
tion is a fixed quantity only if allowable 
flux and current densities are chosen. 


Table Ill. 
Lamination Outside Diameter 10.5 Inches, Slots 36/48, Stack 3 Inches 


All terms have been defined previously. 
If the allowable current density in cir- 
cular mils per ampere is D,, it follows that 


Volt-amperes (all phases) 
ARS?PLBytyf Ky 


D-P X70.9 X 108 ep) 


The foregoing formula holds for any 
lamination, but if the given rules are 
followed, the following simplifications re- 
sult for laminations designed accordingly. 
Since 


Sy 


ARS, Br fEy 


Volt-amperes = DL <1 Ome 


c 


(28) 


Assuming an average space factor for 
the slot of 0.28, useful slot area can be 
expressed by the approximate relationship 


AkS; =0.28 X0.9 XD" & 1,273,000 
Then 
2.41 By 
Volt-amperes = D*: ee es XKyX0.051 
c 
(29) 


Comparing this equation with the em- 
pirical expression for maximum torque, 
it becomes clear that as the diameter of 
the rotor (or correspondingly, the outside 
diameter of the laminations) increases, 


Four-Pole Design 


1 2 5 
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~ 
the volt-ampere capacity of the lamina- 
tions increases more rapidly than the 
maximum torque. The inverse of this has 
been noted by any designer of small poly- 
phase motor parts, which are generally 
capable of yielding comparatively high 
maximum torque values. Attempting to 
give such parts their corresponding horse- 
power ratings can be done only at a sacri- 
fice of circular mils per ampere. 

The motors used in Appendix IV are 
calculated for inherent volt-ampere capac- 
ity and plotted in Figure 6. An allow- 
ance of 425 circular mils per ampere was 
used for the stator winding. 


Appendix | 


To illustrate the application of the for- 
mulas for the average lamination, assume 
that a lamination is to be designed for an 
outside diameter of 10.5 inches. As a 
working basis, the maximum stator tooth 
density. of 120 per cent of average yoke 
density will be used. 

From equation 7 


D =6.875 inches (4 poles) 


Selecting 36 stator slots, we obtain the 
tooth width from equation 5: 


hy’ = 0.257 inch 
dbs =0.885 inch 


From equation 10, we obtain the slot 
opening: 


For the rotor, using 48 slots and a gap of 
0.025 inch (which is subtracted from the 
nominal diameter), the diameter of the 
rotor slot is 0.255 inch. 

For semiopen slots, e” equals seven-tenths 
of e’, or 0.11 inch; and d”, when the rotor 
is ground, will be such that the slot con- 
stant is 1.3. The tooth width at the narrow 
portion is now 0.164 inch. 

These laminations will be used for a de- 
sign of a 71/2-horsepower motor, using the 
principles derived in the first paper on this 
subject.) Selecting a maximum to full 
load torque ratio of 225 per cent, and a 
suitable stator tooth density as 96,000 lines 
per square inch, the required stacking will 
be 3.0 inches. 

For a full pitch winding, the complete 
performance is given in Table III, column 1. 

The solution of the foregoing problem 
represents purely a routine task, of little 
significance beyond the indication that the 
lamination design method results in reason- 
able values. It leaves unanswered the 
following questions: 


1. What would happen had a larger or a smaller 
rotor diameter been chosen? 


2. What would be the effect of upsetting the ratio 
set up between tooth and slot areas in the stator? 


To investigate, assume that a rotor 
diameter of 7.75 inches were chosen, along 
with a tooth width of 0.30 inch. The flux 
densities in stator core and teeth are now 
practically equal and are kept at 96,000 
lines per square inch, as before. The lami- 
nation design, in general, is what would fol- 
low if 1.2 were changed to 1.0 in equation 4. 
The completed performance is tabulated in 
column 2 of Table III and bears out the 
conclusion that such a procedure results in 
a “flux motor” with high maximum torque, 


e’ =0.162 inch but overworked copper. Such a lamination 

R pe design may represent a cooling problem, but 

or d/e=0.8, might be useful for intermittent duty service 
e=0.049 inch with high torque demand. 


“Rounding off’? the corners of the slots 
yields a slot area of 0.355 square inch. 
This completes the stator lamination de- 
sign, determined not as a fair lamination 
for say both 4- and 6-pole designs, but 
based on 4-pole calculations only. 


In the other direction, suppose a lamina- 
tion had been designed for a rotor diameter 
of 6.5 inches with a tooth width of 0.225 
inch. The attempt to limit the flux density 
in the stator teeth to 96,000 lines now re- 
sults in a weak motor, with maximum torque 
below the 200 per cent ratio if a 71/2 horse- 


Table IV. Six-Pole Design 
Laminations Outside Diameter 10.5 Inches, Slots 36/48, Stack 3 Inches 


Full Load Torque: 5-Horsepower 6-Pole Motor, 22.9 Pound-Feet 


1 2 3 

Nominal rotoOne los .).felshelelsrsleisisle(e ere elaieis BUS balan ee ea OO OR Yiabeee pera oo adc 7.315 in. 
Depth below slot, dbs..........+++-++- PY CDS cis ererwie elaine CESS in eee checks 0.628 in. 
Tooth Width tp. cjc0. a0 ine 0 oe vio 9 wise aie OQTAtini sess ener ODE Titer aiisrtese tas 0.274 in. 
Slot constant, Ke! cams. ses 00 ciewese- THOR OY We hetero cas OOS em eaeyaenis ase 1.28 
Slot area (sq in.).......-.crecececsees ORG iio. cin esoros OAD anced ooo 0.386 
Wire weight (Ibs).......-.-.eseeeeee- ASSN Re eteiie pu svers DIG. Tea e en cina aes 14.3 
Stator tooth density.........-.++++0+: QG:0008 | iaicisearncecoe CYNON: = "wnleitanonae 98,000 
Stator yoke density.........-+-++++0+- SOLOOO  aeeiesene-te ERY | Gone oonaod 81,700 
Stator winding resistance..........-+-- O°GDOI rere rei serene Q'S Uae ae tecane aie catclatess 0.630 
Rotor slot constant..........eeeeeees 3 oe otooncae. Sieh > sito Goceer tho 1.3 
Maximum torque.......--+.eeeeeeees BOM caters ne ners A DEO Me race sheen eaketers 52.6 
No load values: 

AMPELES’ ae cists ole o's we ale sles = ve ese ee (iO) ME Neeecponode5 CRY lero proms 6.68 

Copper loss........-. ee eseeeeecees WON L Neiesensvarcuerecets POT Sister pane 84.0 

TGMIOSS «fees wieteveenecieleleteree weusieilal=« TSO) Caerers.ciaore nite UAE Si icap aiiagetetenyts 134.0 


Column 1—‘‘Average”’ method for 6-pole lamination. 
Column 2—‘‘Average” 4-pole lamination with 6-pole design. 
Column 3—6-pole lamination with redesign of windings for higher value of maximum torque. 
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power rating is expected. The increased 
slot area naturally results in less copper loss. 
Performance items are shown in column 3 
of Table III. 


Appendix I! 


Examples given previously were based on 
the use of a lamination intended primarily 
for 4-pole operation. Using the same prin- 
ciples, but designing the lamination for 
6-pole operation only, results in a rotor 
diameter of 7.315 inches with a tooth width 
of 0.274 inch. The resulting performance 
items are shown in Table IV, column 1. 
The 6-pole rating in this same stack repre- 
sents a 5-horsepower motor. It will be 
noted that this motor is somewhat weaker 
in torque ratios than the one designed in 
Appendix I. A slight increase in densities 
brings about an equivalent value of maxi- 
mum torque, with performance as shown in 
column 3. 

While the data are not shown, a modifica- 
tion of this ‘‘average’”’ lamination to yield 
equal densities in stator yoke and teeth, or 
to increase the tooth densities beyond the 
120 per cent ratio setup, results in exactly 
the same trends already indicated in 
Appendix I. 

In attempting to judge the validity of 
these lamination designs, one of the most 
effective means is to determine the effect of 
not following the rules. Thus, while aver- 
age laminations have been designed for 4- 
and 6-pole use, it would be of interest to 
show how satisfactory a 6-pole design could 
be made in the lamination intended for 
4-pole service. 

The lamination of Table III, column 1 
yields a 6-pole design as shown in Table IV, 
column 2. A flux density of 96,000 lines in 
the stator teeth again was chosen as a basis 
for calculation. As compared to the 
“average” lamination for 6-pole use, a 
sharp reduction in maximum torque results, 
along with an increase in copper loss. 

This comparison bears out the fact that 
as an increased number of poles is used with 
a given lamination, the available torque 
always is reduced so long as tooth densities 
are maintained constant. This effect is 
exaggerated here, because the laminations 
had been deliberately designed for 4- or 
6-pole duty respectively. In practice, the 
contrast would not have been so marked if 
the lamination dimensions had been com- 
promised between 4- and 6-pole require- 
ments, or if constant tooth densities were 
not maintained. Since an increase in the 
number of poles always results in reduced 
stator yoke densities (on a given lamina- 
tion), an increase in tooth density then is 
not unreasonable. This may result in no 
great increase in core loss nor magnetizing 
current, and this practice does reduce the 
slope of the maximum torque versus number 
of poles curve for a given lamination. 


Appendix III 


It has been indicated in Appendix I that 
a 4-pole lamination for the outside diameter 
required should have a rotor diameter of 
6.875 inches, and that the resulting per- 
formance was reasonable. Similarly in 
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Table V. Four- and 6-Pole Designs 


Laminations Outside Diameter 10.5 Inches, Slots 36/48, Stack 3 Inches 


4-Pole 6-Pole 
1 2 3 4 
Full load torques ei cce oe cicin'e oon a 22: ON DALE ce acre Si Ueramerate 22.9 IDC os ois 
Inside<stator bore ssi. ..c so mer (200 Sates care — A ayer tans WAOOW AST tenrerate 
Depthibelow slot» d@bs.)..4.cun sees 0.826 in eet NY. ate meee O;S826inew pew. 
FPootinswidt hayes i cseticye ste cancion OZ OS tinieeey en as See § no hu tee QE 2B Bitte oe cay sues 
Sloteconstant., Matos sacs ok. earn PBL oe hae ce es aaa i We en es Ss 
WlOt ALCAG a tecitiwcw oA stearic oreuaie O34 aacrten en ners OVBS eens 
Wiresweilcirty (bs) sane arisreteraterecsorers te OS etoren BUST Dee Rep gosto Oe 2s Gee ae choses 12,2 
Statormtoothidensityarn. « scsircae sie OOO ORs Mant las sic 97,000) us Bon vdieene SS:000y  iheamies 104,000 
Stator:yokedensity..i..cs asa ose SS 000M Fi isekcrs tc 8915007 aan BO000 ative tere 64,000 
Stator winding resistance.......... ONST4 es Janeane O386" cone OOS) Fees oe 0.602 
Rotor slot constant, Kis’s.a.e5 +e es NSP ios ye Pome le hie S ares AS Nourse 1.3 
INMaxdiinwin torques {4 2. bs)... 0 oelaelene DADA) SS et O3d:.0" As teute BS Ae acces 51.0 
No load values: 
MA SEBEYOT OS, 25 rae (aed heats, a, lecsvepeicoretaieceta ts G:O au © ereacy GiB" warcae ars ORM clavate 7.3 
Wop perlossits oe scctesics.h ic oonnterenes DEO” areeaiek DSO gente RB0> Ve ees 101.0 
ETON LOSS mrss steveiers emit ee eeceraue LD ant Pe ceratre L610) Vxatudec VIG 0A. aia tanl. 129.0 


Appendix II, a 6-pole lamination has been 
shown with a nominal diameter of 7.315 
inches. Performance was acceptable, but 
when the 4-pole lamination was used on a 
6-pole design, results were less satisfactory. 

To illustrate that these rules are of aid in 
achieving a compromise design, let us as- 
sume that one lamination were to be used 
for both, and that its dimensions are selected 
as being between the two extremes. 

Between nominal diameters of 6.875 and 
7.3815 inches, we will select 7 inches for the 
stator bore. 

Between stator tooth widths of 0.257 and 
0.274 inch, select 0.265 inch which follows 
from equation 6. 

By equation 1, Di=8.847 inches and 
dbs =0.826 inch. 

The 4- and 6-pole designs made in this 
compromise lamination are tabulated in 
Table V. The significance of the statement 
that compromise laminations require adjust- 
ments in flux densities is apparent at once 
in examining columns 1 and 3 of this table. 
While the 4-pole motor suffers slightly in 
maximum torque, the 6-pole design is below 
the 200 per cent minimum, if the 96,000 
density is used. Columns 2 and 4 show the 
results of adjusting the designs for the 
values of maximum torque obtained pre- 
viously. The resulting performances do 
not compare too unfavorably with those 
obtained from the laminations made for 
individual designs. 


Appendix IV 


To illustrate the application of the in- 
herent maximum torque of a lamination, we 
will consider a sample lamination designed 
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without reference to the rules shown here, 
and displaying the following properties: 


Outside diameter = 11.75 inches 
Inside diameter =7.50 inches 

Slots =48 

Useful slot area = 123,000 cubic centimeters 
Slot constant =1.94 

Tooth width =0.23 inch 

Tooth length = 1.125 inches 

Rotor outside diameter =7.445 inches 
Air gap =0.0275 inch 

Slots =60 

Slot constant =1.3 

Gap constant = 1.27 

B;, (assumed) = 85 

Stack length, Z =3.00 inches 


Assume that this set of laminations was 
used for designs from 4 to 16 poles inclusive, 
using a fractional slot winding in the neces- 
sary cases. The initial calculations will be 
made with a pitch of 0.75 and a winding 
factor of 0.88 used as constant throughout. 


Then 


Ky =0.271 
K,=1.50 
K, =2.60 
Km =8.10 
K4=141.0 
Ke=3.45 
Ky, =28.5 


By equation 24, 
Tm (4-pole design) =73.8 pound-feet - 


Other values are plotted in Figure 6. 
It is obvious that with the increase in the 
number of poles, the winding factor cannot 
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remain constant, and the appropriate terms 
must be changed. The nature of the error 
resulting can be illustrated by comparing 
the results on the 16-pole design in which 
the winding factor is assumed first to be 
0.88 and finally to be unity. In the latter 


case, 
K,=0.3198 

K,=1.50 (unchanged) 

Kq=180.0 

Gates y 
K, =2.60 (unchanged) 

Ke es 


Tm (16 poles) =18.2 pound-feet versus 16 by 
uncorrected winding factor 


The use of the same lamination for all of 
these poles hardly would be practicable 
because of the fractional slot windings 
which might result, and the poor slot com- 
binations and unfavorable harmonic con- 
ditions on some designs. The curve of 
inherent maximum torque is chiefly useful 
to observe the trend. It must be kept in 
mind, also, that all designs were made for 
the same tooth density, and that with an 
increase in numbers of poles the yoke densi- 
ties decrease. As previously mentioned it is 
sometimes practicable, and reasonable, to 
increase the densities slightly with pole in- 
crease. This would result in raising the 
lower portion of the curve. 

As this set of laminations was intended 
for frame 284 it is of interest to compare 
the maximum torque expected of standard- 
ized ratings (4 to 16 poles) in this NEMA 
frame, with that inherent with this lamina- 
tion. While standardization requires a 
maximum torque of only 200 per cent of 
full load torque, this curve is plotted with a 
reserve, using 225 per cent ratio. These 
are the points connected by dotted lines in 
Figure 6. Between this reserve, and the 
flattening effect of the inherent torque 
curve brought about by flux density ad- 
justment with pole change, inherent maxi- 
mum torques can be kept safely above the 
values expected of the standardized ratings. 
Similar investigations on other diameters 
of laminations indicates the theoretical 
soundness of the ratings called for in stand- 
ardized frames. However, the inherent 
torque reserve of some horsepower ratings 
over others is very marked in a few cases. 
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Effects of Thermal Characteristics of 
Aircraft Generators on Load Analysis 


STANLEY ROGERS 


ASSOCIATE AIEE 


Synopsis: The elaborate electric systems 
in modern long-range aircraft have made 
accuracy of load analysis more important 
than ever before. A more precise evalua- 
tion of the adequacy of proposed generating 
equipment can be made by averaging ex- 
pected loads over several different periods 
which are chosen on the basis of the 
generators’ thermal characteristics. These 
averages are compared graphically with 
curves which show the maximum overloads 
generators can tolerate without damage. 


S AIRCRAFT have increased in 

size and complexity, so have their 
electric systems. The problem of estab- 
lishing a precise relationship between sys- 
tem size and the anticipated electric loads 
has become more and more important. 


. 
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Figure 1. Simple exponential curve (broken 


line) compared with measured generator- 
winding heating curve (solid line) 


Inadequate capacity may result in failure 
of the electric system with the consequent 
possible loss of the airplane, its crew, and 
its passengers. Too large a capacity, how- 
ever, decreases pay load. Not only is 
extra fuel required to haul the useless 
weight, but additional fuel is needed to 
transport the fuel consumed in hauling 
this dead weight. 

For airplanes with small electric 
systems, it may be sufficient to add up 
the power requirements of the various 
units of electric equipment and choose a 
generator which is estimated to be ade- 
quate. For somewhat larger systems, 
average power over various periods of 
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time has been used as the basis for select- 
ing generators. Later it was recognized 
by the more progressive manufacturers of 
large aircraft that peak loads and short 
time average loads are also important. 

The most recent contributions to the 
making of an adequate load analysis in- 
clude the following: 


1. Loads should be averaged over not one 
or two, but several periods of time or “‘load 
intervals.” 


2. These periods of time depend on the 
overload thermal characteristics of the 
generator. 


3. There is a maximum period of time over 
which loads may be averaged reasonably. 
The length of this maximum period depends 
on the generator. 


4. <A direct comparison between the maxi- 
mum anticipated demand for electric power 
and the capacity of the generating system to 
meet that demand is essential to an ade- 
quate load analysis. 


It is the purpose of this paper to ex- 
plain why these propositions are true and 
to show how they are applied practically 
in determining the adequacy of an air- 
craft electric power system. The first 
step will be a consideration of the manner 
in which generator temperatures vary. 


Temperature and Overloads 


A typical aircraft generator is heated 
principally by the flow of electric current 
through its windings and is cooled by a 
blast of air under low pressure. The 
transfer of heat from the windings to the 
air follows the laws of thermodynamics, 
that is, the rise and fall of temperature 
occur exponentially. In most practical 
cases, the exact exponential function is 
complicated, but a simple function may be 
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used as a first approximation. In Figure 1 
a measured generator-winding heating 
curve (solid line) is compared with such a 
simple exponential curve (broken line). 
The close similarity between the two 
curves is apparent. In the analysis which 
follows it is assumed that the simple 
function is sufficiently accurate for prac- 
tical purposes. 

Experience has shown that a generator 
can stand a heavy overload for a short 
time without raising the temperature 
above a safe value. The less severe an 
overload is, the longer it can be tolerated 
without unwarranted damage. The 
length of time various overloads can be 
tolerated under a given set of operating 
conditions can be plotted. Figure 2 shows 
a typical curve. The curve is called a 
“permissible overload curve.’ The mag- 
nitude of overload (in terms of rated con- 
tinuous-duty load) is plotted against the 
time for which the overload can be sus- 
tained without damage to the generator. 

The permissible overload curve should 
be based on tests conducted by the manu- 
facturer and should represent the guaran- 
teed performance of the generator when 
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Figure 2. Typical permissible overload curve 


subjected to overload. The curve rests 
on a specified set of conditions (generator 
speed, air pressure, air temperature, 
humidity, and so forth) and on assumed 
loading prior to the application of the 
overload. A family of such curves, repre- 
senting performance under different con- 
ditions, would be even better. A con- 
servative assumption is that thermal 
equilibrium under full-rated continuous- 
duty load has been attained before the 
overload is applied. Different conditions 
could be assumed, and curves based on 
them may be determined by test. 
Unfortunately, manufacturers gener- 
ally do not supply permissible overload 
curves of the type here suggested. It 
therefore has been necessary to develop 
a method for estimating them as accu- 
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B. Corresponding load profile 
Figure 3 


The overload lasts five seconds. Load factor 
is the ratio of actual load to rated continuous- 


duty load 


rately as possible. How this was done is 
set forth in detail in the appendix. Atten- 
tion now is directed to the first of the four 
propositions which have been stated. 


Why Loads Should Be Averaged 
Over Several Load Intervals 


A number of load intervals are gener- 
ally essential to a satisfactory analysis of 
loads on the generating system of a large 
airplane because averages taken over 
periods which differ substantially from 
the length of a damaging overload may 
give no indication of danger. This will be 
shown by means of two examples. 

Figure 3A illustrates the variation of 
armature temperature with load. A cool 
generator is heated under rated load (as 
shown in Figure 3B) to full normal oper- 
ating temperature. Thereupon a heavy 
overload is applied for five seconds, after 
which the load is reduced to one-half of 
full rated value. The attending rise and 
fall of temperature are shown in Figure 
3A. It will be seen that during the over- 
load the temperature quickly passes the 
maximum safe value and that about 25 
seconds elapse before it decreases to a 
safe value. It will be noted that the 
graphs employ load factor as a parameter. 
It is the ratio of armature overload cur- 
rent (or power) to rated continuous-duty 
current (or power). 

In Figure 4 the average load over inter- 
vals of 5, 15, 60, 180, and 600 seconds is 
plotted, the average always being taken 
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so as to have the greatest possible value. 
The permissible overload curve is plotted 
to the same scale on this graph. The 
only average which exceeds the per- 
missible overload curve is that for the 
5-second interval. All the other aver- 
ages lie on or below the curve and so do 
not indicate damage to the generator. 

In Figures 5A, 5B, and 6, another case 
is illustrated in which a moderate over- 
load is applied for 60 seconds. The arma- 
ture reaches higher temperatures than in 
the first case and remains above the maxi- 
mum safe value for more than a minute. 
This load is averaged over the same inter- 
vals of time as were used previously, and 
the averages again are compared with the 
permissible overload curve. Note that all 
the averages, except that for 60 seconds, 
lie below the permissible overload curve 
and give no warning of danger. 


While the two cases chosen for pur- 


poses of illustration are not likely to be 
encountered in practice, experience has 
shown that when five well-chosen load 
intervals are used, excessive overloads 
may appear in only one or two of them, 
while the averages for the other load in- 
tervals appear to be safe. 

From the foregoing considerations, it is 
evident that one or two periods of in- 
tegration, regardless of their lengths, 
easily may fail to reveal the presence of 
damaging overloads. To discover with 
certainty every excessive overload, it 
would be necessary to use as many load 
intervals as there are different lengths of 
intermittent loads on the generating 
system; this would involve an impracti- 
cal amount of work. Experience indicates 
that if the worst possible distribution of 
the intermittent loads is assumed, the use 
of four or five load intervals is usually 
adequate. 


Load Intervals Chosen on the Basis 
of Permissible Overload Curve 


If, several periods of integration must 
be used in order to make a load analysis 
which will reveal a dangerous overload, 
regardless of its duration, how long 
should each of the periods be? This ques- 
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Figure 4. Values of load of Figure 3B aver- 
aged over periods of 5, 15, 60, 180, and 600 
seconds 


Rogers—Thermal Characteristics of Aircraft Generators 


tion can be answered best by an example. 

Figure 7 illustrates an overload charac- 
teristic curve for a large (40-kva) aircraft 
generator. Five periods over which loads 
may be averaged are indicated. These 
were chosen by the following criteria: 


1. The shortest load interval should be 
somewhat longer than the shortest inter- 
mittent load worth considering and is 
usually of the order of five seconds. (Manu- 
facturers sometimes supply overload ratings 
for such short times. It would be very 
helpful if a 5-second rating were furnished 
for all aircraft generators.) 


2. The longest load interval should be 
equal to the shortest time for which the con- 
tinuous-duty load ratings apply. Occa- 
sionally a manufacturer will supply this in- 
formation. If he is unable to do so, the 
time may be estimated as being equal to 
three or four times the period of one cooling 
time constant.* 


3. One of the intermediate load intervals 
should approximate the manufacturer’s 
specified overload rating time (usually be- 
tween one and five minutes). 


4. The remaining intermediate load inter- 
vals should be so chosen as to make the 
differences between permissible overloads 
for successive intervals roughly equal. 


5. The interval lengths chosen according 
to the foregoing rules should be modified 
enough to make the calculations easy. 


It will be noted that the intervals in- 
dicated in Figure 7 are simply related to 
each other and that the overloads which 
correspond to them approximate an 
arithmetic progression as shown in 
Table I. 

For one type of 6-kw aircraft generator, 
load intervals of 0.1, 0.5, 2.0, and 10 
minutes are satisfactory. It is obvious 
that these load intervals would be un- 
satisfactory for use in analyzing loads on 
a 40-kva generator because of the marked 
difference in their thermal character- 
istics. 

It follows, then, that before an ade- 
quate load analysis can be begun, the 
type of generator to be used first must be 
selected. Its thermal characteristics 
then are determined, and the load inter- 
vals are chosen. Loads may be averaged 
over each of these intervals, and the 
averages compared with the permissible 
overload (as indicated by the overload 
curve for the particular generator chosen). 
If the generators are not selected before 
the load intervals are chosen, a sufficient 


*This time constant may be determined experi- 
mentally as follows: The generator is heated under 
standard conditions until it reaches thermal 
equilibrium under full rated continuous-duty load. 
With the machine rotating and the standard 
conditions maintained, the load is removed, and 
armature temperature is plotted against time as 
the machine cools. The cooling time constant is 
approximately the time required for the armature 
temperature to drop through the first 63.2 per cent 
of the difference between cooling air temperature 
and the armature’s full load operating temperature. 


ELECTRICAL ENGINEERING 


~“®s 


ee 
number of different intervals must be 
analyzed to insure adequate coverage of 
the overload characteristics of all types of 
generators which might be used. 


Maximum Time of Averaging Loads 


Periods of one or two hours have been 
used in taking averages of loads on small 
generators. Some aircraft electrical en- 
gineers have been inclined to base all load 
intervals on the probable duration of each 
flight condition or aircraft operating con- 
dition (such as take-off, climb, cruise, 
land, and taxi) without regard to the 
thermal characteristics of the generators. 


The duration of take-off, for example, 
is short and, for the analysis of loads dur- 
ing take-off, does justify limiting the 
longest load interval to a relatively short 
time. But it does not follow therefore 


Table 1. Load Intervals and Corresponding 
Loads for 40-Kva Aircraft Generator 


Permissible 
Percentage of Difference 
Load Interval Full-Rated Con- in 
Length, Min tinuous-DutyLoad Percentages 
OL retoetelateiets os) eiee 222 
ine oe reer $000e et 
Bimmer fic oe Ek pa oe a ae 
Tht eee ae es 
SOs. Cake "(i)o Poiana ore op 


that, because an airplane may cruise for 
hours, the longest load interval for use in 
analyzing cruising loads should be one or 
more hours. On the contrary, the maxi- 
mum length of a useful load interval is 
dependent, as will be shown, on the ther- 
mal characteristics of the generating 
equipment. 

As the generator’s heat is transferred to 
the cooling air, its temperature drops un- 
less new heat is added to offset the losses 
to the air. The transfer to the air of the 
heat present in the generator at any par- 
ticular moment takes place exponentially. 
The amount of heat available for transfer 
is limited by the temperature difference 
between the generator and the air. In the 
simplest case, 63.2 per cent of this heat 
will be transferred to the air after one 
time constant, 86.5 per cent after two 
time constants, 95.0 per cent after three 
time constants, and 98.2 per cent after 
four time constants.** Thus the cooling 
of the generator causes it to “forget” how 
hot it was at an earlier time. 


Whenever the load on the generator 
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changes, the temperature rises or falls 
exponentially. If the new load is main- 
tained for three or four times constants, 
generator temperature will reach a value 
substantially independent of its previous 
magnitude. 

The fact that the generator “forgets” 
how hot or cold it was is illustrated in 
Figure 8, in which four different load and 
temperature conditions are graphed. 
In each case the abnormal load ends 
at the point marked zero time constants. 
The restoration of normal operating 
temperatures proceeds exponentially. 
After three time constants the four curves 
are very close together, and after five time 
constants they merge. These curves 
show that 


1. Temperature at any particular time is 
not affected materially by the temperature 
at any time more than three or four time 
constants earlier. 


2. The temperature at a particular instant 
depends on those loads and only those loads 
which occurred during the immediately pre- 
ceding three or four time constants. 


3. Averaging loads over a period greater 
than three or four time constants may result 
in hiding a damaging overload by averaging 
it with an underload so far removed in time 
that it could have no effect on temperatures 
reached during the overload. 


Choice of RMS or Average Values of 
Loads 


A comparatively recent development 
in electric load analysis is the proposed 
use of rms values of load in place of 
average values. This proposal is based 
on excellent theoretical foundations. 
Since the load on aircraft generators is 
variable, its mean heating value is pro- 
portional to the average of the current 
squared. The suuare root of this value is 
a truer index of generator heating than is 
the average current. It has been found, 
however, that there is no significant dif- 
ference between rms and average values 
in most practical cases. Since the rms 
values are much harder to calculate than 
average values, they rarely are justified in 
practice. 


Direct Comparison of Anticipated 
Loads and System Capacity 


The permissibe overload curve indi- 
cates the magnitude of overload which, 
under specified conditions, may be applied 
for a given time without damaging the 
generator. A direct comparison of the 


**In the expression (1 —e-t/B), where ¢ represents 
time, Bis the time constant. This expression 
states the portion of the transferrable heat which 
has been conveyed to the air in time ?. 
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B. Corresponding load profile 
Figure 5 


Overload lasts 60 seconds 


curve with the greatest anticipated 
average (or rms) loads for each load inter- 
val is obtained by plotting the calculated 
averages to scale on the graph of the per- 
missible overload curve. 

Such a graphical comparison is illus- 
trated in Figure 9. The average loads 
appear as vertical bars. The height of 
each bar is proportional to the average 
value of the load it represents. The loca- 
tion of the bar on the time axis of the 
graph indicates the length of the period 
over which the average was taken. One 
graph is made for each flight condition 
(take-off, cruise, and so forth) that is an- 
alyzed. 

A glance at the graph indicates whether 
there are any dangerous overloads, and, 
if there are none, what margin of safety 
the chosen generator provides. By ex- 
amining a set of graphs for the most im- 
portant flight conditions, those conditions 
which merit special study may be chosen. 
These graphs convey a great deal of in- 
formation in simple easily-understood 
form. 


Load Analysis Procedure 


After the type of generator to be used 
has been selected tentatively, a curve 
representing its thermal characteristics on 
overload is obtained or calculated. Such 
a curve is shown in Figure 9. This curve 
is based on the assumption that the 
generator is heated fully under full load 
before the overload is applied. The curve 
shows the time for which any given steady 
overload then may be applied without 
causing excessive damage to the insula- 
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Figure 6. Values of load of Figure 5B aver- 
aged over periods of 5, 15, 60, 180, and 600 
seconds 


tion. The foregoing assumption is con- 
servative since the chances are that, be- 
fore and after an overload, the load on the 
generator is less than full rated capacity. 
From the permissible overload curve 
four or five periods of integration or load 
intervals are chosen. These vary from a 
few seconds to 15 minutes or longer. They 
are selected in order to cover the range of 
permissible overloads in fairly even steps 
such as 100, 75, 50, and 25 per cent over- 
load and no overload (full rated con- 
tinuous-duty load). For convenience the 
lengths of the load intervals are made 
simple multiples or factors of each other. 
The flight conditions or airplane opera- 
ting conditions which are to be analyzed 
then are chosen. The most important 
ones are those in which the most severe 
electrical loads occur. These generally 
include take-off, cruise maximum, heavy 
combat, land, and ground operation. 


Loads are tabulated and averaged for 
each flight condition and each load inter- 
val. The averages are plotted to scale as 
vertical bars on graphs of the overload 
characteristic of the generator. The re- 
sulting load analysis graph is illustrated 
in Figure 9. This graph not only sum- 
marizes the most important data, which 
conventionally are presented in tabular 
form on the load analysis chart, but also 
shows the relationship between calculated 
loads and available generator capacity. 
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Figure 7. Permissible overload curve for 40- 
kva aircraft generator (calculated by method 
described in the appendix) 


Five load intervals suitable for analyzing loads 
on this generator are indicated 


822 TRANSACTIONS 


While the propositions and method ex- 
plained were applied to the analysis of 
loads on aircraft generators, the same 
principles may be used in analyzing many 
other types of electrical loads. 


Appendix. Estimating the 
Permissible Overload Curve 


Because manufacturers at present gener- 
ally do not supply curves showing the time 
for which various overloads may be applied 
safely to the generator under specified con- 
ditions, a mathematical analysis of the 
thermal behavior of overloaded aircraft 
generators was undertaken. 

The following simplifying assumptions 
have been made: 


1, Heating and cooling occur as simple functions. 


2. The armature heats and cools uniformly, and 
temperature gradients usually may be disregarded. 


3. The highest temperatures occur in the armature 
winding. 


An exact evaluation of the effect of field 
heating on armature temperature and of 
radiation and metallic conduction losses is 
not attempted. 

The analysis made in this paper is neces- 
sarily approximate. The goal toward which 
it is directed is the expression of the time for 
which a given overload may be tolerated in 
terms of the load factor L (the ratio of 
actual load to rated continuous load) and a 
set of constants which can be evaluated. 
The analysis is divided into five operations. 


1. Solution of the differential equation for rate of 
temperature change. 


2. Expression of the temperature T in terms of the 
load factor L and time ¢. 


3. Obtaining the expression for the permissible 
duration of a given overload. 


4, Evaluating the ratio of the effective thermal 
capacity C to the coefficient of cooling K and in- 
corporating the result into the final equation for 
permissible overload duration. 


5. Drawing the permissible overload curve. 


All temperatures are expressed in degrees 
absolute. The symbols and units used in 
the course of the analysis are explained as 
they occur. 

Analysis of the thermal behavior of the 
armature winding is approached best by 
considering the rate of change of tempera- 
ture. The truth of the following statement 
is evident: 


Rate of change of temperature 
rate of heating — rate of cooling 


effective thermal capacity 
Stated in mathematical terms, this becomes 


dT HT—K(T-T,) 
dt G 


(1) 


where 


T=Kelvin temperature of the armature . 


winding 

t=time in seconds 

Hf=rate of heating per degree absolute and 
equals J?R’/T’ watts per degree 
Kelvin 

I =armature current in amperes 
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R’=armature resistance in ohms at refer- 
ence temperature 7’ 

K=coefficient of cooling (watts per degree 
Kelvin) 

T, = Kelvin temperature of the cooling air 

C=effective thermal capacity (joules per 
degree Kelvin) 


This equation is based on the following 
reasoning: 


1. For permissible generator temperatures the 
resistance R of copper varies roughly as its absolute 
temperature, R= R’(T/T’). Hence the rate of 
liberation of heat is proportional not only to the 
current squared, but also to the absolute tempera- 
ture of the copper, J2R=(I?R’/T’)T. The rate of 
heating is, therefore, HT. 


2. The rate of cooling follows Newton’s law of 
cooling and is proportional to the difference in 
temperature between the winding and the cooling 
air. It is represented by the expression K(T— Taq) 
in which K is the factor of proportionality. This 
factor is presumed to be constant for a given in- 
stallation under a given set of cooling conditions 
and is independent of H. 


3. The rate of change of temperature varies in- 
versely as the effective thermal capacity C. 


Inasmuch as it is difficult to evaluate the 
constant K in practical cases, a solution in 
terms of temperature and load is desirable. 
The analysis will proceed as follows: 


1. The differential equation 1 is solved (equations 
2 and 3), 


2. In the following steps (through equation 11), 
the ratio H/ K is expressed in terms of the load and 
known temperature constants. 


3. After expressing the temperature equation in a 
simplified parametric form (equation 13), the 
equation is solved for time t’ (equation 14). The 
new equation contains a factor C/ K which remains 
to be evaluated. This is accomplished by sub- 
stituting two known boundary conditions in the 
overload time expression and solving the resultant 
equations simultaneously. 


Operation I—Solution of the 
Differential Equation 


dT _dt Z. 
HT—KT+KT, C ) 
The solution of this equation is 

RT \ ye RUS 
T=(T, ¢ —— 
( tye). Hee eae 


where 7, is the initial temperature. 


Note, that when H=K, equation 2 becomes 


dT /e dt 

Krewe 2a} 

the solution of which is 

jac ee 3 
ROE ey 


Operation II—Expression of T in 
Terms of Landt 


In the following steps equations 3 is ex- 
pressed in terms of the ratio H/K. This 
ratio then is stated in terms of the load fac- 
tor L and of S, a function of known tem- 
perature constants. The variable H thus is 
eliminated. 

Letting P=H/K, equation 3 becomes 


Te K(P—1)t/¢c oP 
a) Apa 


r=(To4 (4) 
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When P is less than unity, that is, when H 
is less than K, the exponential term vanishes 
as t approaches infinity. This is clearly the 
case when the generator is carrying its full 
rated load. Letting the subscript denote 
value at full rated continuous-duty load, 
the final steady state temperature is Tp 


where 

T, =T,/(1—S) (5) 
and 
S=Py=H,/K=(T,—T.)/Tn (6) 


For overload conditions it may be 
assumed that H, the power consumed per 
degree absolute in heating the armature 
winding, is proportional to the square of the 
armature current. Letting ZL equal the 
ratio of load current to rated continuous- 
duty load current, 


H=QL? (7) 
where Q is the factor of proportionality. 


At full rated load, L equals 1, and H has 


its “‘normal’’ value of H,. Therefore 
Q=H, (8) 
and 

H=H,L? (9) 


Substituting equation 6 in equation 9 and 
dividing each side by K, 


H/K=H,L?/K=SL?=P (10) 
Substituting equation 10 in equation 4, 

iis (K/¢) (SL2—1)t ey 

Sita :)e ZI 

(11) 


Let 7; be the asymptote of this equation. 
Its value is that of the constant term of 
equation 11. 

ih 
T;= pee oe 
1—SL? 


T=( T+ 


(12) 


Using the parameter Ts, equation 11 be- 
comes 


fate i Te CIC as Te (13) 


Note, that for the special case in which 
ihe 


T=T,+T,(K/C)t (13a) 


Operation III—Solution for the 
Permissible Duration of an Overload 


Solving equation 13 for time ¢ when T 
equals Tp, the peak permissible winding 
temperature, and T,equals Tn, the normal 
full rated continuous load (assuming that 
the generator is fully heated under rated 
continuous load before the overload is 
applied), 


DK T,-—T, 
sg Ay etaneek. (14) 
Dia elis Dili, 
For the case in which H=K, 
t!=(C/K)(Tp—Tn)/T a (14a) 


where t’ is the permissible overload dura- 
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tion, that is, the time the given overload 
will require to raise armature temperature 
from its normal value T, to the peak per- 
missible value Tp, and Ts is the variable 
(see equation 12). 

When ¢’ is plotted against the load factor 
L, it is seen that the curve is asymptotic to 
the line 


L=A/ (1, / Dy) lg Leda a) 


Therefore equation 14 is useful only for load 
factors greater than this value. In practice 
typical usable values of LZ usually range 
from 1.5 to 2.5. 


Operation IV—Evaluation of C/K and 
Statement of Final Solution 


Attention now is directed to the quantity 
C/K. In the foregoing equations the ther- 
mal capacity C was assumed to be a con- 
stant. Actually, the effective thermal 
capacity is a function of both ¢ and L. 
Taking into account the variation of C with 


. time would have resulted in a more compli- 


cated differential equation and solution. 
Because of the uncertainty as to the nature 
of that variation, equations including this 
variation (some of which were set up and 
solved) were found to be of little value. 
However, treating C as a function of the 
load factor L only, does not affect the pre- 
ceding analysis. The results obtained on 
this basis are in better agreement with ex- 
perimental evidence than is an oversimpli- 
fied solution in which the thermal capacity 
Cis regarded as a constant. 

The maximum value of C cannot exceed 
the thermal capacity of the material heated 
by the generator. There also must be a 
minimum value of C which holds only for a 
very brief period immediately following the 
application of a large overload. In so 
short a period there is no time for heat to be 
transferred from the copper of the armature 
winding to surrounding material. Because 
of variations in the resistance of different 
parts of the armature winding (a result of 
temperature differences for example) the 
effective minimum value of C may be far 
below the thermal capacity of the entire 
armature winding. The rate of heating at 
the hot spots is accelerated by the local in- 
crease in resistance caused by the increase 
in temperature. 

Several assumptions as to the nature of 
the variation of C/K (K being a constant) 
were tried. The resultant permissible over- 
load curves were plotted for a 40-kva air- 
craft generator for which two overload rat- 
ings were specified, one for five seconds and 
the other for five minutes. The following 
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TIME 


4) Bia rae CONSTANTS 


@) 


assumptions were evaluated from an ex- 
amination of the curves: 


C/ K =constant. 
C/K=ML. 
C/K=M/L+N. 
C/K=M/(L+ NL?). 
log C/K= N(M-L). 


See Se 


M and N represent constants, and L is 
the load factor. Only the last of these 
assumptions was found to be workable. 
Each of the other four either produced 
negative values of C/K for some range of 
values of Z or failed to permit the per- 
missible overload curve to pass through both 
specified rating points. 

Letting tg and ¢; denote the durations of 
the two specified overloads and letting Lg 
and L; respectively represent their load fac- 
tors, by simultaneous equations we find 


aL,—bL, 
M=——— (15) 
a—b 
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Figure 9. Typical load analysis graph 


Bars represent average (or rms) values of load 
taken over periods of 0.1, 0.5, 3.0, 15, and 60 
minutes 


LOAD FACTOR 
IN PERCENT 


TIME CONSTANTS 


Figure 10. Illustration showing manner in 

which estimated (broken line) curve is joined 

to the calculated (solid line) permissible over- 
load curve 


The curve which is used consists of the esti- 

mated curve plus that portion of the calculated 

curve which lies to the left of the junction of 
the two curves 
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= (16) 


where 


a=log (ty/U,) 
b=log (t,/U;) 


When L =L¢ 


(17) 


on ln (18) 


To evaluate equations 17 and 18, refer to 
equations 12 and 6. 


Operation V—Drawing the Permissible 
Overload Curve 


The permissible overload curve is calcu- 
lated on the basis of known values for the 
following quantities: 


T,=absolute temperature of cooling air 

T;,, =normal hot spot insulation temperature 
(absolute) for rated continuous duty 
load 

T,=maximum permissible insulation tem- 
perature (absolute) 

tg = time for which an overload of load factor 
I, can be applied to the generator 
and bring the hot spot insulation 
temperature exactly to T,* 

f, =time for which an overload of load factor 
L, can be applied to the generator and 
bring the hot spot insulation tem- 
perature exactly to T,* 


Figure 10 shows a calculated overload 
curve (solid line) and the two known over- 
load rating points used in its determination. 
This curve is asymptotic to the line L-equals- 
L’. This is the magnitude of load which 
will just raise the temperature to Tp after 
an infinitely long time. Equation 14 indi- 
cates that this load can be carried indefi- 
nitely, but the generator manufacturer’s 
rating for continuous duty is represented by 
the line Z equals 100 percent. For reasons 
already discussed, after three to four time 
constants have elapsed, the manufacturer’s 
rating applies (refer to Figure 8). Hence 
the estimated curve (broken line) is added. 
It joins the calculated line below the lower 
of the two known overload rating points-and 
in the vicinity of three to four thermal time 
constants merges with the L-equals-100- 
per-cent line. It is recommended that the 
overload curve be plotted on semi-log paper 
and that the estimated curve be drawn in 
with a French curve. 

Because of the composite nature of the per- 
missible overload time curve, an inflection 
point may occur in the vicinity of the joint be- 
tween the estimated and calculated sections. 
This point is especially likely to happen 
when the curve is plotted on semi-log paper 


*In practice it may be assumed that tq and fy are 
the rated times for which overloads Lg and Ly may 
be applied. 
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Field Tests on Power-Line Carrier- 


Current Equipment 


R. H. MILLER 


ASSOCIATE AIEE 


Synopsis: This paper briefly describes a 
series of field tests made on the power line 
carrier current telephone system of the 
Pacific Gas and Electric Company, cover- 
ing both amplitude and frequency modu- 
lated equipment. A discussion of various 
tests and test results is given, with a com- 
parison of performance of the amplitude 
and frequency modulated equipment. 


HE Pacific Gas and Electric Company 

has used carrier current telephone 
equipment on its high voltage transmis- 
sion network for 23 years. Severe noise 
problems exist on some parts of the 230-kv 
transmission system because the lines 
have high corona losses. Early attempts 
to provide satisfactory carrier current 
communication over these lines were un- 
successful and led to the development of 
single-side-band power-line carrier-tele- 
phone equipment, some of which has been 
in service since 1927 and has been de- 
scribed previously.! 

Major additions of hydroelectric gen- 
eration and transmission facilities were 
made in 1944 requiring a considerable ex- 
tension to the carrier current communica- 
tion system. As some of the channels of 
the new carrier telephone system were to 
operate over the high corona lines, the 
noise problem required careful considera- 
tion. The use of frequency modulated 
carrier equipment? was proposed as a solu- 
tion to the noise problem and an installa- 
tion of this type equipment was made over 
a part of the system. The complete car- 
rier current telephone additions made in 
connection with the power system ex- 
pansion in cluded four 2-frequency-duplex 
amplitude-modulated channels and one 2- 
frequency-duplex frequency-modulated 
channel on the Pacific Gas and Electric 
Company system. In addition, another 2- 
frequency-duplex amplitude-modulated 
channel was installed by the United 
States Bureau of Reclamation between 
Shasta Dam power house and the Pacific 
Gas and Electric Company Shasta sub- 
station. The carrier current telephone 
channels on the 230-kv system, with con- 
necting channels, are shown in Figure 1. 

The power system expansion was made 
to meet wartime requirements, and it was 
impossible to make complete tests of the 
carrier current equipment in the field at 
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the time of installation because of the 
shortage of personnel, test equipment, and 
time. After the installation was com- 
pleted, it was thought that maximum per- 
formance was not being realized from the 
system. Listening checks resulted in dif- 
ferences of opinion on the performance of 
various parts of the system. An extensive 
investigation of the characteristics of the 
system was undertaken to obtain quanti- 
tative data of the performance, and to 
make any adjustments found necessary to 
provide improvements. 


Description of Tests 


Data were taken to determine 


1. The carrier frequency response of the 
equipment. 


2. The audio frequency response. 
3. The effects of transmitter output power 


level on the received signal and signal-to- 
noise ratio. 


4, A comparison of frequency and ampli- 
tude modulation signal-to-noise ratios. 


5. The effects of percentage modulation 
on signal-to-noise ratio. 


6. Audio frequency attenuation of wire 
line and cable extensions used with the 
carrier current equipment. 


The carrier frequency response gives an 
indication of the correctness of the tuning 
of the transmitter output stages, the line 
tuning units, and the receiving equip- 
ment. Carrier frequency response data 
were obtained by reading the transmitter 
output voltage, the coupling capacitor 
current, carrier output current (measured 
at the transmitter), received voltage, and 
receiver limiter current as the transmitter 
oscillator frequency was varied. From 


Paper 46-199, recommended by the AIEE commit- 
tee on power system applications of carrier current 
for presentation at the AIEE Pacific Coast meet- 
ing, Seattle, Wash., August 27-30, 1946. Manu- 
script submitted July 1, 1946; made available for 
printing July 19, 1946. 
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these data it was possible to plot and ob- 
serve the frequency response of each part 
of the equipment through which the car- 
rier frequency signal passed. 

Audio frequency response was obtained 
by supplying constant level audio fre- 
quency tones to the transmitter modu- 
lator and measuring the receiver output 
voltage. These tests were carried out 
after the correct carrier frequency adjust- 
ments had been established. The circuit 
used for the audio frequency response 
measurements is shown in Figure 2. These 
measurements were made on each channel 
of the system and over several channels in 
cascade. The input level of the audio 
tones was set to provide a high percentage 
modulation, approximately 75 per cent 
for normal voice, as determined by obser- 
vation with an oscilloscope of the carrier 
frequency output. With this setting the 
modulation limiter would prevent over- 
modulation on peaks. Both the carrier 
frequency and audio outputs were ob- 
served with an oscilloscope to determine 
whether or not distortion was present. 

Noise measurements were made on all 
channels and the signal-to-noise ratios 
were determined. Noise and signal meas- 
urements were made with a vacuum-tube 
voltmeter, and noise measurements are 
unweighted. Weighted noise measure- 
ments were taken on some channels, but 
an insufficent number are available for 
comparison and will not be presented. 
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Circuit used to obtain 
audio frequency re- 
sponse characteristics 
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230-kv transmission 
system 


Figure 1 
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Received signal and _ signal-to-noise 
ratios were observed as the transmitter 
power output was varied. 

Frequency and amplitude modulation 
signal-to-noise ratios were compared on 
the same power transmission line section 
in order to obtain actual field data on 
the effectiveness of frequency modulation 
as a means of overcoming noise in carrier 
current telephone systems. 

Audio frequency attenuation of the 
audio frequency extensions on the carrier 
system were obtained. As the extensions 
were of considerable length, their charac- 
teristics were considered to be a factor in 
over-all performance. 


Results 


It was found that considerable improve- 
ment was possible in some parts of the 
system, and data and curves showing the 
characteristics of some of the channels, 
both before and after readjustments, will 
be presented. 


CARRIER FREQUENCY RESPONSE 


Figure 3 shows the carrier frequency 
response of the frequency modulation 
channel with its original adjustment. 
These curves show a considerable dis- 
symmetry about the 75-kc operating fre- 
quency, which was apparent as distortion 
in the receiver output. Careful retuning 
of the line tuning equipment resulted in 
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doubling the transmission line current, a 
Figure 2 (above). considerable increase in received voltage, 


and symmetrical variations about the 
operating frequency as indicated by the 
curves of Figure 4. 


AUDIO FREQUENCY RESPONSE 


Considerable audio frequency response 
data were obtained. The manufacturer 
had guaranteed that the audio character- 
istics of the individual channels would be 
within plus or minus five decibels between 
300 and 3,000 cycles. It was possible to 
come well within these limits on each 
channel. Audio characteristics of the 
75-ke frequency modulation channel 
operating between Shasta and Contra 
Costa substations are shown in Figure 5. 
The audio response curve for the 85-kc 
amplitude modulation channel between 
Shasta substation and Pit 5 power house 
is illustrated in Figure 6. This curve is 
typical of the response of the amplitude 
modulation equipment. 

One of the amplitude modulation re- 
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Figure 3. Carrier frequency response of 75-kc 
frequency modulation channel with improper 
line tuning 


A—Output current at transmitter (milliamperes) 
B—Transmitter output voltage 

C—Coupling capacitor current (milliamperes) 
D—Received voltage 

F—Receiver limiter current (microamperes) 
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75-kc frequency modulation channel with 
correct line tuning 


A—Output current at transmitter (milliamperes? 

B—Received voltage (high Q) 

C—Coupling capacitor current (milliamperes) 

D—Transmitter output voltage 

E—Received voltage (low O) 

F—Receiver limiter (high Q) current (micro- 
amperes) 
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Figure 5. Audio frequency response of 75- 


ke frequency modulation channel 


ceivers had been aligned for maximum de- 
tector current at the carrier frequency, 
and the effect on the audio characteristic 
is shown in curve A of Figure 7. When 
the intermediate frequency amplifiers 
were realigned for the correct band pass, 
the audio characteristic was improved 
considerably as indicated by curve B of 
Figure 7. At carrier frequencies the re- 
quired band pass is a relatively greater 
percentage of the carrier frequency than in 
ordinary space radio applications. As in 
any highly selective receiver employing 
band pass circuits, tuning adjustments 
must be made carefully. 

A limiting factor in audio frequency 
response, in this case of 2-frequency-du- 
plex carrier system with interphase cou- 
pling using only 0.001-microfarad cou- 
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pling capacitors, was found to be the 
resonance characteristics of the line tun- 
ing equipment. It was possible to im- 
prove the audio frequency response at the 
expense of received signal volts by reduc- 
tion of the Q of the receiver line tuning 
equipment. Broadening of the audio 
frequency response resulted in some loss 
in signal-to-noise ratio. The effect on 
carrier frequency response is shown in the 
“low Q received volts” curve of Figure 
4. An indication of the effect on the 
audio characteristics by broadening the 
band pass of the line tuning equipment is 
shown in Figure 8. Curve A shows the 
audio characteristics with high Q line 
tuning elements on the receiver input. 
Curve B shows the increased response to 
high frequencies with broadened receiver 
line tuning. 

Over-all audio characteristics of three 
channels in cascade are shown in Figure 
9. This system includes one frequency 
modulation and two amplitude modula- 
tion channels between station X, Oak- 
land, and Pit 5 power house. The over-all 
response nearly meets the plus or minus 
5-decibel limits set for one channel. 


POWER OvuTPUT 


The effects of the variation of trans- 
mitter output on the received signal and 
signal-to-noise ratio for the 75-ke fre- 
quency modulation channel are given in 
Table I. Received volts in Table I are 
signal plus noise. These results indicate 
the effectiveness of the frequency modula- 
tion receiver in maintaining the signal-to- 
noise ratio with large variations in the 
transmitter output and the received sig- 
nal. It was possible to maintain com- 
munication over a 175-mile 230-kv line 
when using only the exciter unit of the 
frequency modulation transmitter with a 
power output of two watts. 


FREQUENCY AND AMPLITUDE 
MopuLaTIon SIGNAL-TO-NOISE 
COMPARISON 


A comparison of frequency and ampli- 
tude modulation signal-to-noise ratios is 
given in Table II. From these data it is 
apparent that the frequency modulation 
equipment is capable of maintaining a 
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Figure 6. Audio frequency response of 


85-kc amplitude modulation channel 
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Figure 7. Audio frequency response of 140- 
ke amplitude modulation channel 


Curve A—Receiver aligned for maximum de- 
tector current at carrier frequency 
Curve B—Receiver aligned for correct band- 
pass 


high signal-to-noise ratio even as the 
carrier signal approaches the noise level, 
and consequently communication can be 
maintained under conditions when a con- 
ventional amplitude modulation system 
would be inoperative. 


EFFECTS OF MODULATION LEVEL ON 


SIGNAL-TO-NOISE RATIO 


On the frequency modulation channels 
with a deviation ratio of less than one-to- 
one, the signal-to-noise ratio was reduced 
considerably. Checks were made with 
deviation ratios of approximately one- 
third to one, and one-to-one, with the re- 
sult that the signal-to-noise ratio was in- 
creased from 22 decibels with the lower to 
34.5 decibels with the higher level of 
modulation. With a small deviation 
ratio, the phase modulation resulting 
from noise becomes appreciable relative 
to the desired frequency modulation 
and the noise output is proportionally 
higher. With the modulation correctly 
adjusted for normal voice input, over- 
swing on peaks is limited by means of the 
modulation limiter which tends to main- 
tain the deviation ratio near the correct 
value. A discussion of deviation ratios, 
band-width requirements, and noise con- 
siderations is given in reference 2. One of 
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Figure 8. Audio frequency response curves 
showing the effect of the band pass of line 
tuning equipment 


Curve A—High Q line tuning equipment 
Curve B—Low Q line tuning equipment 
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the early difficulties in the field adjust- 
ment of the frequency modulated carrier 
equipment was lack of a simple field check 
of deviation. With amplitude modula- 
tion equipment it is possible to observe 
the modulation envelope with an oscillo- 
scope to check percentage modulation and 
the presence of distortion. A similar pro- 
cedure for the frequency - modulation 
equipment was suggested by R. W. Beck- 
with. With the carrier output connected 
to an oscilloscope with internal synchroni- 
zation, a change of frequency will cause 
the pattern to move horizontally on the 
screen. By calibrating the horizontal 
movement versus frequency swing, a 
simple but sufficiently accurate method of 
measuring deviation is obtained, and the 
performance of the frequency modulation 
transmitter can be observed conveniently. 


AupIO CHARACTERISTICS OF WIRE AND 
CABLE EXTENSIONS 


The carrier terminals are located at 
high voltage substations at a considerable 
distance from the dispatcher and general 
offices of the company. The carrier tele- 
phone system was installed primarily to 
provide communication for the dis- 
patchers to the generating plants, but 
also is used by others in carrying on busi- 
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ness _incidental to the operation of the 
pow... system. It was recognized that an 
investigation of the carrier system should 
include the characteristics of the exten- 
sions because they are a part of the com- 
plete communication system. The ex- 
tensions to the dispatcher’s office includes 
both open wire line and cable. Audio fre- 
quency characteristics of one of these ex- 
tensions are shown in curve A of Figure 
10. The extension from the dispatcher’s 
office to the general offices is by submarine 
cable across the San Francisco Bay. The 
audio frequency characteristics of this 
cable are shown in curve B of Figure 10. 
There is in this cable a rapid cutoff of 
the frequencies above 2,500 cycles. The 
measured attenuations at 1,000 cycles 
were approximately two decibels for curve 
A and nine decibels for curve B, but the 
curves have been plotted through zero at 
1,000 cycles for a better comparison of 
their shapes. 

Listening tests also were made to com- 
pare various types of telephone instru- 
ments, and although no quantitative data 
were obtained, it was apparent that there 
was a large difference in the performance 
of different instruments, and that im- 
provements could be made in some cases 
by providing modern high quality tele- 
phone instruments for use with the carrier 
equipment. 


Conclusions 


Tests such as those described in this 
paper provide information to evaluate 
properly the performance of the various 
parts of a carrier telephone system, and to 
make adjustments for optimum perform- 
ance. Specifically it can be concluded 
that 


1. Care in the adjustment of carrier cur- 
rent communication equipment will provide 
the maximum in performance, and adjust- 
ments cannot be made correctly without the 
use of proper instruments and a logical pro- 
cedure. 


2. Good audio frequency response is pos- 
sible by correct adjustment of the equip- 
ment, and is particularly important where 
several sets are to be cascaded by means of 
audio coupling. Audio frequency response 
may be limited by characteristics of the 
line tuning equipment. In practice, a 
compromise between audio frequency re- 
sponse and signal-to-noise ratio must be 
accepted. 


3. Frequency modulation equipment is 
capable of maintaining a high signal-to- 
noise ratio with large variations of carrier 
signal. 

4, The frequency modulation system pro- 
vides a definite advantage over amplitude 
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Figure 9. Over-all audio response of three 
carrier current channels in cascade 


RESPONSE — DECIBELS 


300 


500 800 1000 
CYCLES PER SECOND 


2000 3000 


Figure 10. Characteristics of audio frequency 
extensions to carrier current channels 


modulation equipment insofar as signal- 
to-noise ratio is concerned, which permits 
successful carrier current operation on 
lines with noise levels so high as to preclude 
the use of conventional amplitude modulated 
equipment. 


5. In frequency modulation, as in any 
carrier system, it is important to maintain 
a high level of modulation in order to 
realize the maximum signal-to-noise ratio. 


6. Audio extensions from the carrier 
terminal equipment enter into the over-all 
consideration of the system, and can be 
limiting factors in the performance of a 
system. 


Data such as those collected in the tests 
described are also invaluable in main- 
tenance work on the system. The actual 
performance of the equipment can be 
compared with the test results from time 
to time, and any marked deviations can 
serve as guides in finding and correcting 
troubles. 
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Teaching Electricity and Magnetism: 


V. P. HESSLER 


FELLOW AIEE 


Synopsis: A discussion of a method for 
presenting the fundamental relations of the 
science of electricity and magnetism is pre- 
sented including a brief description of the 
various absolute unit systems. Most of the 
fundamental relations of electricity and 
magnetism are presented in general form. 
The relations are called general in the sense 
that they are complete and correct for use 
with any consistent unrationalized unit 
system. The relations are presented in a 
logical and rigorous sequence, that is, the 
basis of each relation is found in the pre- 
ceding relations. 


HE fundamental relations of elec- 
Tez and magnetism form the basis 
of analysis for all analytical problems of 
electrical circuits and equipment. The 
primary objective of the formal training 
in engineering is to develop skill in en- 
gineering analysis. Thus it is very im- 
portant that the electrical engineer have 
excellent training in his major basis for 
analysis, electricity and magnetism. Skill 
in engineering analysis demands an under- 
standing of the field of application and 
limitations of basic relations which can be 
gained only through a well-organized 
study of the science involved. 

The purpose of this paper is to present 
the author’s approach to such study and 
training in electricity and magnetism. 
The organization presented has evolved 
through many revisions while presenting 
the material to sophomore electrical engi- 
neering students. It was developed on the 
basis of maintaining sequential rigor at 
the sophomore level of comprehension. 
Electrostatic field theory is developed 
toward the end of the organization in- 
stead of at the beginning because the 
average student has little background in 
this field and can gain essential back- 
ground through the study of circuits and 
magnetic fields. For example, in accord- 
ance with the above principles potential 
difference is defined as work per unit 
charge instead of the line integral of field 
intensity. 


Experimental, Defined, and 
Derived Relations, and 
Generalizations 


The classification of the relations or 
formulas of electricity and magnetism into 


experimental, defined, or derived relations 
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and generalizations was suggested to the 
writer by Professor Edward Bennett and 
forms an essential part of the organization 
of the text of which Professor Bennett is 
the coauthor.! 

To comprehend fully the significance 
and limitations of each of the relations, 
formulas, and rules which make up the 
body of a science it is necessary to under- 
stand clearly the basis upon which each 
was obtained. All of the relations of elec- 
tricity and magnetism can be classified 
under one or another of the four headings. 
The headings are so descriptive as to 
hardly need further exposition. 

Experimental relations are those which 
are determined directly by experiment, 
such as Coulomb’s law of force between 
charges and Ampere’s law of force be- 
tween parallel wires. Relations which 
are termed experimental were usually so 
determined historically but this does not 
imply that all relations which were origi- 
nally determined experimentally should be 
so termed. For example, Joule’s law con- 
cerning power dissipation in a resistor is 
considered derived in this presentation. 
It is also important to understand the 
actual experimental background for ex- 
perimental relations because they must 
not be extrapolated too far beyond the 
experimental evidence on which they are 
based. Students of electronics are well 
aware of the limitations of F = ma in 
cathode ray tube theory. For a presenta- 
tion of original experimental procedures 
see Magie?, and for a discussion of the 
limitations of experimental relations see 
Bridgman.® 

Defined relations include all those 
which define units, conventions, and 
physical quantities. It is especially impor- 
tant to understand which quantities or re- 
lations are defined because a defined quan- 
tity must not be given properties beyond 
those involved in the definition. Failure 
to understand that the magnetic field is a 
defined quantity often leads to fruitless 
discussions concerning the mechanism of 
induced voltage. Also it is important 
that a given quantity be defined in one 
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way only lest inconsistencies appear in 
succeeding analysis. 

Derived relations are determined an- 
alytically usually through the combining 
of experimental and defined relations. 
Again familiarity with their source is im- 
portant because all derived relations are 
circumscribed by the limitations of the 
experimental and defined relations upon 
which they are based. 

Generalizations or postulates are rela- 
tions which are assumed to be universally 
true because no exception to them has 
ever been observed. The law of conserva- 
tion of energy isan example. Here again 
the engineer must understand that the 
law of conservation of energy based on 
the Macro measurements of engineering 
cannot be extrapolated into the realm of 
atomic physics. 


Absolute Measure 


A clear understanding of the origin and 
structure of unit systems is essential in 
engineering analysis. All electrical unit 
systems are based on absolute measure, 
that is, measurement based on the funda- 
mental units of length, mass, time, and a 
fourth arbitrarily assigned quantity called 
the permeability of free space. Gauss 
laid the foundation for absolute measure 
in the 1830’s by measuring the earth’s 
magnetic field in terms of the moment of 
inertia and period of oscillation of one 
magnetized needle and of the deflection of 
a second magnetized needle in the vicinity 
of the first.2. The pole strengths of both 
magnets cancel out of the equations thus 
giving the strength of the earth’s field in 
terms of length, mass, time, and the 
permeability of free space tacitly assumed 
as unity in Gauss’ experiments. Thus it 
was possible to duplicate magnetic meas- 
urements without a standard magnetic 
needle. All electrical units are based on 
similar measurements. The actual ex- 
perimental work is very complicated in- 
volving difficult adjustments and correc- 
tions, but the basic academic definitions 
of the processes are quite simple as will be 
shown later. 


Tue CGS ELECTROMAGNETIC SysTEM 


The cgs electromagnetic system is 
based on the centimeter, gram, second, 
and the permeability of free space taken 


as unity. It is the standard unit system 


in the field of physics and is the basis of 
the practical system of electrical units. 


THE INTERNATIONAL OR PRACTICAL 
SYSTEM 


The early telegraph engineers did not 
find the cgs electromagnetic units a con- 


ELECTRICAL ENGINEERING 


¥ 


bs 

venient size so they developed the practi- 
cal system whose units differed from the 
egs electromagnetic units by various 
multiples of ten. However, the practical 
system embraced only circuit phenomena 
and was not extended to cover mechanics, 
or magnetic or electrostatic field theory. 
This was perhaps the greatest source of 
misunderstanding and confusion in the 
study of electricity and magnetism since 
any analysis involving mechanical force 
or electric or magnetic fields and electric 
circuits involved borrowing units from 
other unit systems and resulted in in- 
numerable multiplying factors. Also, no 
relation could be considered complete 
without a statement of the particular 
assortment of units for which it was de- 
signed. Giorgi provided the solution in 
1903 by the invention of the mks unit 
system. The system was adopted as the 
international standard in 1935. 


THE MKS SystEM 


Giorgi’s invention of the mks system 
consisted of extending the practical sys- 
tem into a complete absolute system em- 
bracing all of mechanics and electric and 
magnetic field theory and at the same 
time retaining all of the circuit units of 
the practical system. This was done by 
choosing units of length and mass of such 
size as to make the unit of mechanical 
work equal to the unit of work in the prac- 
tical system (the joule) and by assigning a 
numerical value to the permeability of 
free space (u, = 10~7) which would result 
in a unit of current equivalent to the am- 
pere. These ideas will be expanded in the 
process of setting up the fundamental re- 
lations. 


GENERAL ELECTRODYNAMIC EQUATIONS 


The foregoing discussion indicates the 
possibility of writing a complete set of 
fundamental relations in electricity and 
magnetism with no need for supplemen- 
tary statements concerning the appropri- 
ate units. Units of the mks system are in- 
serted on the right of a relation and the 
answer is known to be in units of the same 
system. It may not be quite as evident, 
however, that these same expressions 
serve equally well in any other consistent 
unit system. That is, the identical rela- 
tions apply equally well in the mks, cgs 
electromagnetic, and cgs electrostatic sys- 
tems. 

With this approach, beginning students 
show equal facility in solving problems in 
any of the three unit systems mentioned. 
Often one or the other of the cgs systems 
will handle a given problem with greater 
convenience than the mks system. Ex- 
perience has demonstrated that students 
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can use three or more systems inter- 
changeably without confusion. How- 
ever, it is imperative that only one system 
be used in a given problem or relation, 


The Fundamental Electrical 
Quantities 


ELECTRIC CHARGE 


The development of the fundamental 
relations presented herein is based on the 
concept of the electron as a charged 
particle, that is, charge is considered real 
and field is considered a condition which 
is produced in the vicinity of charge. The 
reverse of this may be a more exact pic- 
ture of nature but the charged particle 
concept seems to lend itself more readily 
to the development of the science of elec- 
tricity and magnetism. 


ForCES ON ELECTRIC CHARGE 


The science of electricity and magne- 
tism deals with forces between electric 
charges at rest and in motion. We know 
from experiment that electric charges 
exert forces upon each other because of 
their positions, their velocities, and their 
accelerations.4 The first effect is the 
basis of electrostatics, the second of gen- 
erated voltages and magnetic forces, and 
the third of induced or transformer volt- 
ages and radio transmission. 


ELECTRIC FIELDS 


Even though it is possible in many 
cases to calculate the forces of electric 
charge in terms of ‘‘action at a distance,” 
that is in terms of the force of one charge 
upon another, it is almost always simpler 
and more effective to assume that one 
charge or group of charges produces a 
field which in turn exerts a force on other 
charges in the vicinity. Forces between 
electric charges resulting from their rela- 
tive positions are calculated in terms of 
electrostatic fields, and forces between 
charges in motion are calculated in terms 
of magnetic fields. The transmission of 
radio signals is usually calculated in 
terms of the electromagnetic field, but the 
calculations also can be made in terms of 
“vector potentials” which make no use of 
the magnetic field concept. The defining 
relations for the various field quantities 
are presented in the following section. 


The Fundamental Electrodynamic 
Relations and Quantities 


The fundamental electrodynamic rela- 
tions and quantities are herein developed 
in a rigorous sequence. The source of 
each relation whether experimental, de- 
fined, derived, or generalization is so indi- 
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cated. Space limitations prevent giving 
more than an outline of each derivation, 
or of stating the complete significance of 
all terms of all of the relations. The 
prime purpose in presenting the sequence 
of quantities and relations is to illustrate 
the logical manner in which the relations 
of electricity and magnetism may be de- 
veloped. The reader should refer to 
standard text books in the field for de- 
tails of specific relations. Units given are 
of the mks unrationalized system. 


Basic MECHANICS 


1. J—length, meters (defined) 

2. m—mass, kilograms (defined) 

3. t—time, seconds (defined) 

4. y—velocity, meters per second (de- 
fined) 

5. a—acceleration, meters per second 
per second (defined) 

6. Newton’s law of force 


F=ma (experimental) 


7. F—force, newtons (defined) 

A newton is that force which will 
give a mass of one kilogram an accelera- 
tion of one meter per second per second. 


8. W—work, joules (newton-meter) 
(defined) 
W=Fl 


9. P—power, watts, (joules per second) 
(defined) 


P=W/t 


ELECTRIC CIRCUIT QUANTITIES 


10. Ampere’s law of force between 
parallel wires (experimental) 


Kuplilol 
Fo 
d 


where p, is the relative permeability of 
the medium between the wires, J; and J. 
are the currents in the two wires, / is the 
length of the wires, d the distance between 
centers, and K is a constant which deter- 
mines the unit system. To establish an 
unrationalized system 


K=2py 


where yp, is called the absolute perme- 
ability of free space. It is really a number 
which determines the size of the electrical 
units. 

11. p,—absolute permeability of free 
space, (defined, fundamental mks unit) 


Myp= 1077 


12. p,-M,—absolute permeability of a 
medium (defined) 


13. [electric current, ampere (defined) 
Unit current is defined in terms of Am- 
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pere’s law of force between parallel wires 


url Tal 
d 


The ampere is that current which will 
produce 2 X 1077 newtons of force per 
meter of length between two parallel 
wires spaced one meter apart in air. 


14. Q—electric charge (defined) 

When two bodies attract each other 
with a force other than that of gravitation 
or repel each other with no material con- 
nection, they are said to be charged elec- 
trically. 


F 


15. Relation between electric current 
and charge (experimental) 


Q=It 


Rowland showed in 1876 that electric 
current was time rate of redistribution of 
charge. 


16. Q—charge, coulomb (defined) 

One coulomb of charge passes a given 
point in a circuit each second when the 
current is one ampere. 


17. Potential difference (defined) 

Potential difference is the action which 
tends to set up a current in an electric cir- 
cuit. The unit is defined in terms of work 
per unit charge. 


18. HE, V—potential difference, volts 
(defined) 

A potential difference of one volt is 
said to exist between the points a and 6 if 
one joule of energy is required to carry one 
coulomb of charge from atob. The point 
b is at a higher potential than a if positive 
work is done on a positive charge. 


W 


a 
b 
pai ap 5 es (F, di)dl 


where V>, is the potential of the point 5 
with respect to the point a, F is the elec- 
tric force on the test charge, and (F, dl) is 
the angle between the direction of the 
electric force and dl. 


19. Resistance (defined) 
Resistance is that property of a circuit 
which opposes current flow. 


20. Ohms Law (experimental) 
I=E/R 


21. R—resistance, ohms (defined) 

A circuit is said to have a resistance of 
one ohm if a potential difference of one 
volt sets up a current of one ampere in it. 


22. Resistance of a conductor (experi- 
mental) 


pl 
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where p is the resistivity of the conductor 
material, / is the length of the conductor, 
and A its cross-sectional area. 


23. G—conductance, mhos (defined) 
Conductance is defined as the reciprocal 
of resistance. 


24. Power in an electric circuit (derived) 
P=VI 


This relation is derived from the defini- 
tion of potential difference, and of current 
considered as time rate of redistribution 
of charge. 


25. Power in electric circuits (derived) 
P=[°R 

=V?/R 

Derived from (24) and Ohm’s law. 


26. Energy in electric circuits (derived) 


W=VIt 
=I*Rt 
=Vt/R 


27. Law of conservation of charge (gen- 
eralization) 


28. Law of conservation of energy (gen- 
eralization) 


29. Kirchhoff’s laws (derived) 


LE’s=0 
2lI’s=0 


These relations are derived on the basis 
of conservation of energy and conserva- 
tion of charge. 


30. Resistances in series (derived) 
R,=RitR+ ea! oka) +Rn 


31. Resistances in parallel (derived) 


R= 1 
a ai 
Rotn oe 
MAGNETISM 


Considering Ampere’s law (13) let us 
assume that the current J; produces a 
stress in space which exerts a force on the 
current J;. This assumption is the basis of 
the concept of magnetism. Let us say 
that the stress sets up a quantity called 
flux @ (magnetism) usually represented 
by lines, and that the number of lines 
per unit area is flux density B. 


32. Flux density (defined) 
F=BII sin (B, 1) 


Flux density, a vector quantity, is de- 


fined by this relation where (B, /) is the | 


angle between the direction of the flux 
lines and the direction of the wire. 


33. B—flux density, webers per square 
meter (defined) 
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The flux density of a field is said to be 
one weber per square meter if a wire 
carrying a current of one ampere and per- 
pendicular to the field experiences a force 
of one newton per meter of length. 


34. &—flux, webers (defined) 
@=BA 

or 

&SB cos (B, n)dA 


The total flux passing through a plane 
area is equal to the product of flux density 
B and the area A if the flux density is uni- 
form and perpendicular to the area. In 
case of nonuniform fields the summation 
must be determined by integration. In 
the integral, (B, ) is the angle between 
the direction of flux density and the direc- 
tion of the normal to the differential area 


dA, 


35. Flux density about a long straight 
wire (derived) 


where «x is the distance in meters from the 
center of the wire. 


36. Field intensity (defined) 
B=ppp,H 


Field intensity, a vector quantity, is de- 
fined by this relation. It is the agency 
which produces flux density; that is, the 
flux density at any point in a field is pro- 
portional to and directed along the field 
intensity vector. 


37. H—field intensity, pragilberts per 
meter (defined) 

A field intensity of one pragilbert per 
meter sets up a flux density of 10-7 webers 
per square meter in free space. 


38. Field intensity about a long straight 
wire (derived) 


39. Magnetomotive force (defined) 
M=JSH cos (H, dl)dl 


Magnetomotive force is defined as the 
line integral of field intensity. It is the 
total magnetic action along a given path. 
(H, dl) is the angle betwean the direction 
of H and the differential length of path di. 
40. M@—magnetomotive force, pragil- 
berts (defined) 

A magnetomotive force of one pra- 
gilbert will set up a field intensity of one 
pragilbert per meter in a path one meter 
long. 


41. Magnetomotive force about a long 
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straight wire (derived) 


2rd QI 
M= Wb — cos (H, dl)dl 
ot 


=4rI 
It can be shown that the result is inde- 
pendent of the path of integration. 


42. Magnetomotive force of a coil 
(derived) 


M=4rNI 


N is the number of turns in the coil 
which is carrying the current J. 


43. Field intensity resulting from a cur- 
rent element (generalization) 


I sin (r, dl)dl 


x2 


dH= 


where dHis the field intensity set upat a 
distance x from a differential length of 
conductor d/ which is carrying a current J. 

This relation must be considered true 
because no contradictory evidence has 
been discovered. 


44. Field intensity about a wire of finite 
length (derived) 


: a : 
are (sin a,+sin ae) 


Set up (43) for particular case and in- 
tegrate. x is the perpendicular distance 
from the point at which H is evaluated to 
the axis of the wire. a; and a» are the 
angles between the perpendicular and the 
two ends of the wire. 


45. Field intensity on the axis of a con- 
centrated circular coil 


__ 2a NI 
~ (+ xt)'h 


where 7 is the radius of the coil and x is 
the distance from the plane of the coil. 

Note. (44) and (45) become expressions 
for flux density by multiplying by um. 


46. Total flux produced in a toroid of 
cross-sectional area A and mean length / 
(derived) 


on 4a NI pu A 
ae 


Ratio of length to area must be large. 


47, Reluctance (defined) 

The reluctance of a magnetic path is de- 
fined as the ratio of the magnetomotive 
force across a path to the flux set up in the 
path. 


(approximately) 


48. Q@—reluctance,  pragilberts 


weber (defined) 
Definition follows from name of unit. 


49. Reluctance of a path (derived) 


1 
MrligA ‘ 


per 


=a 
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GENERATED AND INDUCED VOLTAGES 


50. Electromagnetic induction (experi- 
mental) 

Faraday discovered that a voltage is 
generated whenever a conductor is moved 
across a magnetic field or whenever there 
is a change in the number of flux lines 
linking a coil. The first is a case of forces 
between moving charges and the second 
of forces between accelerated charges. 


51. Voltage generated by a moving con- 
ductor (derived) 


V=Blv sin (B, v) 


The derivation is made in terms of an 
elementary generator and the law of con- 
servation of energy. Wire is considered 
moving perpendicular to its axis v is the 
velocity of the conductor and (B,v) is the 
angle between the direction of the flux 
and the velocity. 


52. Flux linkages, weber-turn (defined) 
A= N& 


53. Voltage generated by changing flux 
linkages (experimental) 

d® 
e=N— 

dt 

Note. The lower case letter ¢ is used in 

this and subsequent relations to indicate 
instantaneous values. Instantaneous cur- 
rent is indicated in a corresponding man- 
ner. 


54. Inductance (defined) 

Inductance is that property of a circuit 
which tends to prevent a change in cur- 
rent. 


55. L—inductance, henries (defined) 
L=e/(di/dt) 


A circuit is said to have an inductance 
of one henry if current changing at the 
rate of one ampere per second induces an 
emf of one volt. 


56. Inductance in terms of flux linkages 
per ampere (derived) 
L=N(d@/di) 


57. Inductance in terms of circuit di- 
mensions (derived) 


Ar tirttyN?A 
1 
Derived from (56) and (46). 
58. Inductance of two long straight 


wires. 


Distance d between centers, wire radius 
r, and length of circuit / (derived) 


L= (approximately) 


d 
bal An log ¢ 2+ a) 
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59. L,,—mutual inductance (defined) 
Ibs = €1/ (di2/dt) 


60. k—coefficient of coupling of two 
coils (defined) 


k=kyko 


where ky => P,./P, and ky = P,,/Po. 
1. is the part of flux ®, which also links 
coil 2 and @y is the part of flux ®, which 
also links coil 1. 


61. Mutual inductance in terms of self 
inductance (derived) 


Ib S/2 V IL, 


62. Energy stored in inductive circuits 
(derived) 


63. Energy stored per unit volume in 
magnetic fields (derived) 


where v is the volume in cubic meters. 
64. Pull of an electromagnet (derived) 


BA 
Sip 


ELECTROSTATICS 


The following relations are concerned 
with forces experienced by electric charges 
resulting from their relative positions. 


65. Coulomb’s law of force between 
charges (experimental) 


0:02 


F= 
€, EyX” 


where ¢, is the relative permittivity of the 
medium between the charges, also known 
as the dielectric constant. €, is the abso- 
lute permittivity of free space or more 
exactly a number the magnitude of which 
is determined by the unit system. (In an 


Table | 


nn 


Permeability Permittivity 


of Free of Free 

Unit System Space Space 
a NE LE eS eee 
Mks unrationalized. sap UTS G1 O22. 
Cgs electromagnetic: .1.113 a 10-21 

Cgs electrostatic...... oh eer a1 ‘ 

Mks subrationalized. 4nr1077 iS. reve ies 12 
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electrostatic system it is chosen arbi- 
trarily and determines the size of the 
electrical units.) 


66. €,—permittivity of free space (ex- 
perimentally determined constant) 


€>=1.113X10-” 


The value may be determined by plac- 
ing a known charge Q, at a given distance 
from another known charge Q. and meas- 
uring the force. 


67. &—Field 
(defined) 


intensity (electrostatic) 


Similar to the case of parallel wires, let 
us assume that one charge produces a con- 
dition in space which exerts a force on the 
other charge. The condition is called 
field intensity and is defined by the fore- 
going relation. 


68. &—field intensity, 
coulomb (defined) 

Unit field intensity exerts a force of one 
newton per coulomb on a point charge. 


newtons per 


69. Field intensity in terms of space rate 
of change of potential, volts per meter 
(derived) 


—dE 
& = 
cos (&, dl) Zl 


This relation is derived from the defin- 
ing relations of field intensity and poten- 
tial difference. 


70. Field intensity about a point charge 
(derived) 


Q 
EE nx? 

71. D—electrostatic displacement den- 
sity or flux density, pracoulombs per 
square meter (defined) 

D=66,& 


Displacement density is set up by field 
intensity and is defined by the foregoing 
relation. 


72. wW—electrostatic displacement or 
flux, pracoulombs (defined) 


&= 


v=DA 
or 


v=JS D cos (D, n)dA 


Table Il 

Quantity Replace By 
Petineability:. . ciscjetreiiee sees PVs socia's Vee eMrv/4a 
Permittivity, cise tracert ree Cascais testers 4tréry 
Magnetomotive force.......... MS aaron. 4nM, 
ield intensity: 4 cnisas peynens Ache 4nr Hy 
Displacement density......... Disemnniteas 4x D, 
Displacement .iqcciee selon eatekelcs Pinter Se bie wlaays Arr 
PLEINCEANCE Pyare sw ree oeceealere BE inane erent 4a Ry 
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where 7 is the direction of the normal 
to the surface. Also see 34. 


73. Displacement from a point charge 
(derived) 


¥=4nQ 


74. Displacement from any charge (de- 
rived) 


y=4r0 
from Gauss’ theorem. 


75. Capacitor (defined) 

If a potential difference is applied to 
two conductors separated by an insulator, 
charge is observed to flow from one plate 
to the other. This arrangement is called 
a capacitor. 


76, C—capacitance, farads (defined) 
C=Q/V 


A capacitor is said to have a capacitance 
of one farad if one coulomb is transferred 
from one plate to the other by a potential 
difference of one volt. 


77. Capacitance of a parallel plate 


capacitor (derived) 


€€,A 


4x 


G 


78. Capacitance of a concentric cylinder 
capacitor (derived) 


C=€6,€,1/2 loge (72/11) 


where / is the length of the cylinder, 72 the 
radius of the outer cylinder, and 7, the 
radius of the inner cylinder. 


79. Energy stored in a capacitor (de- 
rived) 


W=1/,CV? 
80. Energy stored per unit volume in an 
electric field (derived) 
W _€,€6? 
» Sr 
D2 
~ Swr€€, 
WED 
84 


81. Force between parallel plates (de- 
rived) 


Fe 2ro°A 


€,€y 
o = charge density. 

82. Capacitor current (derived) 
14=c(de/dt) 


83. Capacitor voltage (derived) 
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Values of Permeability and 
Permittivity 


Table I gives the values of absolute 
permeability and absolute permittivity in 
the four common unit systems. In the 
egs electrostatic system the permittivity 
is assigned the value unity by definition 
and the value for permeability is experi- 
mentally determined. The other three, 
being electromagnetic systems, have the 
values of permeability assigned arbi- 
trarily and the permittivity values are ex- 
perimentally determined. 


EXAMPLES 


The application of various unit systems 
to the fundamental relations may be illus- 
trated by a few simple examples. 


Example 1. Calculate the force per meter 
of length between two long straight wires 
spaced 10 centimeters apart and carrying 
500 amperes. 


Mks (unrationalized) 
pe Zur bol. ve 


ig 


_ 2X1 10-7 500 X 500X 1 
* 0.1 


=0.5 newton 
Cgs electromagnetic 


_ 2115050 100 
, 10 


= 50,000 dynes 


F 


Cgs electrostatic 


2X1X1.113X10-?2!X 500 X3 X 10°X 


500 X3 X 10° 
P= x3 X 


10 
= 650,000 dynes 


The solutions check since one newton 
equals 105 dynes. The expression does 
not apply to the rationalized system. 


Example 2. Calculate the flux density at 
10 centimeters from a long straight wire 
carrying 50 amperes. 


Mks unrationalized 
& 2p bol 
r 


_2X1X107'X50 
0.1 


F 


=1X10~‘ weber per square meter 
Cgs electromagnetic 
2k 
ae XKEXIS<S 
10 


=1 gauss 
= 1 maxwell per square centimeter 


The calculation can be made similarly 
for the electrostatic system but there is no 


ELECTRICAL ENGINEERING 


> 
accepted name for magnetic flux density 
in the electrostatic system. The results 
check again since gausses X 1074 equals 
webers per square meter. 


Example 3. Calculate the capacitance of a 
parallel plate capacitor consisting of two 
plates 50 centimeters square and separated 
by one centimeter. Neglect fringing. 


Mks unrationalized 
_ tite 
4rd 
S 1X1.113X10~-" X0.25 
4a X0.01 
=2.22X10~"° farads 


G 


Cgs electrostatic 
1x 2 
G2: x1xX50 
4nX1 

= 198.8 stat-farads 
Cgs electromagnetic 
NXE TIS 1072 x 50? 

4nrX1 

=2.22X10719 abfarads 


Cc 


See Hudson® for a complete list of conversion 
factors. 


Fundamental Rationalized 
Relations 


The fundamental relations can be 
changed to the rationalized form by mak- 
ing the substitutions indicated in Table 
II wherever any of the quantities listed 
appeared in the relations. 

The question of the choice between the 
rationalized and unrationalized systems 
is not the subject of this paper. 


Unit Magnetic Pole 


The unit magnetic pole has not been 
used in connection with the organization 
because the approach to magnetism 
through forces on current carrying con- 
ductors seems more satisfactory to the 
writer. Too often the student is intro- 
duced to electrical and magnetic quan- 
tities through the concept of impossible 
experiments with unit poles. However, it 
is granted that the concept may be useful 
in certain field analyses and there is no 
objection to defining a unit pole for this 
purpose just as we have defined magnetic 
fields for the purpose of simplifying the 
calculation of forces between electric 
charges in motion. 


Summary 
Most of the fundamental relations in 
electricity and magnetism are presented 


in general form. The relations are called 
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150,000 Horsepower Applied to 


Aeronautical Research 


JAMES A. WHITE 


ASSOCIATE AIEE 


EHIND THE SCENES of the rapid 
development of aeronautics in this 
country during recent years are the aero- 
nautical research laboratories. In addi- 
tion to their part in the development of 
aeronautics, these laboratories are of 
interest because of the variety of electric 
devices they employ and the surprising 
magnitude of their electric power loads. 
One of the largest aeronautical labora- 
tories in terms of electric power is the 
Ames Aeronautical Laboratory of the 
National Advisory Committee for Aero- 
nautics, located at Moffett Field, Cal. 
This laboratory, on which construction 
was started in 1939, has developed rapidly 
to the point where it is now the largest 
single connected load on the Pacific Gas 
and Electric Company’s system. With 
completion of wind tunnels now under 
construction this laboratory will have 
over 150,000 connected horsepower. 
The Ames Aeronautical Laboratory is 
one of three laboratories of the National 
Advisory Committee for Aeronautics 
(NACA) the other two laboratories being 


Paper 46-197, recommended by the AIEE com- 
mittees on air transportation and electric machinery 
for presentation at the AIEE Pacific Coast meeting, 
Seattle, Wash., August 27-30, 1946. Manuscript 
submitted June 25, 1946; made available for 
printing July 24, 1946. 


James A. Wuire is chief of the service division, 
National Advisory Committee for Aeronautics, 
Moffett Field, Calif, 
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Electric Corporation, and the Allis-Chalmers 
Manufacturing Company by supplying the detail 
design of the various drive systems and for their 
ingenuity and co-operativeness in recommending 
suitable types of equipment to meet the require- 
ments of the Ames Aeronautical Laboratory. 


at Langley Field, Va., and Cleveland, 
Ohio. The National Advisory Committee 
for Aeronautics consists of 15 members 
appointed by the President and serving 
without pay. This committee serves in 
an advisory capacity and is charged with 
the responsibility of studying the funda- 
mental problems of flight with a view to 
their practical solution. A large support- 
ing staff of full-time employees under the 
director of aeronautical research operates 
the facilities just mentioned, and carries 
out all types of appropriate basic studies 
of interest to not only the military serv- 
ices and the industry but also to the air 
lines and private flyers. The Ames 
laboratory includes several of this coun- 
try’s most up-to-date and highest powered 
wind tunnels, as well as a highly devel- 
oped flight research department. 


Wind Tunnels 


The largest users of power at the Ames 
laboratory are the wind tunnel fan drives. 
From the standpoint of control require- 
ments and novel applications of electric 
machines they are also among the most 
interesting. A wind tunnel is simply a 
device for circulating air past an airplane 
or model of an airplane to simulate the 
conditions which occur in flight. A 
schematic sketch of a typical wind tunnel 
is shown in Figure 1. The propeller, or 
fan, circulates air around the continuous 
closed air passage in the direction shown. 
The air speed is increased to a maximum 
at the test section, where the model is 


general in the sense that they are com- 
plete and correct for use with any con- 
sistent unrationalized unit system. The 
basis of each relation is clearly indicated 
and the relations appear in a logical se- 
quence of development. That is, the 
basis of each succeeding relation is found 
in the preceeding relations. Such an or- 
ganization presents the beginning student 
with the means of acquiring a funda- 
mental understanding of the science of 
electricity and magnetism, and also 
forms his basic training in engineering 
analysis. 
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mounted, by the nozzle-like shape of the 
air passage at the approach to the test 
section. Beyond the test section the 
passage gradually is expanded again to 
reduce the air velocity and minimize 
friction losses. 

The airplane or model undergoing 
tests is supported on a balance system so 
that the forces of the wind on the model 
may be measured to determine its lift, 
drag (resistance to forward motion), 
pitching moments, and so forth. In 
addition to the over-all forces on the 
model, forces on individual components 
may be measured by suitable techniques 
such as pressure-distribution measure- 
ments or by special measuring devices 
built into the model. The wind tunnel 
provides a simple device in which con- 
trolled test conditions are readily obtain- 
able, and the effects of changes to the 
model may be studied quickly, accurately, 
and without the hazards of experimental 
flight testing. Figure 2 shows a powered 
model mounted in the 7-by-10-foot wind 
tunnel. 

The power required to operate a wind 
tunnel ranges from a few horsepower up 
to many thousands of horsepower, de- 
pending upon the size and the air speed 
produced. The ideal wind tunnel would 
test full size airplanes at maximum flying 
speeds. However, such a wind tunnel 
would require over 400,000 horsepower; 
consequently, all wind tunnels to date 
have represented compromises, either as 
to size or maximum air speed, or both. 
In the early days of aeronautics much 
valuable information was obtained from 
small low speed wind tunnels of a few 
horsepower. As progress in aeronautics 
has demanded more and more attention 
to details the scale-effect errors of such 
small low speed tunnels no longer can be 
tolerated. Moreover, as the speed of 
flight approaches or exceeds the speed of 
sound (approximately 765 miles per hour 
at sea level) important phenomena 
caused by compressibility of the air 
occur which cannot be simulated in a 
wind tunnel except by operation at the 
same high speeds. Thus one finds at the 
Ames laboratory, for example, the fol- 
lowing wind tunnels: 


1. The 40-by-80-foot full scale wind tunnel 
with a test section 80 feet wide by 40 feet 
high capable of testing actual full size 
airplanes up to about 70-foot wing span at 
air speeds up to 250 miles per hour. 


2. The 16-foot high speed wind tunnel 
(16-foot-diameter test section) which tests 
relatively large models up to about 90 
per cent of the speed of sound. 


3. The 1-by-3-foot supersonic wind tunnel 
which tests small models at speeds equiva- 
lent to 1,600 miles per hour at sea level. 
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MODEL IN 
TEST SECTION 


Schematic sketch of the essential 
features of a wind tunnel 


Figure 1. 


These tunnels require, respectively, 
36,000, 27,000, and 10,000 horsepower. 
Four other wind tunnels of various par- 
ticular characteristics make a total con- 


nected wind-tunnel-fan horsepower of © 


87,950. An additional 50,000-horse- 
power supersonic wind tunnel now under 
construction, plus the miscellaneous labo- 
ratory equipment, will bring the total 
connected horsepower of the Ames labora- 
tory to well over 150,000 horsepower. 
Figure 3 shows the 27,000-horsepower 
16-foot high-speed wind tunnel. 

The requirements for the drive system 
for a wind tunnel are quite exacting in 
that they usually require adjustable 
speed over a very wide range and steady 
speed at any given speed setting, while 
at the same time often requiring tre- 
mendous motor sizes. Operation is in- 
termittent and the equipment must with- 
stand frequent starting, stopping, and 
speed changing. In large sizes, power 
factor of the drive system may be impor- 
tant, and starting surges or surges during 
speed changing may be a critical factor 
for large wind tunnels. 

Of the various types of adjustable 
speed drives available, the d-c adjust- 
able voltage system (in which the pro- 
peller is driven by a d-c motor supplied 
by a separate generator, and the speed 
control is obtained by varying the voltage 
of the generator) has been almost ideal 
for these applications because of its 
simplicity of control, wide speed range 
without discontinuities, and adaptability 
to automatic control. This system has 


Figure 2. A pow- 
ered model mounted 
in the 7-by-10-foot 
wind tunnel at the 
NACA Ames 
Aeronautical Labo- 
ratory, Moffett 
Field, Calif. 
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been used for most small and medium 
sized wind tunnels. Various other types 
of systems have been used for larger tun- 
nels, either in an attempt to decrease the 
cost over that of the d-c adjustable-volt- 
age system or to avoid problems which 
arise in applying the d-c system in very 
large sizes. In recent years what is some- 
times called the modified Kraemer sys- 
tem has been used very successfully on 
several large wind tunnel drives, includ- 
ing the Ames 36,000- and 27,000-horse- 
power tunnels. In this system the main 
propeller motor is a wound-rotor induc- 
tion motor, and speed control is ob- 
tained by impressing a voltage of con- 
trollable frequency on the rotor of the 
induction motor. 


MopiriED KRAEMER ADJUSTABLE SPEED 
DRiVE 


To understand the operation of the 
modified Kraemer system, it might be 
well to consider first the action of the 
wound-rotor induction motor with con- 
ventional speed control by means of 
secondary resistance. The voltages and 
power in the rotor circuit are indicated 
in Figure 4a. For ease in understanding, 
the rotor circuit is shown in Figure 4 as 
though single phase, and, in determining 
components of power, internal losses are 
neglected. As the resistance connected 
across the rotor is increased, the rotor 
must slip a greater amount in respect to 
the rotating stator flux in order to gen- 
erate sufficient voltage in the rotor cir- 
cuit. This circulates sufficient current 
in the rotor to develop the necessary 
torque, resulting in a decrease in speed. 
By varying the rotor resistance a range 
of speeds may be obtained. The current 
and voltage in the rotor circuit will be 
alternating at a frequency corresponding 
to the slip between the rotor and the 
stator flux. As far as the rotor circuit is 
concerned, the motor acts like a genera- 
tor and, neglecting motor internal 
losses, induction motor theory shows that 
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an amount of power is dissipated in the 
resistor equal to Ps, where P is the power 
input to the motor and s is the slip in 
fraction of synchronous speed. Thus 
power is wasted, resulting in a low effi- 
ciency which cannot exceed (P — Ps)/P 
= 1 — s = speed in fraction of synchro- 
nous speed. 

If it were possible to generate a voltage 
whose frequency would at all times be 
equal to the slip frequency of the motor 
and in the proper phase relationship, it 
would be possible to substitute this gen- 
erated voltage in place of the voltage 
drop across the resistor. An alternator 
may be considered as a source for such a 
voltage. At first glance it would seem 
impracticable, in replacing the resistance 
by an alternator, to keep the generated 
frequency the same as the rotor frequency 
so that the generated voltage at all times 
would be exactly opposite in phase to the 
voltage induced in the rotor circuit. 
However, upon studying the arrangement 
further, it will be found that any tendency 
for the alternator voltage to change in 
frequency or phase in respect to the rotor 
voltage will result in a circulating current 
which will produce a synchronizing torque 
tending to prevent the two from getting 
out of phase. This action is very similar 
to that which occurs in the case of a 
synchronous moter which, within the 
limits of its pull-out terque, always will 
remain with its internal generated voltage 
in phase opposition to the line voltage. 
If the frequency of the alternator is de- 
creased by decreasing the alternator 
speed, the synchronizing current induced 
between the alternator and the induction 
motor rotor will increase the motor torque 
causing the rotor to speed up, thus de- 
creasing the slip frequency and permit- 
ting the two to remain in step. Con- 


DECEMBER 1946, VOLUME 65 


Figure 3. The 27,000-horsepower 16-foot 
high speed wind tunnel at the NACA Ames 
Aeronautical Laboratory 


versely, if the alternator frequency is in- 
creased, the resulting circulating current 
will cause the induction motor to de- 
crease in speed so that the increased slip 
frequency still matches the alternator 
frequency. Thus, the speed of the induc- 
tion motor may be controlled over the 
operating range by varying the speed of 
the alternator connected to the rotor. 
Similarly, as the main motor is loaded 
and tends to slow down, the correspond- 
ing phase shift between the rotor voltage 
and the alternator voltage causes a cir- 
culating current to flow which produces 
the necessary torque to support the load. 
The same circulating current flowing 
through the alternator tends to speed up 
the alternator, causing it to act as a 
motor. The flow of power is shown in 
Figure 4b. 

The speed of the alternator can be ad- 
justed most readily by driving it by a 
d-c motor supplied from a d-c generator 
with adjustable voltage speed control. 
The complete system is outlined in Figure 
5 for the case of a single fan motor. 

The alternator must be of sufficient 
size to handle the full load rotor current 
of the induction motor, and must be able 
to produce, at the primary frequency, a 
voltage equal to the rotor voltage of the 
induction motor at standstill; although, 
with a fan load, the conditions of maxi- 
mum current and maximum voltage never 
occur simultaneously. The power which 
must be handled by the motor-generator 
sets under any particular condition of 
load and speed must be equal to the 
power in the induction motor rotor cir- 
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cuit which otherwise would have been 


dissipated in a secondary resistance. 
This power, as previously stated, is equal 
to Ps, or, in terms of the motor output, 
the rotor power is P,[s/(1-s)], where P, is 
the power output. For a fan load varying 
as the cube of the speed, such as is en- 
countered in the usual wind tunnel drive, 
the rotor power reaches a maximum value 
at two-thirds synchronous speed equal to 
approximately one-seventh of the motor 
horsepower rating. Thus, it may be seen 
that most of the auxiliary machines are 
much smaller in size than would be the 
motor-generator set for a straight d-c 
adjustable-voltage system. 

This modified Kraemer system is con- 
siderably more complicated in the num- 
ber of machines involved and the com- 
plexity of the control than a straight d-c 
adjustable-voltage system. In fact, it 
involves, in addition to the wound-rotor 
motor, a complete adjustable-voltage 
system for secondary frequency control. 
The advantage of the modified Kraemer 
system on extra large drives lies in the 
reduced size of the d-c machines, and the 
fact that the equipment may be started 
with less disturbance to the power system 
than in the case of starting the adjustable- 
voltage d-c system. This system has 
essentially all the desirable control char- 
acteristics of the d-c adjustable-voltage 
system, including ready control of power 
factor and good efficiency. 

In the usual starting sequence the con- 
stant speed motor-generator set is 
first started. This set is quite small com- 
pared with the rating of the main motor 
and offers no difficulties from the stand- 
point of starting surge. The variable 
speed set then is brought up to speed 
with the alternator excited until the 
alternator frequency is 60 cycles. Since 
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Figure 4. Woltage and power relations in 
the circuit of a wound-rotor induction motor 


(a.) With resistance in secondary circuit 
(b.) With counter electromotive force of an 
alternator in secondary circuit 


the alternator is connected to the main 
motor rotor at all times, a voltage appears 
on the primary of the motor. By adjust- 
ing the alternator speed the motor stator 
voltage may be synchronized with the 
line voltage and the motor primary 
breaker closed with no attendant power 
disturbance. The motor then may be 
caused to rotate at any desired speed by 
reducing the speed of the alternator. 
With this system a 27,000-horsepower 
motor can be brought onto the line with 
no more disturbance than that incurred 
in starting a 5,000-horsepower synchro- 
nous motor. 

While exciting the main motor from 
the secondary side prior to synchronizing, 
the d-c machine of the constant speed set 
is generating, driving the variable speed 
set. After synchronizing, when the 
alternator frequency is reduced and the 
main motor starts rotating and picking 
up load, the flow of power is reversed. 
Thus the various machines operate some- 
times as generators and at other times as 
motors, and the terms generator or motor 
are meaningless, 

Figure 5 shows a single fan motor. The 
modified Kraemer system functions 
equally well if the load is divided among 
two or more motors with their rotors 
connected to a single alternator. In fact 
the 36,000-horsepower wind tunnel, be- 
cause of its tremendous size, actually 
uses six 6,000-horsepower motors and 
fans arranged aerodynamically in parallel 
in a double row of three above three 
(Figure 6). The motors are mounted in 
the air stream, housed in the faired en- 
closures immediately in front of the pro- 
pellers. Since all motors are connected 
to a common frequency on the stator side 
and to another common frequency on the 
rotor side, they operate in exact syn- 
chronism with each other. In the 16-foot 
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wind tunnel the 27,000 horsepower is 
divided between two 13,500-horsepower 
motors driving separate counterrotating 
fans in tandem (Figure 7). The two 
motors are mounted back to back in the 
steel enclosing drum between the two 
fans. 

A doubly fed induction motor is similar 
to a synchronous motor in that it has a 
revolving stator field and a separately 
excited rotor field, the two fields being 
locked into step by the synchronizing 
torque. As a synchronous motor tends 
to oscillate, or hunt, so also does the 
doubly fed induction motor. A damper 
winding cannot be used on the induction 
motor, as on the synchronous motor, be- 
cause the magnetic flux normally rotates 
in respect to the+rotor at slip frequency 
and would generate a high voltage in the 
damper winding even though there were 
no hunting. Thus the hunting problem 
demands careful attention on the part of 
the designer. Where there is a single 
motor, damping can be incorporated in a 
damper winding in the variable-fre- 
quency alternator. However, if two or 
more induction motors are connected in 
parallel to a single alternator, it is possible 
for the motors to oscillate in respect to 
each other without affecting the alter- 
nator, thus obtaining no help from the 
damper winding. In the 16-foot wind 
tunnel with its two motors, the manufac- 
turer avoided independent oscillations 
between the motors by connecting the 
variable frequency alternator in series in 
the rotor circuit between the two motors 
so that circulating current between the 
two motors also must pass through the 
alternator. In the 40-by-80-foot wind 
tunnel with its six motors there was no 
alternative to the parallel connection, and 
hunting was prevented only by careful 
attention to damping factors in the de- 
sign. 

Figure 8 shows the control motor—gen- 
erator sets at the 16-foot wind tunnel. 


Figure 6. View 
looking upstream at 
fans of the NACA 
40-by-80-foot wind 
tunnel—six fans, 
each driven by a 
direct - connected 
6,000 - horsepower 
motor 
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Figure 5. 


Two d-c machines are seen on each set 
because it was impracticable to handle 
the full power in a single d-c machine. 
Figure 9 shows a view of the associated 
switchgear. Modern metal clad switch- 
gear is used throughout, using oil circuit 
breakers of 500,000 kva interrupting 
capacity. Controls are semiautomatic 
so that the wind tunnel operator can de- 
vote his full attention to the test under 
progress. Only such simple controls as a 
“‘start-stop’’ switch and a speed control 
switch are required to give the operator 
complete control of the massive wind 
tunnel drive equipment. When starting 
a run the operator simply turns the 
start-stop switch to “start.” Without 
further attention on his part the equip- 
ment automatically goes through the 
sequence of starting the various auxiliary 
machines and motor—generator sets and 
automatically synchronizing them with 
the line. When the main motors are on 


the line a red light is illuminated on the 
control panel signalling to the operator 
that the equipment is on the line ready 
for him to adjust the speed as needed. 
The complete start consumes approxi- 
mately four minutes. 
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COMBINATION SLIP-REGULATOR AND D-C 
DRIVE 


The 12-foot pressure wind tunnel, with 
10,250 fan horsepower, uses to advantage 
a combination of d-c adjustable-voltage 
control and wound-rotor induction motor 
with secondary resistance control. The 
fan drive unit consists of a 1,250-horse- 
power d-c motor and a 9,000-horsepower 
wound-rotor induction motor in tandem. 
A motor-generator set supplies adjus- 
table voltage direct current for the d-c 
motor, while a liquid rheostat provides 
an adjustable resistance for the induction 
motor rotor circuit. Since the fan load of 
a wind tunnel varies approximately as 
the cube of the speed, a tunnel requiring 
10,250 horsepower at full speed would re- 
quire only 1,280 horsepower at one-half 
speed. Thus the 1,250-horsepower d-c 
motor provides ample power up to almost 
half speed. Above half speed the induc- 
tion motor is energized and its secondary 
resistance adjusted so that it carries the 
excess load. At full speed both motors 
are carrying full load. Sensitive auto- 
matic speed regulation is maintained at all 
speeds through the d-c motor to prevent 
fluctuations in speed. 


SUPERSONIC TUNNEL DRIVES 


The wind tunnels discussed thus far 
all operate at test air speeds below the 
speed of sound. Wind tunnels designed 
for operation at test section air speeds in 
excess of the speed of sound, that is, 
supersonic wind tunnels, exhibit some 
quite different characteristics. 


1. In the supersonic tunnel the volume of 
air handled is relatively small and pressure 
differences relatively high; consequently, 
the ‘“‘fan’” of a supersonic tunnel has less 
of the characteristics of an ordinary fan or 
airplane propeller and is more like a turbine 
or air compressor. In fact, the 1-by-3-foot 
supersonic wind tunnel uses commercial 
centrifugal type air compressors to move 
the air. 


2. At supersonic speeds, an attempt to 
increase the air speed by speeding up the 
blower results primarily in an increase in 
air density at the test section rather than 
_ an increase in air speed. Hence air speed 
control in this class of wind tunnel must 
be obtained by changing the nozzle contours 
and the cross sectional area of the test 
section, and a constant speed motor may 
be used to drive the blower. 


The 10,000 horsepower 1-by-3-foot 
supersonic wind tunnel utilizes four 2,500- 
horsepower synchronous motors driving 
individual compressors. The 50,000- 
horsepower supersonic wind tunnel now 
under construction will utilize two 25,000- 
horsepower wound-rotor induction mo- 
tors driving an axial-flow compressor. 
However, wound-rotor motors were se- 
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lected instead of synchronous motors, not 
for speed control, but rather from con- 
siderations of starting of large machines 
with high WR? load. 


Variable Frequency Systems 


In conjunction with the wind tunnels 
another major application of electric 
power is in the operation of model pro- 
pellers on models undergoing tests. The 
rapid increase in the engine power in air- 
planes in recent years has made the ef- 
fects of the propeller slipstream and pro- 
peller thrust so important an item in the 
characteristics and control of the airplane 
that it is no longer possible to obtain 
sufficiently useful test information on the 
model without duplicating the action of 
the propellers. Ina full-scale wind tunnel 
it is usually convenient to use the actual 
service engine and propeller when testing 
airplanes. In models, however, it is neces- 
sary to provide some other source of pro- 
peller power. When a small-scale model 
is scaled down from the actual airplane, 
it generally is found that the space avail- 
able for a motor to provide the motive 
power for the propeller on the model is 
much too small for any standard motor. 
Also, the rotational speed required for 
the propeller is very high. In scaling 
down the propeller operation from a full- 
scale airplane to a small model, it is 
necessary that the tip speed of the pro- 
peller on the model be the same as the tip 
speed on the full-scale propeller. This 
necessitates that the propeller speed be 
increased in proportion to the decrease in 
its diameter. Thus, if a full-scale pro- 
peller operates at 1,500 rpm, the propeller 
on a 1/10-scale model would have to turn 
at 15,000 rpm. 

To meet these difficult conditions, the 
most practical solution has been the use 
of 3-phase squirrel cage induction motors, 
since this type of motor is simplest in 
construction and smallest in size for its 


Figure 8. Control 
motor — generator 
sets for NACA 16- 
foot wind tunnel 
drive system at the 
Ames Aeronautical 
Laboratory 
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Figure 7. Wiew looking upstream at fans of 


NACA 16-foot high speed wind tunnel at 


the Ames Aeronautical Laboratory—two 
fans, each direct connected to a 13,500- 
horsepower motor 


horsepower rating. Even then, in order 
to get the power within the available 
space, all possible means must be taken 
to keep size at a minimum. Conse- 
quently, the motors are water cooled and 
are operated at temperatures which would 
not be tolerated in ordinary motors, but 
which give a reasonable length of life for 
such test purposes. A few small motors 
have even used carbon dioxide from high 
pressure cylinders as a refrigerant for 
cooling. As examples of what can be ob- 
tained in motors of this type, motors 
rated 22 horsepower at 12,000 rpm and 
measuring only 41/2 inches in diameter by 
12 inches long and motors rated 100 
horsepower at 10,000 rpm measuring 8 
inches in diameter by 161/s inches in 
length are typical of water cooled models. 
A motor 2 inches in diameter by 7°/s 
inches long is available rated 4 horse- 
power at 18,000 rpm with combined 
water and carbon dioxide cooling. Figure 
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10 shows the 4-horsepower and 100-horse- 
power motors with a conventional 1- 
horsepower general purpose motor for 


comparison. These motors for models 
usually are designed to carry their rated 
load for approximately 20 minutes, 
which allows sufficient time for the aver- 
age test. They have been built in ratings 
from 2 horsepower at 18,000 rpm to 
1,000 horsepower at 2,400 rpm. The 
aeronautical laboratories continually are 
attempting to produce smaller and more 
powerful motors. 

On these high-power high-speed motors, 
bearings are a major problem. Thus 
far, antifriction bearings have been used 
exclusively. A major addition to bearing 
troubles arises from the dissipation of the 
heat from the rotor of the motor. The 
stator is readily water-cooled, but there 
is no way of applying water to the rotor. 
Consequently, any heat generated in the 
rotor tends to travel along the shaft and 
heat the bearings. The point has not 
been reached where the bearings can be 
depended upon completely. However, 
it has been found necessary to provide 
the bearings with considerable internal 
looseness of the balls in the races in order 
to allow the inner race to expand without 
causing the bearing to become tight. 

In nearly all tests using model pro- 
pellers, it is essential to be able to vary the 
propeller speed over a wide range. Since 
the motors are of the squirrel cage induc- 
tion type, the only means available for 
varying their speed is to change the fre- 
quency of the power supply from which 
they are operated. Thus, a variable 
frequency power supply is a necessary 
accessory .for power-on tests. These 
variable frequency power supplies con- 
sist of either an alternator or a frequency 
changer driven at any speed over a wide 
speed range by a d-c motor supplied 
from a separate d-c generator with ad- 
justable voltage control. In order to ob- 
tain the necessary high speeds with 
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Figure 9. Switch- 
gear for control of 
the NACA 16-foot 
wind-tunnel drive 
at the Ames Aero- 
nautical Laboratory 


squirrel cage induction motors, it is 
necessary to operate them on high fre- 
quencies. Thus approximately 300 cycles 
per second are required for 18,000 rpm. 
There are seven separate variable fre- 
quency systems at the Ames laboratory 
of ratings from 100 kw at 400 cycles to 
1,800 kw at 150 cycles. The motors 
usually are operated at a constant ratio 
of voltage to frequency because this re- 
sults in a constant magnetic flux in the 
motor and gives approximately a con- 
stant value of current for a given torque 
throughout the speed range. However, 
different values of volts per cycle are re- 
quired for different motors. 

The distribution of the output of each 
variable frequency set to several points of 
utilization offers interesting problems. 
The ordinary a-c power distribution sys- 
tem is a simple parallel system—the 
voltage and frequency are constant, the 
circuit is energized at all times, and mo- 
tors and equipment necessarily are pro- 
vided with any features required for 
starting on a full voltage system. Any 
number of loads can be manipulated inde- 
pendently without appreciably affecting 


A. A 100-horse- 
power 10,000-rpm 
water cooled motor 


Bau A\er4 eer shorse= 

power 18,000-rpm 

water- and carbon- 

dioxide - cooled 
motor 


Ce eAw maleihorse= 
power 1,725-rpm 
conventional general 
purpose motor 
(shown for com- 
Parison) 
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each other. On variable frequency sys- 
tems, however, only a single load can be 
served at.a given time from one variable 
frequency set since each load requires 
individual control of voltage and fre- 
quency. Controls must be provided at 
each point of utilization for varying the 
voltage and frequency, and interlocking 
must be provided to insure that only one 
station has control at any one time, all 
other loads being disconnected. Vari- 
able frequency motors normally are 
started on reduced frequency and voltage 
without auxiliary starting equipment. 
This necessitates interlocking equipment 
to prevent application of the power un- 
less the voltage and frequency are at low 
values. These requirements result in 
rather involved systems when one vari- 
able frequency set must serve several 
different load stations, or when provisions 
are required for paralleling sets for added 
capacity. Distribution problems are 
complicated further by high voltage drop 
in cables because of high reactance at the 
high frequencies involved. 

The same line of high speed motors and 
variable frequency supply systems is used 
to drive blowers, instead of propellers, 
to simulate the jet from a jet engine. The 
testing of jet propulsion combinations has 
introduced a new need for extremely high 
speed motors in high horsepower ratings. 


Power Supply and Distribution 
System 


Electric power is delivered to the labora- 
tory at 110,000 volts from the Pacific 
Gas and Electric Company’s large sub- 


Figure 10. Two typical motors for powered 
aircraft models shown in comparison with a 
conventional general purpose motor 
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N electric power system operation 

numerous problems are encountered 
in analyzing the results of short circuits 
and in the physical location of the trouble. 
Some devices now available for analyzing 
short circuits in a-c circuits are the oscil- 
lograph, the annunciator ammeter, and a 
magnetic link device requiring rectifiers. 
The oscillograph is the most accurate de- 
vice but is expensive. The annunciator 
ammeter provides a limited amount of 
data; however, it offers a high electric 
burden to the circuit and does not have 
closely graduated steps of reading. 

When a short circuit occurs on a power 
system, the current normally increases 
immediately in the faulted area. The de- 
vice that records the phenomena must be 
very rapid and positive in action. It 
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must not interfere with the electrical 
characteristics of protective apparatus in 
the same circuit, and it must be prepared 
to operate automatically, recording values 
that may be interpreted later. To be ex- 
tensively applied, the device must be in- 
expensive, reasonably accurate, and re- 
liable. 

The fault-current measuring device 
described in this paper meets these re- 
quirements. 


Description of Device 


The fault-current measuring device for 
use in a power circuit consists of one or 
more coils of insulated copper wire with 
magnetic links snugly fitted within them, 
and a standard high-speed voltage relay 
with low resistance and normally closed 
contacts shunting the coils (Figures 1-3). 
The use of a surge-crest ammeter and a 
demagnetizing coil is required to read the 
magnetization of the links and to demag- 
netize them after energization. The 
surge-crest ammeter is a special device 


station at Newark, Cal. A 50,000-kva 
and a 5,000-kva transformer bank reduce 
the voltage to 6,600 volts for distribution 
to the various loads which all are located 
relatively close to the substation. For 
the 50,000-horsepower supersonic tunnel 
under construction, an additional 62,500- 
kva transformer bank is being installed. 

Owing to the large concentration of 
power, careful consideration has been re- 
quired to keep the short-circuit capacity 
on the 6,600-volt feeders under 500,000 
kva. To exceed the 500,000-kva limit 
would increase the cost of motor-control 
switchgear greatly as well as increase the 
probable extent of the damage in case of a 
fault. To keep within the 500,000-kva 
limit it was found necessary to avoid 
interconnecting the 6,600-volt busses of 
the proposed 62,500-kva bank and the 
existing 50,000-kva bank and install a 
small amount of reactance in the feeders 
to the 50,000-horsepower supersonic tun- 
nel. The.machines of the large wind 
tunnel drive systems make appreciable 
contributions to the short-circuit capac- 
ities on the 6,600-volt busses. 

Power is distrubuted at 6,600 volts to 
the various buildings for small power and 
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lighting. Y-connected 120/208-volt sys- 
tems, on which 120-volt single phase 
loads may be distributed on all three 
phases, are used to advantage in the 
buildings, where the loads are a combina- 
tion of lights and 3-phase motors. Ina 
new hangar and shop building of much 
larger size than previous buildings, a 440- 
volt system was installed for building 
distribution and for motor loads with 
440- to 120/208-volt dry-type trans- 
formers ‘at load centers for lighting and 
convenience outlets. 

Wind tunnels always operate intermit- 
tently, and much of the time at less than 
maximum rated power. Consequently, 
by staggering operation of several wind 
tunnels, it is possible to operate under a 
maximum kilowatt demand limit much 
less than the total kilowatt rating of the 
apparatus. In order to make most effi- 
cient use of power within the established 
maximum demand limit without unneces- 
sarily delaying any wind tunnel, a ‘total- 
izing and telemetering system is being 
installed which will indicate at all times 
at each wind tunnel control desk and at a 
central dispatcher’s office the total kilo- 
watt demand for the entire laboratory. 


Lantz—Fault-Current. Measuring Device 


used principally in lightning investiga- 
tion for measuring the degree of mag- 
netization of magnetic links. The mag- 
netic link consists of three or four small 
magnetic laminations enclosed in a small 
tube. The device may be built with one 
or more coils to cover the desired current 
range. It is designed to operate in the 
secondary circuit of current transformers 
and is placed in series with the regular 
current-operated system protective relays 
or in the metering circuits. The burden 
of the device is low. 

The high-speed by-pass relay is used 
with the device to minimize the effect of 
the initial d-c offset that may occur when 
the magnitude of an inductive alternating 
current is suddenly increased. In the 
field test application the by-pass relay was 
energized from thé same direct voltage 
circuit that energized the tripping circuit 
of the oil circuit breaker. The by-pass 
relay which operates as a result of action 
by the system protective relays then 
opens its normally closed contacts across 
the coils one cycle or more prior to the 
zero point of the interrupted wave, 
allowing the current to be measured to 
flow through the coils and magnetize the 
links. The magnetic links are in the 
electric circuit when used with the by- 
pass relay only after the relay is energized 
and the by-pass contacts are open. 
Figure 4 is a typical schematic installation 
of the device. After operation of the 
device a target shows, the coils are again 
by-passed, and the by-pass relay locks 
out to prevent a second operation. A 
second device may be placed in service 
automatically if desired. 

One device designed and tested covers 
a current range of approximately 4 to 60 
amperes rms alternating current and con- 
sists of a 12- and a 56-turn coil in series. 
Assuming a 600/5 ratio current trans- 
former, a primary current range of ap- 
proximately 500 to 7,200 amperes is 
covered. 


Theory 


The magnetic link is placed in the coil 
and is magnetized by an alternating cur- 
rent flowing through the coil. This 
alternately magnetizes the link in one 
direction and then the other, the mag- 
netism following the link’s hysteresis 
loop. Each half cycle of symmetrical 
current demagnetizes the magnetism re- 
sulting from the previous half cycle and 
remagnetizes the link in the opposite 
direction. The electrical principle of the 
device is based upon the hysteresis loop of 
the small magnetic link and the inter- 
ruption of the current at the zero point 
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Schematic diagram of basic device 
fault-current measurement 


Figure 1. 
for 


Figure 2. Rear view of preliminary sample 
of fault device showing relays 


Device is mounted in cradle of standard single 
element protective relay 


Front view of preliminary sample 
of fault device showing coils and links 


Figure 3. 


(Figure 5). The residual magnetism re- 
tained by the magnetic link is propor- 
tional to the peak or crest magnitude of 
the last half cycle of the current, providing 
the last two half cycles are approximately 
equal in magnitude. This magnetism is 
then measured with a surge-crest am- 
meter. A calibration curve is obtained 
by plotting surge-crest ammeter readings 
against alternating current values. This 
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provides a direct means for determining 
the last half cycle of alternating current 
through the coil by interrupting the cur- 
rent at zero and reading the degree of link 
magnetization by the surge-crest am- 
meter. 

If the current is asymmetrical contain- 
ing a d-c component, the magnetism of the 
link is affected and records a value which 
will not compare with a calculated or 
measured symmetrical value. The initial 
surge of direct current may place an 
amount of magnetism in the link that 
cannot be wiped out before the circuit is 
interrupted by the successive half cycles 
of opposite direction. The by-pass relay 
effectively eliminates the d-c component 
from the link as long as it is by-passed 
and then applies a reduced d-c component 
to the link, resulting in a more accurate 
determination of the magnitude of the 
last half cycle. By placing in series 
with the coils a 0.2- to 0.3-ohm resistance, 
the current is diverted to the by-pass re- 
lay contacts. This is a precaution 
against contact resistance and adds only 
a small burden to the circuit during the 
time the by-pass contacts are open. The 
illustrated replica of a test oscillogram 
demonstrates the action of this by-pass 
relay (Figure 6). 


Use and Advantages 


The basic device, which is considered 
to be the coil and link, will record auto- 
matically the magnitude of the last half 
cycle of an alternating current wave pre- 
ceding its interruption at current zero by 
an oil circuit breaker. To obtain data of 
practical value on power systems with 
high-speed oil circuit breakers which may 
not allow time before opening for the d-c 
component effect to neutralize itself in 
the link, the by-pass relay is a necessary 
adjunct to the device. The data ob- 
tained by the device will aid greatly in 
determining the actual current values 
from short circuits on power systems. 
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Figure 5. Hysteresis 
loop and sine wave 
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Table I. Summary of Laboratory Tests on 
Fault-Current Measuring Device 


Num- Num- 

ber of ber of Max Average Current 

Turns Read- Deviation, Deviation, Range, 

in Coil ings Per Cent Per Cent Amperes 
ADT e a On OTe el On oe Oro—l 7 
20 Aare 4,...+ 8.7..+4.5, —4.2.. 9.4-38 
Toners 12....+ 9.8..+8.3, —4.8..15.6-61 
LO Meshes Tol eeteee LO Ole Osis One One aes 
eA. iive 6... F-10538. 7 — bh 3825-84 


The following is a list of some of the ad- 
vantages over devices which accomplish 
similar purposes, such as the automatic 
oscillograph and the annunciator am- 
meter: 


1. Simplicity. There are no moving parts 
in the recording portion of the device, 
therefore no mechanical failures resulting 
from restrained movement can occur. The 
by-pass relay is considered as auxiliary to 
the basic device. 


2. Instantaneous operation. There is no 
mechanical inertia in the recording portion 
of the device. It requires no mechanical 
action and is ready at all times for instant 
record. 


3. Durable record. It is desirable to read 
the device soon after its operation but the 
reading may be deferred a number of hours. 


4. It records a value proportional to the 
magnitude of alternating current without 
resorting to initial rectification. 


5. Used in conjunction with a by-pass 
relay to record the last half cycle of a 
transient asymmetrical wave, the effect of 
the possible high initial d-c offset resulting 
from short circuits is materially reduced. 


6. The device has a low electric burden 
and does not jeopardize the operation of 
protective devices. 


7. The device may be automatically locked 
out of the circuit after operating. 


8. The readings obtainable from the device 
are a continuous graduation of values ob- 
tained from a calibration curve allowing 
more accurate analysis to be made than is 
possible from a step-reading device such as 
the annunciator ammeter. 


9. The device is inexpensive, making it 


Figure 4. Schematic 

diagram of typical 

installation of fault- 
current device 
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i 
possible to distribute them extensively about 
the system to obtain operational records. 
As a fault-locating device and indicator of 
the type of fault, it can be applied to many 
lines where a more expensive device is not 
feasible. 


Results of Tests 


A series of tests using the magnetic link 
was made by the Bonneville Power Ad- 
ministration’s electrical laboratory. 
These constituted both laboratory and 
field tests. 


LABORATORY TESTS 


The laboratory tests provided a-c and 
d-c magnetic link calibrations for various 
turn coils and tests to determine the 
effectiveness of the by-pass relay on 
asymmetrical waves. Data were secured 
for 5-, 10-, 12-, 20-, and 45-turn coils. 


Figure 7. Fault device laboratory test on 
5-, 10-, and 20-turn coils 


@—A-c calibration 
A—Link reading short-circuited by relay 
—Link reading not short-circuited by relay 
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Turns Max Avs Current 
of Deviation, Deviation, Range, 
Curve Link Coil Per Cent Per Cent Amp 
Ae tOee tao 8.7...4.5, —4.2.. 9.4 to 38.5 
Bo. Ore tO 1016....5-3) —7-8..18.8itow7 
Groat... « 5 10.5...8.7, —5.3..38.5 to 84.8 
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Figure 6. Replica of oscillogram showing 


results of use of by-pass relay across coil 
during system test 


A—Current through coil when by-pass relay 
contacts are opened 

B—Current through coil when by-pass relay 
contacts are closed 

C—tast one-half cycle current measured by 


link 


The a-c calibration data were obtained 
by adjusting the current with a variable 
resistive load. The energized circuit was 
closed through a circuit breaker into a re- 
sistance load, the circuit breaker opening 
at the zero point of current. Oscillo- 
graphic records were obtained for all tests 
so that the results could be correlated. 
The a-c calibration points are indicated in 
Figure 5 by the circles. Peak amperes 


5179-7 


90 


80 


divided by the square root of two are 
plotted against surge-crest ammeter read- 
ings. 

To determine the effect of the by-pass 
relay on offset currents, the resistance 
load was replaced with an inductive load. 
The current was passed through two coils 
in series, one of which was by-passed for a 
few cycles. The points in the squares, 
Figure 7, indicate the link readings con- 
taining the effect of d-c offset. The 
points in the triangles indicate the 
link readings in the by-passed coil. 
Shunting most of the d-c offset current 
around the link causes the link reading to 
move closer to the calibration curve. 

Similar data are shown in Figure 8 for 
the 12- and 45-turn coils. Since the 
surge-crest ammeter readings are more 
accurate above 18 and below 70, these 
values were used as the limits of re- 
liability. 


Figure 8. Fault device laboratory test on 
12- and 45-turn coils 

©—D-c calibration 

A—Link reading short-circuited by relay 

—Link reading not short-circuited by relay 
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Turns Max Avg Current 
of Deviation, Deviation, Range, 
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The relationship between actual oscil- 
lographic measured current values and 
current values measured by means of the 
magnetic link are expressed in Table I as 
percentages of the link reading. 

Theoretically the magnetic link should 
be magnetized in proportion to the peak 
value of current for a sinusoidal wave. 
Tests show the magnetic link d-c calibra- 
tion curve to lie slightly higher than the 
corresponding a-c calibration curve which 
is to be expected after the first half cycle 
of magnetization. 

All tests conducted should give link 
readings corresponding to the a-c calibra- 
tion curve. However, the tests con- 
ducted in the laboratory corresponded 
more closely to the d-c calibration curves. 
This was probably the result of a higher 
percentage of harmonics introduced by 
the highly reactive test load used. 

Tests in the. field corresponded more 
closely to the a-c calibration curve as ex- 
pected. The a-c calibration curve was 
used as the basis for determining the 
field test currents. 


FIELD TESTS 


A series of staged system fault tests 
was made in May 1945, including single- 
phase-to-ground, _two-phase-to-ground, 
and phase-to-phase faults. A  fault- 
current measuring device with a by-pass 
relay was installed during the tests. 
The data resulting from these tests are 
shown in Figure 9. The test data were 
plotted on the a-c calibration curve for 
the 12-turn coil. All data were compared 


Table Il. January 20, 1946, Midway Sub- 
station Single-Line-to-Ground Short-Circuit 
Tests 


Results Obtained Using Fault-Current Measur- 
ing Device With By-Passed 12- and 45-Turn 


Coils 
Amperes Rms Last Half 
Cycle 
Test Magnetic Magnetic Per Centt 
Number Link Oscillograph Deviation 
i ba es ee 4960s 5 weeenccns 5,250) dane —5.9 
Pa MEd Buretee Cred era) ean AU A eecatee age 0 
RE cele ob 4,860. it OSORa a ous +3.7 
ENE oe baer Oy (OOS ae 0840 )oarciea's 
WR. Dhsdae 5,380 D220. nas +3.0 
anes o aes 1 2OG tee ayes 1,290.. Bet Ole 
(Ramet ie ey 1,295 Ue ee ae —0.8 
lee g Nat ay. PERI steams ceiey Ae 2 OSOK oo... +11.8 
Ypres saa Ota 2200 ere PW A Ue ee, sob +95 
Sg neusxur UGS ee cane WGCO toes a. —0.3 
Cee 0 LODO eet LAGOO cerackoess —0.3 
9 1,645... re LE S4D eee —=I2 1 
LO ge oe fo W260 5-50 L190 A eet +5.6 


Average —3.9, +4.8 


* Failure to record correct value. Possible ex- 


planation in the text under field tests. 


t Joscillograph — Niink, 
Niink 
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Figure 9. Fault de- 
vice field test on 12- 
turn coil 


©—A.-c calibration 


data 
f—Link reading 
without by-pass 
A—Link reading 


with by-pass relay 


SURGE CREST AMMETER READING 


with oscillographic records taken during 
the test. 

The oscillograms of the tests show a 
higher degree of d-c offset present than 
normally would be expected for system 
faults. Several tests resulted in a rather 
large amount of d-c offset still present at 
the time of interruption. 

A second field test was conducted in 
January 1946, during which thirteen 
single-phase-to-ground faults were made 
on the system. The results of this test 
are summarized in Table II. A maxi- 
mum deviation from the oscillographic 
record was 12.1 per cent with an average 
deviation of minus 3.9 per cent and plus 
4.8 per cent. One failure was recorded. 
A possible explanation for this failure 
was that a d-c transient caused by the 
collapsing flux of a saturated current 
transformer demagnetized the link caus- 
ing it to read low. A d-c transient of 
opposite direction to the last half cycle 
shows on the oscillogram after current 
interruption. 


Conclusions 


The magnetic link fault-current meas- 
uring device shows excellent correlation 
between its readings and corresponding 
values from oscillograms for both labora- 
tory and field tests. The accuracy dis- 
played on all the tests indicates a maxi- 
mum deviation from the oscillographic 
record of approximately plus or minus 
12 per cent and an average deviation of 
approximately plus or minus 5 per cent 
for the accepted design. 

The tests conducted utilized a mag- 
netic link and a surge-crest ammeter 


which were designed for a different pur- . 
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Magnetic Link Data. 


— 


Number Max Avg 
Type of of Deviation,* Deviation, * 
Fault Readings Per Cent Per Cent 
1 heGisccme ote Saar tc ofary =A OTSA. cee iss, 
DF ae ee ee = DS Rare ines 0.9, —1.5 
= isis sciscos aie) Outirat made 6. Osis ee 3.3, —4.2 


* Compare to asymmetrical rms current values. 


pose. Possibly a redesigned magnetic 
link and magnetism detecting device 
could be developed that would improve 
the operation of this device for the appli- 
cation to a-c measurements. 

The device may be used extensively on, 
a system because of its simplicity and low 
cost. 

Since it is a current-operated device, it 
may be used on lines or feeders of any 
voltage using the proper current trans- 
formers. 

There are several advantages of the de- 
vice, one being improvement over the 
accuracy of the annunciator ammeter for 
use as a fault locator using the current- 
ratio method, It may be used as a check 
on relay target operation when additional 
coils are used in the separate phases to. 
determine the type of fault and phases in- 
volved. It is believed the device has 
very good capabilities for use on power 
systems for the determination of the 
magnitude of fault currents. It provides. 
a method for determining the interruptoin 
current of an oil circuit breaker during a 
fault. The latter may be of value in 
scheduling maintenance for oil circuit 
breakers. The device measures the mag- 
nitude of the last half cycle of current be- 
ing interrupted. The difference between 
the magnitude of the last half cycle cur- 
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Frequency Performance of Thyratrons 
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Synopsis: The frequency performance of 
small thyratrons is investigated by supply- 
ing anode voltage from a variable frequency 
electronic generator of 1,400 watts output 
capacity. At high audio frequencies there 
is a departure from the 60-cycle-per-second 
performance; the grid control character- 
istic resolves itself into two characteristics— 
a starting characteristic and an extinguish- 
ing characteristic. The starting character- 
istic is shown to be a function of grid—anode 
capacitance and grid resistance. The ex- 
tinguishing characteristic is determined by 
deionization effects and so is a function of 
frequency, grid resistance, anode current, 
tube geometry, and gas pressure. 


| Ween are many applications for 
thyratrons at frequencies above the 
power frequency of 60 cycles per second. 
Inverters, servo controls, relaxation oscil- 
lators, radar modulators, and grid-con- 
trolled rectifiers for airborne equipment 
are examples of such applications. The 
frequency range is from a few hundred to 
50,000 cycles per second. Although the 
circuits used in these applications are well 
understood, the exact nature of ionization 
and deionization effects on thyratron per- 
formance generally has not been known. 
This paper reports aninvestigation of such 
effects as affected by anode-supply fre- 
quency. A sinusoidal wave shape was 
used for the various tests because it fre- 
quently is used in actual circuits and be- 
cause it is easy to generate. Wave shape 
affects thyratron performance, but per- 
formance with other wave shapes can be 
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rent and the current at the time the con- 
tacts part, which is defined as the inter- 
rupted current, is usually negligible. 
This may not be true in the case of very 
fast circuit breakers opening before the 
d-c component has decayed to a non- 
critical point, for restrikes, nor for low- 
voltage circuit breakers where the arc 
voltage is sufficient to choke down the 
last half cycle of current. The instances 
in which the device will be subjected to 
these conditions probably will be infre- 
quent. 


DECEMBER 1946, VOLUME 65 


Wittenberg—Frequency Performance 


extrapolated from the results obtained 
with sine waves. 

In the tests the sinusoidal voltage is 
applied to the anode circuit of the tube 
under test; hence the voltage source must 
have considerable power capability. A 
high-power electronic audio-frequency 
generator capable of supplying 1,400 
watts of power at 115 volts in the fre* 
quency range of 300 to 3,500 cycles per 
second was used in this investigation.’ 
By means of an external signal generator, 
the equipment also could be used as a 
power amplifier to produce reduced power 
at frequencies up to 20,000 cycles per 
second. The output voltage of the gen- 
erator is maintained at a preset level in- 
dependent of load by means of a regulat- 
ing circuit having a time constant of about 
one second. 

Figure 1 shows a block diagram of the 
test setup. TJ is a stepup transformer to 
supply the anode voltage for the tube 
under test. R, is a load resistor to limit 
the average anode current I,. Filament 
power for the tube under test comes from 
the 60-cycle power line. Peak anode 
voltage is measured with a diode type 
peak voltmeter. Wave forms of both 
current and voltage are monitored on a 
cathode-ray oscilloscope. Grid voltage is 
supplied by a 90-volt battery. 

One type of thyratron, 3D22, was 
selected to be run through all the tests in 
which conditions would be subject to con- 
trol by the user. The type 3D22 is a 
xenon-filled shield-grid thyratron rated for 
a peak forward voltage of 650 volts, a 
peak inverse voltage of 1,300 volts, and an 
average current of 0.75 ampere. Its con- 
trol ratio is 150. 

However, other tube types were put 
through some of the tests. The results 
reveal the effects of tube geometry and 


]=average current 
E =peak voltage 
Rating of  trans- 
former T: 
Primary =115 volts 
Secondaries = 3,500 
/1,750 volts, 2,000/ 
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V olt-amperes = 
9,120/2,750 
Frequency=0.3 to 
3.5 ke 
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aid the user in selecting the proper tube 
type for a given application. 

An additional test shows the effect of 
change in gas pressure, a characteristic 
which is subject to control by the user 
only in the case of mercury thyratrons. 


Thyratron Control Phenomena 


TRANSITION TO ON-OFF CONTROL 


At a low frequency (60 cycles per 
second), the average current through a 
thyratron can be controlled by the grid 
and can be calculated from the following 
equation,? which neglects tube drop: 


we 
I, £ bb 
QrRz, 


(1+ cos @) 


Ey = peak anode supply voltage (sinusoidal) 
R,=Ioad resistance 
@=phase angle at which conduction begins 


When the grid voltage is zero in a nega- 
tive grid thyratron, 0 is zero, conduction 
starts at the beginning of the anode volt- 
age cycle, and maximum average current 
flows. With increasing negative grid 
voltage, 9 approaches 90 degrees and the 
current is reduced to one-half the maxi- 
mum average value. With only direct 
voltage on the grid, 0 to 90 degrees is the 
maximum range of variability since mak- 
ing the grid still more negative cuts off the 
current completely. 

When the anode supply frequency is in- 
creased sufficiently, this mechanism 
breaks down. The grid no longer is able 
to vary the anode current; it becomes 
simply an on-off control, the current being 
established only by the external anode 
circuit. Figure 2 shows this transition in 
the case of the type 3D22 thyratron. The 
explanation of this form of operation is 
that ions remaining from the previous 
conduction cycle interfere with the grid 
control. At low frequency the interfer- 
ence is small and the extinction current is 


Test setup for audio frequency 
testing of thyratrons 


Figure 1. 
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therefore nearly half the maximum cur- 
rent. As the frequency is increased, this 
interference increases, the extinction 
current increases until it reaches the maxi- 
mum average value, and we have solely 
on-off control. 

However, if one desires to obtain a vari- 
able anode current at frequencies beyond 
1,500 cycles per second for the type 3D22 
thyratron one can use the d-c bias-phase- 
control method.* In this case the grid 
voltage consists of a combination of 
direct voltage plus a 90 degrees lagging 
alternating voltage. This method is suc- 
cessful in controlling the average anode 
current at higher anode supply frequencies 
whereas the direct voltage method alone 
would fail. The explanation is that the 
alternating grid voltage sweeps out ions 
while swinging negative. Figure 3 gives 
the conditions under which this control 
may be applied to the type 3D22 thyra- 
tron at a frequency of 2,000 cycles per 
second where d-c grid voltage alone would 
not permit variable control. 


Two ConTROL CHARACTERISTICS— 
STARTING, EXTINGUISHING 


It became apparent as these tests pro- 
gressed that there is not one but two con- 
trol characteristics. One characteristic 
describes the relation between anode 
voltage and grid voltage on starting. 


Rq) = 0.1 MEG. 
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Eqq, = 35V.(RMS) LAGGING 90° 
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Figure 2. Extin- 

guishing current 

versus frequency for 

type 3D22  thyra- 
tron 
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Table |. Capacitance Measurements of the 
Type 3D22 Thyratron 
Capacitance, 
Tube Component ppt 
Socketunty he tey he ee Oe ee 0.229 
Grid—anode (inside envelope)........... 0.094 
Effective base pin (tube in socket)....... 0.126 


Total yreiccsraptetetererectort omrtieaytets aoe 0.449 


This is the initial conduction of current 
and is not to be confused with the every 
cycle starting which accompanies an a-c 
anode supply. The other describes this 
relation for extinction or cutoff of the dis- 
charge. By cutoff is meant failure to re- 
ignite on successive cycles. Figure 4 
shows how the extinguishing character- 
istic has shifted considerably in the nega- 
tive direction at 2,500 cycles per second. 
This shift is caused by a lack of complete 
deionization. At a low frequency (60 
cycles per second) the extinguishing 
characteristic is coincident with the 
starting characteristic. 

To the author’s knowledge the first in- 
vestigator to indicate that there are two 
control characteristics was W. G. Shep- 
herd of the Bell Laboratories. In 1943 
Shepherd published a paper describing 
work on deionization effects in thyratrons. 4 
He differentiated between a static and 
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dynamic characteristic. The work was 
done with alternating voltage on the grid, 
and the dynamic characteristic was in 
terms of peak a-c grid swing necessary for 
stable operation. 

However, it is believed that the concept 
of extinction control characteristic as 
herein presented is closer to the accepted 
definition of control characteristic.® 


THE EXTINGUISHING CONTROL 
CHARACTERISTIC 


As would be expected the extinguishing 
characteristic is a function of frequency. 
Figure 5 shows how this characteristic 
shifts with frequency for the type 3D22 
thyratron. At 3,500 cycles per second the 
grid cutoff voltage is nearly ten times the 
60-cycle value. The shift is increasing at 
a rate faster than proportional to fre- 
quency. Nevertheless, the grid is still 
potent as a control electrode, and in none 
of these tests did the grid lose control 
completely. If the grid voltage is made 
sufficiently negative it will sweep out the 
ions at a rate such that it can prevent re- 
ignition on the next positive cycle. The 
limit is reached, however, when the sum 
of the negative grid voltage plus the peak 
anode voltage exceeds the cold break- 
down value between grid and anode; in 
other words Paschen’s law is operating. 


THE STARTING CONTROL CHARACTERISTIC 


The starting control characteristic for 
the type 3D22 thyratron was found to be 
constant for frequencies from 60 to 3,500 
cycles per second. However, this condi- 
tion is a special case; usually the starting 
control characteristic is a function of fre- 
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Figure 4. Control characteristics of type 
3D22 thyratron starting and extinguishing 


Roi =0.1 megohm Rj2=0 
[yp =0.2 ampere at E,.1=0 Eg =0 


Frequency =2,500 cycles per second 


ELECTRICAL ENGINEERING 


1000 


PEAK ANODE-SUPPLY VOLTS (SINE WAVE) 


200 


-30 
D-C GRID-NO.{ SUPPLY VOLTS 


-20 -10 Py) 
Figure 5. Typical extinguishing control char- 
acteristic of type 3D22 thyratron 
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quency. In order to illustrate the general 
case consider the type 2050 thyratron. 
The type 2050 is a xenon-filled shield-grid 
thyratron similar to the type 3D22 but 
smaller in size. The ratings are a peak 
forward voltage of 650 volts, a peak in- 
verse voltage of 1,300 volts, and an aver- 
age current of 0.1 ampere. Its control 
ratio is 250. Figure 6 gives the starting 
control characteristic as a function of 
frequency for this type. One may ob- 
serve that, like the extinguishing charac- 
teristic, the shift is toward the negative 
grid voltage but that the shift is not as 
great. This shift is not caused by ioniza- 
tion but by coupling to the grid through 
the anode-grid capacitance shown in 
Figure 7. 

The anode-grid capacitance Cp, is 
small and therefore its reactance is 
large in comparison with the grid re- 
sistance. Hence the induced grid voltage 
is nearly 90 degrees ahead of the anode 
voltage. This induced voltage becomes 
tangent to the critical grid voltage at 
point x. As the frequency of the anode 
supply is increased the induced voltage 
increases, and thus conduction begins at a 
more negative d-c grid voltage. 


CONTROL VERSUS GRID RESISTANCE 


The tests presented thus far all were 
made at one value of grid resistance, 
namely 0.1 megohm. Figure 8 shows the 
effect of varying this grid resistance at a 
fixed frequency of 1,000 cycles per second. 
Both the starting and extinguishing grid 
voltages become more negative as the 
grid resistance is increased. 

It is now clear why no shift in starting 
characteristic was observed in the case of 
the type 3D22 thyratron. The grid re- 
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Figure 6. Typical starting control character- 
istic of type 2050 thyratron 
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sistance chosen (0.1 megohm) was not 
sufficiently large. 

The explanation of the starting shift 
has been given. To check the data in 
Figure 8, capacitance measurements were 
made on the type 3D22 thyratron and its 
socket with the results as given in Table I. 
It is interesting to note that only one- 
fourth of the capacitance is contributed 
by the tube electrodes. Tube capacitance 
as published by tube manufacturers in- 
cludes neither the interbasepin capaci- 
tance nor the socket capacitance. 

The capacitive reactance of 0.449 mi- 
cromicrofared at 1,000 cycles per second is 
354 megohms. The peak induced grid 
voltage for the conditions of Figure 8 at 
five-megohm grid resistance is 9.18 volts 
The induced grid voltage does not cut the 
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Figure 7. Anode-grid coupling in thyratron 


critical grid voltage at the peak of the in- 
duced voltage, but it is close to this value. 
Reading the data from the curve of Figure 
8, we find that the shift in control grid 
bias from 60 to 1,000 cycles per second is 
from minus 4.5 to minus 16.5 or 12 volts. 
The remainder of the shift is caused by 
direct current resulting from leakage or 
grid emission. 

The shift in extinguishing character- 
istic increases with grid resistance be- 
cause of the effects just described plus 
deionization effects. Increasing the grid 
resistance decreases the effectiveness of 
the grid as a deionizing agent. The grid 
is able to sweep out fewer ions between 
conduction periods 


CONTROL VERSUS ANODE CURRENT 


It is a common conception that the 
control characteristic is independent of 
current. At high audio frequencies this is 
not true. The cutoff bias is a linear func- 
tion of the average anode current as 
Figure 9 shows. 


EXTINGUISH 


10 
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Ebb = 650 V. 
R= VARIABLE 
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Figure 9. Extinguishing grid voltage versus 
average anode current for type 3D22 thyratron 


Such a linear relationship would be 
expected if the following train of events 
are considered. The number of positive 
ions in the discharge is proportional to the 
current that has passed. Between conduc- 
tion cycles the quantity of ions decays 
exponentially at a fixed rate, so that at a 
fixed time after current ceases in the ex- 
ternal circuit the number of ions is pro- 
portional to the current that flowed. The 
negative grid, being the most effective 
deionization agent, sweeps the ions out at 
a rate approximately proportional to the 
negative applied voltage. At the begin- 
ning of the next cycle, if the grid has re- 
duced the ions below a critical number, 
the anode rising in voltage will not be able 
' to initiate a discharge. 

Because of these relationships the anode 
current must be specified when the con- 
trol characteristic at high frequency is 
given. 


EFFECT OF INDUCTANCE 


When there is inductance in the load, 
the current persists after the anode volt- 
age has dropped to zero. The solution® 
for a pure inductive load is 


1y =— (cos 0—CcOos wt 
d a wt) 


The generator produces a sinusoidal volt- 
age of angular frequency w and peak value 
E. 6 is the angle of firing as set up by E,,, 
the d-c grid supply. 

This persistence of current beyond 180 
degrees results in a larger number of ions 
in the tube at the beginning of the next 
conduction cycle and hence requires a 
larger negative grid bias to sweep these 
ions out and to allow the grid to regain 
control. The effect may be seen in Figure 
10 where a more negative curve was ob- 
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Figure 11. Thyratron constructions 


tained when a transformer was inserted 
between the audio generator and the tube 
under test. 

In taking these data the transformer 
ratio, resistive load, and voltage were 
selected to minimize the effect of trans- 
former inductance. 


Comparative Data on 
Different Thyratrons 


Types 2051, 2D21, and 884 also were 
tested in this investigation in addition to 
types 3D22 and 2050. Ratings of these 
types appear’ in Table II. Figure 11 
illustrates the construction of each one of 
these types. The cross sections are shown 
accurately to scale; the dimensions given 
are inside values. Note the similarity 
among the three types 3D22, 2050, and 


4 
ANODE - SUPPLY FREQUENCY (KC) 


Figure 10. Effect of inductance in anode 
supply on extinction for type 884 thyratron 


filled shield-grid thyratron. 
and 884 are argon-filled. 


Types 2051 


STARTING CONTROL CHARACTERISTIC 


In Figure 12 the starting control 
characteristics are compared for the four 
high-control-types. Types 2050 and 
2051 have a high anode-grid capacitance 
and therefore exhibit a large shift. The 
2D21 thyratron has the smallest grid— 
anode capacitance and hence the smallest 
shift. The frequency has to be increased 
to 15,000 cycles per second before a shift 
is observed in the 2D21. 

Figure 14 gives the starting character- 
istic for type 884. This thyratron has a 
large grid—anode capacitance but its 
control ratio is so low that the shift is not 
excessive even at high audio frequencies. 


EXTINGUISHING CHARACTERISTIC 


The extinguishing control charac- 
teristic for the type 3D22 thyratron is 
shown in Figure 5. In Figure 13 the ex- 
tinguishing characteristics are compared 
for the four high-control-ratio types. 
The shift in control is roughly propor- 
tional to the cross-sectional area of the 
type. Table III gives another indica- 
tion that the phenomena are effects of 
deionization. 


2D21. Each of these types is a xenon- Although the type 2051 thyratron is a 
Table Il. Comparative Ratings of Thyratron Tubes 
Anode-Grid 
Peak Forward Peak Inverse Capacitance 
Voltage, Voltage, Average Current, (Including Socket), Control 
Type Volts Volts Amperes put Ratio 
OL) 22 s eetere teen 650 Giri Sieose es en, 1 300 G-e seme toe. OND Sec avokeec eee OAD yi Micrata eee 150 
2050S rican (315) aN eater ey hrc 1 SOOM vaste stsrsrties s O00). Ree eae ONG Osh ed sretete orto 250 
PAN sg Ween er tat oe gene SOU rain rrenarereaceeete COOKS atevorccerdec. ance ON OS 5:5 Mevepee coyacsrat aval rece OOO. te tekecrPots eae 250 
PAD op nated = se co GSO sds big eee Ror L300 Seen oe OAM00 Ae toner O25 are aoe 250 
S84. a) came: S50) re tenance eee SSO eee eee cers O ORS tare eee otto: C4 ee ae 10 
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Figure 12. Comparison of starting grid volt- 
ages for types 2D21, 3D22, 2050, and 2051 
thyratrons 


renewal type, not to be specified for new 
equipment, it was tested because it was 
expected that the use of the lighter gas 
argon in place of xenon would lower its 
deionization time. However, the gas 
pressure is nearly three times greater in 
the latter tube and therefore counteracts 
the difference between gases. 

Referring to Figure 14 for the type 884, 
it may be seen that the starting and ex- 
tinguishing characteristics are identical. 
One must conclude that the effect of de- 
ionization on the control characteristic is 
negligible even up to 20,000 cycles per 
second. The whole shift is caused by 
grid-anode coupling; consequently, the 
type 884 is the most desirable tube for 
high frequency work. 


Effect of Pressure 


STARTING CONTROL CHARACTERISTICS 


A number of type 2050 tubes were made 
with pressures ranging from 25 to 250 
microns of xenon. The starting charac- 
teristics of these tubes were measured, 
but there is no definite shift with pressure. 
Had the pressure range been extended 
down to about five microns a shift prob- 
ably would have been observed since this 
is the pressure range in which mercury 
thyratrons exhibit a large shift in control 
characteristic.6 The explanation for this 
shift in starting control characteristic of a 
thyratron with pressure will be consid- 
ered in order to distinguish it from the 
other shift phenomena observed in this 
paper. It is the same as the explanation 
for Paschen’s breakdown curve of a gas 
diode. As the pressure is increased each 
electron makes more collisions and pro- 
duces more ions in crossing the tube. Thus 
the critical anode current for the forma- 


DECEMBER 1946, VoLuME 65 


Ebb = 650V. 
R, = 1000 OHMS 
Rqj=0.1 MEG. 


GRID-N2I SUPPLY VOLTS 


-60 
O-C GRID-NO.1 SUPPLY VOLTS 


-40 =20 


‘PEAK ANODE-SUPPLY VOLTS (SINE WAVE) 


Figure 14. Starting and extinguishing char- 
acteristic of type 884 thyratron 


Ry =0.1 megohm Jy =0.1 ampere at E,.1=0 


tion of a discharge with the given anode 
voltage is reached at a lower initial elec- 
tron current or at a greater negative grid 
voltage. 


EXTINGUISHING CONTROL 
CHARACTERISTIC 


It is known that deionization time is a 
function of pressure’ so that, if the shift 
in extinguishing control characteristic is 
a deionization effect, the shift should be a 
function of pressure. The results of the 
test for extinguishing characteristic are 
elegant as Figure 15 will attest. The 
curves fall in order toward the negative 
grid voltage as pressure is increased. 


Conclusions 


The following conclusions can be 
drawn about the performance of thyra- 
trons at high audio frequencies: 

1. The grid loses control over the average 


anode current but is still potent enough to 
shut off the discharge. 


2. There are two control characteristics 
instead of one—a starting characteristic and 
an extinguishing characteristic. 


8. The starting characteristic shifts nega- 
tively with increasing frequency as a result 
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Figure 13. Comparison of extinguishing grid 
voltages for types 2021, 3D22, 2050, and 
2051 thyratrons 


of coupling through grid—anode capacitance. 


4, The extinguishing characteristic shifts 
negatively with increasing frequency be- 
cause of coupling through grid—anode ca- 
pacitance as well as because of deionization 
effects. 


5. The extinguishing characteristic shifts 
negatively with increasing grid resistance. 


6. The extinguishing characteristic shifts 
negatively with increasing anode current. 


7. A comparison of tubes of similar con- 
struction indicates that the shift of ex- 
tinguishing characteristic with frequency is 
roughly proportional to the cross-sectional 
areas of the tube cage. 


8. The starting characteristic may shift 
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Figure 15. Extinguishing characteristic versus 
pressure for type 2050 thyratron 
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Low Reactance Flexible Cable for 


Induction Heating 


MYRON ZUCKER 


MEMBER AIEE 


HERE has been a demand for a flex- 
ible cable to carry single phase current 
for induction heating at frequencies up to 
10 ke. Tests on an interleaved type 
of cable, used widely in portable spot 
welding, indicate its usefulness in carrying 
thousands of amperes at potentials under 
1,000 volts at the higher frequencies. 
The flexibility of the cable has been 
sought for two purposes in induction heat- 


ing: 


1. For convenience of installation in the 
generator-transformer-coil circuit and for oc- 
casional shifting of the machinery. 


2. For ability to carry currents (generally 
at low voltages) to coils that may be fre- 
quently or even continuously in motion. 


In some cases, maneuverability is so im- 
portant that it is advisable to use water 
cooled conductors in order to minimize 
cable size. Especially in such cases, it is 
logical to consider an adaptation of an in- 


terleaved type cable now widely used to 
carry heavy currents to portable spot 
welders. The basic problems of low react- 
ance, high flexibility, and water tightness 
have been solved in this cable. The prin- 
cipal new requirement for induction heat- 
ing is higher electric insulation. This has 
been attained for several hundred volts, 
and the cable is being used with and with- 
out water cooling. 

The purpose of this paper is not to de- 
scribe the cable (which has been covered 
elsewhere from the welding viewpoint!)’), 
but to estimate and give test values for 
some physical and electrical characteris- 
tics pertaining to its use at higher frequen- 
cies. The material offered here is not ex- 


Paper 46-153, recommended by the AIEE joint sub 
committee on induction and dielectric heating for 
presentation at the AIEE summer convention, De- 
troit, Mich., June 24-28, 1946. Manuscript sub- 
mitted April 29, 1946; made available for printing 
May 16, 1946. 


Myron ZUCKER is a vice-president of Mackworth G. 
Reese, Inc., Detroit, Mich. 


negatively with increasing gas pressure be- 
cause of increased ionization efficiency. 


9. The extinguishing characteristic will 
shift negatively with increasing gas pressure 
because of increased ionization efficiency as 
well as for reasons of longer deionization 
time. 


Appendix. Nomenclature 


I =average current 

E=peak voltage 

Ec: =d-c supply voltage for number 1 grid 
Eecg=d-c supply voltage for number 2 grid 
Ry, =resistance in series with number 1 grid 
Rg, =resistance in series with number 2 grid 
E.,.=voltage at number 1 grid 


Table Ill. Extinguishing Control Character- 
istics of Thyratron Tubes 
Shift in D-C Supply 
Cross Section, Voltage for No. 1 
Type Square Inches Grid E,.1, Volts 
SW Dae yaks chee lore OR SUS Tepes cts, vacates 22 
ZO SO ee ety ON 284 Mieis «tre Reker Wena 9 
741 DP) WAR ity os OsAMS ;capets ote hares chotaversiers 2 


60-3,500 cycles per second; £45=600 volts. 
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E,.=voltage at number 2 grid 

Eyg1=a-c (rms) supply voltage for number 1 
grid 

Eby = peak supply voltage for anode 

I, =average anode current 

f=frequency of anode supply 


Note: All voltages are referred to cathode. 


References 


1. A VARIABLE FREQUENCY ELECTRONIC GENERA- 
tor, D. A. Griffin. Electronics, New York, N. Y., 
September 1943, page 130. 


2. THEORY AND APPLICATIONS OF ELECTRON 
Tuses (book), H. J. Reich. McGraw-Hill Book 
Company, New York, N. Y., 1939, page 444, 


3. ELEctronics (book), J. Millman, S. Seeley. 
McGraw-Hill Book Company, New York, N. Y., 
1941, page 434. 


4. DEIONIZATION CONSIDERATIONS IN A HARMONIC 
GENERATOR EmpLoyinc A Gas Tusge Swircs, 
W. G. Shepherd. Proceedings, Institute of Radio 
Engineers, New York, N. Y., volume 31, February 
1943, pages 66-74. 


5. STANDARDS ON ELECTRONICS, Institute of Radio 
Engineers Standard 2E3. 1938. 


6. AppLiED ELEcTRONICcS (book), Massachusetts 
Institute of Technology Staff. John Wiley and 
Sons, Inc., New York, N. Y., 1943, page 236. 


7. Hor CatHopgz Tuyratrons, A. W. Hull. 
General Electric Review, New York, N. Y., volume 
32, April 1929, pages 221-2. 


8. Gaszous Conpuctors (book), J. D. Cobine. 
McGraw-Hill Book Company, New York, N. Y., 
1941, page 482. 


Zucker—Low Reactance Flexible Cable 


x 


haustive, but introduces the characteris- 
tics of this type of cable which appears to 
have advantages in economy, low react- 
ance and resistance, and flexibility com- 
pared with coaxial cable. Interleaved 
cable should not be used where its external 
field would be troublesome, unless it is 
shielded. Coaxial cable, described in 
many articles where studies of coaxial 
cables were made for other purposes,*'4* 
may be preferable in such cases. 

This presentation is limited to inter- 
leaved type cable. Physical dimensions 
are covered. They affect flexibility (cables 
of larger diameter being stiffer) and must 
be known for calculation of inductive re- 
actance. The latter is covered in some de- 
tail since it is the major element of im- 
pedance of the cable at the frequencies 
involved. Some data are given on resist- 
ance, capacitance, and leakage losses. 
Cable ratings are not considered here since 
further information is needed on increased 
resistance losses at high frequencies in or- 
der to extend welding application data.? 
Also, more data are required on heating 
time constants at low water rates to evalu- 
ate heating and cooling of the cable under 
intermittent operations. °® 


Description of Cable 


The essence of this cable design is that 
each conductor is broken up into a number 
of “‘ropes’”’ (see Figure 1) placed around a 
central nonconducting core in a manner 
similar to the outer groups of the ordinary 
concentric-lay stranded electric cable. 
Ropes of alternate polarity lie next to each 
other except for a thickness of insulation 
between them. Since water cooling is de- 
sired each conductor is bare, and the in- 
sulation takes the form of a tube of irregu- 
lar cross section that is formed in place in- 
side half of the conductors and outside of 
the other half. The whole mass is held ina 
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Figure 1. Cross section of interleaved cable 
for six ropes, three per electric side 
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Figure 2. 


Symbols for analysis of cable 
section 


regular pattern by means of an outer cov- 
ering. 

Some of the computations that follow 
are based on this arrangement. Then 
simpler formulas are derived from an ap- 
proximate pattern in which all the conduc- 
tors are on the circumference of one circle 
with radial insulating partitions. It is 
evident that the more ropes that are pro- 
vided, the lower will be the reactance and 
the skin effect, which becomes important 
at higher frequencies. More ropes entail 
a larger core. 

The core is a nonconductor which has 
been adopted for mechanical reasons even 
though the use of copper in the core 
would result in a smaller over-all cable 
diameter. The question is how great a 
price in terms of bulk must be paid for the 
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Figure 3. Calculated dimensions versus num- 
ber of ropes in three sizes of interleaved cable 
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lower impedance obtained by subdividing 
the copper. 


Cable Dimensions 


The size of the cable is important not 
only because it determines flexibility, but 
also because the electrical characteristics 
depend on the size and the distance be- 
tween conductors. 

The geometry is somewhat complicated 
by the fact that the conductors are on the 
circumferences of two circles. The ropes 
O outside the insulating separator are on 
one circle; the ropes J that are inside are 
on another circle (see Figure 2). 

Wet 


ry =radius of each conducting rope 
R’=radius of insulating core 

t =thickness of insulating separator 
Then let 


a=straight line distance between centers of 
adjacent ropes 
=2r+t 


b=radius of circle upon which J ropes center 
=R’+r 


c =radius of circle upon which O ropes center 


=R’+r+t 
To solve the triangle abc, let 


a+b+c 
JEG 


Then 


Neral R spr Ret tart 
7 2 


S =R’+2r+t 
which, by coincidence, equals the radius of 
a circle around the cable. 

If 2 equals the total number of ropes, 
then the angle between the centers of ad- 
jacent ropes is A = 360°/n. 


Since 


su a eae 
sin = 
2 bc 


we obtain, by substituting for A, S, b, and 
c from the foregoing expressions, 


° 


: = (S—b)(S—c)/be 


= 
= (r+t)r 
(R’+r+(R’+n 


ee goes 
sin? = = (sin?) 


This may be solved for the diameter of 
the core: 


2R’=—(2r+t) + 


ertoareto(1-—) (1) 
nN 


sin? 
Then the diameter D of the composite, 
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which is also the inside diameter of the 
outer covering (neglecting clearances re- 
quired for assembly), may be expressed as 
follows in terms of 7, t, and n: 


D=2S=2R'+4r+2t 
=2r-+i-++ 


= - 1 
erto srirto(] 780° “a (2) 
n 


sin 


The values of D for several sizes of 
cable (with 4 to 12 ropes) are shown in 
Figure 3. 

A simpler approach is to assume that 
the centers of the ropes are on the cir- 
cumference of one circle of radius R. 
The circumference of this circle is 


2rR=n(2r+t) 
whence 


(2r-+t)* 
27 


=n (3) 

The outer diameter of the array is taken 
as the diameter of this circle plus the 
diameter of a rope and one thickness of the 
separator. Thus 


D=2R+2r+t 


Sy a, (4) 
wv 

The closeness of this approximation 
when insulation thickness is small com- 
pared with the size of conductors is shown 
in Figure 3. These curves are based on 
theoretical values of r. In actual cases 
sizes may vary considerably because of dif- 
ferent stranding and cabling practices. 
The curves are within reason, however, 
and illustrate the effect of varying the 
amount and subdivision of copper area in 
this design, 


Electrical Characteristics 


INDUCTIVE REACTANCE 


The induced voltage in each rope is the 
line-to-neutral reactive drop. Using the 
method of counting flux linkages up to 
some distance u outside of the cable, the 
voltage induced in rope 1 per centimeter 
length is found to be 


Er-y =wi10°X 


1 uu uU 2 d4 as 
| room (*. OF gp OOS & | 
20 r a3 ds OW 


where a, is the distance between the cen- 
ter of rope 1 and the center of the nth 
rope and z is the current per rope. 


* More accurately, 


nu—1l n—1 
Ra fen apt 
n n 
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Through the following eight simple 
transformations, we obtain the value of 
Xp: 

1. Change to common units of volts per 
foot (2.5412 multiplier). 


Line-to-line voltage E,,=2E zy. 


bo 


Total current J=n7/2. 
Use w =2rf, 


Cancel the common u in the parentheses. 


Shea ee 


6. Convert from natural to common 


logarithms. 


7. Coalesce 0.05 with the logarithmic 
term by use of conductor geometric mean 
radius GMR=r/0.78. 


8. Transform to reactance: X,,=E,,/I. 


Through these steps we obtain 


7.68fX 10-8 
LPS eer TT 
n 
2204....An 
0.46 | 5 
i 0.78ra3a5 oe ee On-1 ( ) 


This cumbersome form was found (as 
shown in the appendix) to reduce to 


3.53fX 1076 
in = oO x 


log ohms per 1,000 feet (6) 


4 
0.78ur 


This may be stated in terms of basic di- 
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Figure 4. Inductive reactance at 10 ke 
versus number of ropes in three sizes of inter- 
leaved cable 
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mensions by substituting the value of R 
from equation 3. Then 


_ 8.53f- 1078 2(2r+4) (7) 
eae 0.787 
or, since 
2CM, 
~ BNE (8) 
2,000 
3.53f X 107 1,000¢ 
eee log 5.1 1 
n V2CM/n 
ohms line-to-line per 1,000 feet (9) 
where 


f=frequency in cycles per second 
t=thickness of insulation between ropes 
n =the total number of ropes in the cable 


CM =circular mils of conductor in each elec- 
tric side of the cable; that is, half the 
total copper in the cable 


Equation 9 shows that the reactance is 
nearly inversely proportional to the num- 
ber of ropes per conductor, and only 
slightly dependent upon conductor dimen- 
sions. 

This relationship is illustrated in Fig- 
ure 4 at 10 ke for one thickness of sepa- 
rator, a range of common cable sizes, 
and two to six ropes per side. 


RESISTANCE 


No calculations have been made on skin 
effect or proximity effect of the array of 
conductors under discussion here. It is 
evident that the breaking up of the con- 
ductor and the interaction between ropes 
will produce a better distribution of cur- 
rent than in ordinary conductors, and so 
decrease the resistance. 

Tests have been made on 6-rope cables 
at high power levels with direct current 
and at 60, 890, and 9,600 cycles. The 
latter were rather crude and are included 
only because they furnish an “‘order of 
magnitude” value. More accurate tests 
are planned at various frequencies and 
with different cable sizes and numbers of 
ropes. 

From available tests, the approximate 
ratio of a-c resistance to d-c values are 
shown in Figure 5. 


CAPACITANCE 


The capacitance between the two elec- 
tric sides of the cable depends upon 
whether it is dry or filled with water. An 
estimate is made most easily under the lat- 
ter conditions, since the high dielectric 
constant of the water permits the first ap- 
proximate assumption that the voltage 
stress is distributed uniformly across the 
rubber separator whose perimeter is p. 
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This is the equivalent of a plate capacitor 
of width p and of length equal to the length 
of the cable. 

Since the perimeter of the separator is 
equal to that of insulators completely en- 
circling half the ropes, p = 2anr/2 = mnr, 
the capacitance, therefore, is 


C=0.224kp/t =0.224krnr/t micromicro- 
farads per inch length (10) 


where 
¢t=thickness of the separator 


k=specific inductive capacitance of the 


separator 


Taking k = 5 for a rubber insulator, using 
a 1/16-inch thickness, changing to one 
foot of cable length, and substituting the 
value of r from equation 8, we get 


C=0.344/n»/2CM micromicrofarads per 
foot of cable length 


Considering this as a lumped capacitance, 


1 1 
° 2nfe anf K0.34WV nV 20M 
0.47 X108 


—= +  megohm-feet of cable 


tVnV2CM 


(11) 


Figure 6 gives reactances calculated 
from this formula. 

An idea of charging current is obtained 
by taking 500 volts across a 10-foot length 
of 6-rope 450,000-circular-mil cable at 
10 ke: 


_ 50010 
~ 20,000 


is = (0.25 ampere 

Although much greater than the charg- 
ing current for ordinary cables, this is still 
negligible. Tests indicate that this current 
value is reduced by about ten in the dry 
cable. 


LEAKAGE LOSSES 


There are two causes of loss: 


1. Current through the water when the 
cable is water cooled. 


2. Dielectric losses in the rubber insulation. 


In the standard cable, the current has a 
direct path through the water in the 
“caps” of the two terminals. The d-c re- 
sistance of these paths in parallel is about 
6,000 ohms in good city water. This re- 
sistance can be increased by special con- 
struction if required. In dry cable the 
leakage resistance of a 6-foot long as- 
sembly is about 300,000 ohms. 

The dielectric losses of insulation de- 
pend, of course, upon the material used. 
Neglecting losses in the water, a reason- 
ably high value for present inferior insula- 
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tion, is ten per cent of the charging current 
which has been derived previously: 


0.10.E? 


c 


Dielectric loss = 


(12) 


For example, in the typical case of a 10- 
foot 6-rope 450,000-circular-mil cable, the 
dielectric loss at 500 volts, 10 ke will be 


RESISTANCE RATIO Rac/Roc 


won 


re) 


1000 
_CYCLES PER SECOND 


10,000 


Figure 5. Approximate resistance ratio versus 
frequency for 6-rope interleaved cable 


about 0.10 X 500 X 500/20,000 = 12 
watts. 

These losses are small enough so they 
can be neglected in most cases. 


CONCLUSION 


The electrical impedances of water 
cooled interleaved cables in the range of 
frequencies up to 10 ke are approximately 
Zevien resistance ratioX——-+ 

series —Tresistance ratio CM 

3.53f X 107 °L 
A SE ES 
n 
1,000¢ 


log 5a(1 + ohms (13) 


0.47 x 1012 ae 
ay eee O. 
fLV/nvV/2CM 


Zehunt =6,000—j (14) 


where 


L=cable length in feet 

CM =circular mils of conductor in each elec- 
trical side of cable 

f=frequency in cycles per second 

n=total number of ropes in the cable 

t=thickness of separator in inches 


As an example, when operating a 10-foot 
length of 6-rope 450,000-circular-mil cable 
at 10 ke, 


Zaeries = 0.0064 +70 .O1 55, 
Zshunt =6 ,000 —j2 ,000 


If carrying 2,000 amperes at 500 volts, 
voltage drop = 12.8 + 7 31 = 33.6/168°, 
and leakage current = 0.1 + 70.2 
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In this frequency range, leakage is unim- 
portant, and estimates may be made on the 
basis of equation 13. This is borne out by 
installations at 900 cycles and at 10,000 
cycles where production economy de- 
manded a flexible conductor. 

Any modification from the commercial 
6-rope cables, that are considered for the 
purpose of decreasing the voltage drop, 
must be viewed in the light of decreased 
flexibility because of larger diameter, and 
increased cost as a result of more difficult 
and nonstandard manufacture. 


Appendix 


Another method of deriving equation 6 is 
through geometric means, that is, 


Gro 
L,=2 ln — 
: Ga 


(15) 


where 


L;=inductance associated with the inner 
ropes 

Gio=geometric mean distance between all 
the inner ropes and all the outer ones 

Gii=geometric mean distance of the inner 
ropes with respect to themselves 


To state the G’s in terms of cable dimen- 
sions the simplest approach, suggested by 
H. B. Dwight, is to apply Guye’s theorem 
which states that for m points or circles 
spaced equally around a circular line of 
radius R, the geometric mean distance of 
one from the others is 


(16) 


(In this development, g is used for the 
distance from one rope to others, G denoting 
the distance between a group of conductors 
and others.) 

First consider the inner ropes, letting m 
equal the number of inner ropes. Then the 
geometric mean distance from one inner 
rope to the other inner ropes is 


1 


£19 =Rm™—* (17) 
To find the geometric mean distance of the 
complete array with respect to itself, we 
also refer to the well-known relation that 
for a circle 

gig =e /4=0.78r =r! (18) 


Then the geometric mean distance of the 
inner set of ropes is obtained from 


Gui” = gisgie” —* (19) 
1 m—1 
Joy soa 9) 
=i Ros (20) 


Having found the “self”? geometric mean 
distance Gj, we proceed to the ‘“‘mutual’’ 
geometric mean distance Gj, between inner 
and outer wires. This is done indirectly 
(since Guye’s theorem gives a direct solution 
for arrays of equidistant points like . . 777. 
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or . . 1010. ., but not for. . ootoo.. .) by 
finding gi(i+o), the geometric mean distance 
from 7 to all other ropes, and then combining 
that with giz to obtain Gi, from equation 
22 


That is, using equation 16 with 2m =total 
number of ropes, 


1 
i(it+0) =R(2m)”"—* (21) 
Now because of the symmetry of the ar- 
ray, gi(ito) also could be obtained by the 
process 


244.0) =O" 1 V/ ex” 1G," (22) 
which gives 
Gio” = g1(t--0)"—*/au"—} (23) 


where Gi is the geometric mean distance of 
all the inner ropes with respect to all the 
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Figure 6. Calculated capacitive reactance at 
10 kcversus number of ropes in three sizes of 
interleaved cable 


outer ones. Substituting equations 17 and 
21 in equation 23, 


1 1 
Gio™ = R(2m)™"— Ri 
=2mR—1/mR™—! 


SR (24) 
Combining equations 24 and 20, 
Gig \™ we IR 
Gi >, mr’ R™— t 
mip (25) 
mr 
G 2R 
m-In— = : (26) 
ti mr 
Since m=n/2, 
Gi 2. 4R 2) -4R 
wen) n mr’ n "0.78mr (27) 
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Influence of Magnetic Materials on the 


Welding Characteristics of Resistance 
Welding Machines 


J. J. RILEY 


NONMEMBER AIEE 


OST MEN associated with resist- 
ance welding machines are con- 
scious of the fact that the introduction of 
magnetic material into the throat of such 
equipment causes a reduction of the weld- 
ing current. The degree of reduction 
and simple mathematical tools for esti- 
mating it are contained in this paper. 
Steel sheets and products fabricated 
from them constitute the majority of 
welding applications. It was of interest 
to determine the effect on the welding 
current by changing 


1. The thickness of the sheets. 


2. The length inserted into the welder 
throat. 


3. The position in the welder throat. 
4. The width of the sheets. 


5. The actual current used for welding. 


All of these factors could react to reduce 
the welding current, some more severely 
than the others. 

The change in welding current was 
evaluated by measuring the reactive and 
resistive voltage components caused by 
the steel sheets in the welder throat. 


Paper 46-137, recommended by the AIEE commit- 
tee on electric welding for presentation at the AIEE 
summer convention, Detroit, Mich., June 24-28, 
1946. Manuscript submitted March 11, 1946; 
made available for printing May 14, 1946. 


J. J. Rivey and C. E. Smiru, a chief electrical engi- 
neer, are both of the Taylor-Winfield Corporation, 
Warren, Ohio. 


C. E. SMITH 


MEMBER AIEE 


These voltage components in combination 
with the short-circuit impedance con- 
stants of the welding machine provide 
the necessary information. 

Consequently, with a knowledge of 
these impedance constants and the nomo- 
gram indicating the effect of steel, it is a 
brief routine operation to calculate the 
change in welding current caused by the 
insertion of magnetic material into the 
secondary welder loop. 

The apparent loss of current arises 
from the more intense magnetic field or 
increase in flux linkages and from the 
core loss resulting as heat generated in 
the steel sheets, a natural consequence of 
being subjected to an alternating mag- 
netic field. Some effort was directed 
toward determining the magnitude and 
distribution of these flux linkages so that 
a better basic understanding of the in- 
fluence of magnetic materials could be 
realized. 

The magnitude of the magnetic field 
produced in the welder throat will de- 
pend primarily on the welding current. 
It is realized that a wide range of welding 
current can be used to make spot welds 
in mild or low carbon steel. The desirable 
maximum and minimum points of this 
range, together with other associated 
welding variables, are given in Table I. 
Figure 1 summarizes the welding variables 
for seam welding of low carbon steel. 


Using equation 26 in equation 15, we find 
that 


4 
L; ==|4 


a ea percentimeter (28) 


Appropriate changes to practical units and 
conversion to reactance produce equation 6. 
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Figure 2 lists the welding variables for 
spot welding of austenitic stainless steels.* 
The data shown in both Figures 1 and 2 
are the tentative recommended prac- 
tices of the American Welding Society. 

These combinations of welding vari- 
ables produce satisfactory spot welds and 
seam welds, and justify their use for fur- 
ther work of the influence of magnetic 
materials. 


Apparatus 


The welding was performed on a Re- 
sistance - Welder - Manufacturers - Associa- 
tion size-2 press welder manufactured 
by the Taylor-Winfield Corporation and 
capable of being used as a spot and pro- 
jection welder. A cross sectional view 
along the length of the welder throat is 
shown in Figure 3. Area and position 
of the current carrying members vary 
at different lengths in the welder throat. 


Procedure 


It was desirable to make the necessary 
electrical measurements while making 
actual welds with the steel sheets in- 
serted in the welder throat. However, 
the slight distortion of the current wave 
form caused by the volume of steel added 
to the circuit and the attempt to accu- 
rately read the small changes in power fac- 
tor from a watt-galvanometer oscillo- 
graphic trace made it imperative to sepa- 
rate the resistance caused by making a 
weld from the resistive component caused 
by the presence of steel sheets. It was 
evident that the welding resistance R,, 
was much larger than the resistive com- 
ponent R,,, especially in thin sheets. 


MEASUREMENT OF WELDING RESISTANCE 
R, 


The welding resistance R,, is the resist- 
ance from electrode to electrode across 
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Figure 1. Low carbon steel seam welding 
data 
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welding data 


_ the work pieces when welding small cou- 
pons. It is the resistance added to the 
electrical circuit by welding operation it- 
self and is independent of steel that ex- 
tends into the welder secondary loop. 
R, differs from the resistance R used in 
making the weld by that energy or heat 
that is dissipated into the work pieces 
and at the electrode faces. 

Expressed mathematically 


Energy for welding = J?Rt-+-losses 
=/?R, ot 


where 


J =welding current 

t=time of current flow 

R=resistance used for welding 

R,=effective resistance present to the 
flow of welding current caused by 
welding 


The value of R, is the important quan- 
tity in welder operational characteristics, 
and it is fortunate that it can be meas- 
ured easily while R is impossible to de- 
termine accurately. 

The resistance R,, was measured when 
making a weld in small coupons by taking 
the voltage drop across the two electrodes 
at two points as close to the weld as pos- 
sible and dividing this voltage by the 
secondary current. When welding stain- 
less steel, the drop from the top of one 
sheet to the bottom of the other one 
(sheet to sheet resistance, V2) also was 
measured. A schematic diagram of the 
setup is shown in Figure 4. The inductive 
pickup was minimized by carefully twist- 
ing the voltage leads together and holding 
them perpendicular to the electrodes. 

Simultaneous oscillographic records 
were taken of the voltage drops, primary 
current, and watts. The primary current 
was converted into the secondary or weld- 
ing current by multiplying by the turns 
ratio of the welding transformer. The 
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magnetizing current was neglected being 
less than two per cent in the most exag- 
gerated case. 

The variations of R, with time during 
spot welding for several thicknesses of 
low carbon steel with different combina- 
tions of welding variables is shown in 
Figures 5 and 6. A less comprehensive 
picture of the variation of R,, with time 
for austenitic stainless steel is shown in 
Figure 7. A similar set of data for seam 
welding low carbon steel is presented in 
Figure 8. By selecting average values 
of R, for spot welding low carbon steel 
and stainless steel under the conditions 
specified by Table I and Figure 2, the 
variation of R, with sheet thickness re- 
sults as shown in Figure 9. 

The mild steel used in this investiga- 
tion was covered with a slight film of oil 
to prevent rusting, being previously hot 
rolled and pickled. Before welding the 
steel was wiped with a clean rag to re- 
move any dirt that accumulated during 
storage. The surface was still percep- 
tibly oily after wiping. This type of sur- 
face condition, most often used in produc- 
tion applications, increases R, beyond 
that expected from degreased sheets. 


Measurement of Resistive Voltage 
Component, V, and Reactive 
Voltage Component, V,, Caused 
by the Insertion of Magnetic 
Material or Steel into the Welder 
Throat 


These voltage increments were meas- 
ured without involving the welding re- 
sistance R,. A hole two inches in diame- 
ter with its center two inches from the 
front edge and midway across the width 
was drilled in two equal thicknesses of 
steel sheet (Figure 10). The sheets were 
insulated from each other by a sheet of 


Figure 3. Side view of welder throat construc- 
tion showing copper and copper-alloy current 
conducting members 
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Figure 4. Electrode setup for measurement of 
welding resistance and sheet-to-sheet resistance 


Welding resistance R,, =": 


Y, 
Sheet resistance Rys = — 


| 


paper, inserted in the welder throat mid- 
way between the welder horns, and locked 
in position with wooden blocks in order 
to counteract the magnetic force when the 
welder current was applied. A water- 
cooled copper tube was inserted through 
the hole in the sheets and connected to 
the welder horns. With the steel in place, 
the current necessary to make a weld and 
form an equivalent magnetic field was 
passed through the secondary circuit of 
the welder. A magnetic contactor, manu- 
ally controlled, allowed interruption of 
the current whenever desired. The fre- 
quency of the applied voltage was 60 
cycles per second. 

Electrical values were measured using 
instruments equipped with pointer stops 
and capable of reading the rms values of 
distorted wave forms. Readings were 
taken of primary voltage, primary cur- 
rent, primary power, welder transformer 
turns ratio, and depth of steel in welder 
throat. 

The steel sheets were prepared initially 
to extend the maximum depth into the 
welder throat. After each set of measure- 
ments six inches would be sheared off the 
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Welding Variables for Best Quality 


Data Common to All Classes of Spot Welds 


Table I. 


Low Carbon Steel Spot Welding Data 


Class-A Weld 


Thickness of Electrode Min Weld Min Weld 
Thinner Diamand ¥ a Ps Strength and Strength and 
Outside Piece Shape a a > Electrode o e A Electrode 
= (See Figurel) go ww ae Force a od @ Force 
ne RS OE acess ES as ees se = hed ce eS 
ReigeeeL jem) | ee fos OSS “ae 
; . ie 
RSS ee OS Oe ee oe re 
qoBEee © a Fes oe os Yeon ceed) vs cmugeees 
RUGsee a g. OS8's2 52 FO es ee es 
H panded & A ACO ao FS fe a <4 ae ES oA a 
0.010. S2 WI Sii ais 8/8 ae Ae 8/8 4 200%5 2ZOOW4. 0007 OF1S, ao. On 130 170. 
0.021. ZB ais YiVie ooo Skt o RUE 6 300; O04 OMLOOM Os ligunpae Oem 200 390. 
0.031. Zin xe Siew eae ae Tia) a t/ Lea 400.. 840.. 8,000..0.21....15.. 275 770. 
0.043. 1926 Wate ret/ aint ered lt MLO. 500. .1,800.. . “9,500. 0.23. 75.21. 360..1,160. 
0.049. LS eee Vee oe UDA ee UE ey 1g ES 650:.,..1,650)210;3008 0825.5 anc fae 410. .1,420. 
0.061. TLGx ee: Laramie 2/2 eerd La/16 210/80 ek aie, 800. .2,050..11,600. .0.27....29. 500. .1,900. 
0.077. 14 ico tet BAieumutS/Saieeiko/ Samet / iba aye. 1,100. .2,800...18,300. .0-31....36. 650. .2,620 
0.092 Moreen. 8/16 gar / Sac elt/a ee 8/4 Ore 1,300. .3,550. .14,700..0.34....44.. 790. .3,450 
0.107 Dn be 8/ehe uO / Se cr L 18/16. 18/18. . «29 stv ol GO00..4,000)., 16,100) Oran eDO.. 960. .4,350 
0.123. Dh i tents RYAN SETA SAO} ss 1 eel, 1,800. .6,000..17,500. .0.40. 60 1,140. .5,550 


Welding Variables for Better Quality Welding Variables for Good Quality 
Class-B Weld 


Class-C Weld 


Type of steel SAE 1010. 
Material free from grease, scale, and dirt. 


Data for total thickness of pileup not exceeding 4T. 


1 
2 
3. Welding conditions determined by thickness of thinnest outside piece T. 
4 
5 


Minimum spacing is that spacing for two pieces for which no special precautions are necessary to compensate for shunting of adjacent weids, 


increase spacing 30 per cent. 


Min Weld 
Strength and 
° Electrode a ed 

a Sa 3 Force q og 

Ps) ie Bee Z eed: es 

3 ang oo a 5 Sg 

1) (a) °o | a 2 3 oO a oO 

a Bet mio x oN 

| | il ae 2 
Cowes See | Comm £2 £9 
ag g2 35 § 3 88 88 
qq 4% Ba eS aq <5, 

CW AUUP MOE eg Way » 65... 130... 3,000,720, 12 
+ 6,100...,0, 16.9 922.5 7. 100.47 320 7.0.5,500, 0.84 
. 6,300..0.20....29....185.. 680.. 4,700..0.18 
+ 7;600...05223 62067) oe 0007 Oo COUs One kL 
> 8,000 -.0..23....:42. »..205..1,3207., 6100.00.22 
. 9,000. .0.26. 48....250..1,770.. 6,800..0.25 
..10,400..0.30....58....325..2,420.. 7,900. .0.28 
..11,400..0.33....66....390..3,160.. 8,800. .0.31 
. 12,200. .0.36....72....480..4,050.. 9,500..0.35 
50,,12,900..0.39....78....570. .5,200. .10,000. .0.37 
For 3 pieces 


6. Electrode material, class 2, minimum conductivity, 75 per cent copper; minimum hardness, 75 per cent rockwell B. 
7, Weld times from 1 to 30 cycles consisted of a single impulse, from 32 to 60 cycles consisted of two equal impulses, and from 63 to 90 cycles consisted of three 


equal impulses. 


8. = | ea con | 


previous length until five inches ex- 
tended into the welder throat. 

The short-circuit constants or welder 
electrical constants without any steel 
in the welder throat but with the proper 
horn spacing were checked after each set 
of measurements. The resulting values 
of impedance, reactance, and resistance 
referred to the secondary side are desig- 
nated as Z,, X,, and R,, respectively. 

The values of the voltage components 
caused..by the addition of steel in the 
welder throat were determined in the 
conventional manner (Appendix I). The 
voltages V,, and V,, are the resistive 
and reactive components referred to sec- 
ondary circuit. 

These components are plotted for sev- 
eral thicknesses of sheet and different 
horn spacings in Figure 11. The compo- 
nents were the same for 8- and 16-inch 
horn spacing within the accuracy of meas- 
urement. The effect of sheet width on the 
voltage components is shown in Figure 12. 
The change of resistive and reactive volt- 
age components with welding current 
for one gauge of sheet is illustrated in 
Figure 13. 

In order to establish the extent to 
which cold-working the austenitic stain- 
less steel made it magnetic because of the 
formation of small areas of the metallur- 
gical constituent ferrite, two sheets of the 
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largest thickness available were checked 
at various dimensions in the welder throat. 
Values of V,, and V,, are shown in Figure 
14. 


Measurement of Flux Patterns 


While the absolute values of resistive 
and reactive voltage components caused 
by steel in the welder throat are the work- 
ing tools in electrical characteristics cal- 
culations, a study of the changes in flux 
and flux pattern in the welder throat cir- 
cuit is most beneficial to understanding 
the phenomenon and applying an engi- 
neering analysis to the problem. 

The flux was measured by evaluating 
it from the voltage induced in a search 
coil. The method used for calculating 
flux from the induced voltage is described 
in Appendix III. In all tests two equal 
thicknesses of steel sheet 12 inches long 
were placed in the welder throat so that 
the front edge was two inches from the 
edge of the shorting bar, and the width 
was distributed equally on each side of 
the horn center line. The influence of the 
width of the sheet on the variation of 
maximum flux density along width of the 
sheet is shown in Figure 15. 

As saturation of the low carbon steel 
sheets would occur at flux densities of 
approximately 125,000 lines per square 
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inch, it is obvious that the normal weld- 
ing current saturated the sheets at the 
center, or midway between the current 
carrying conductors. In order to deter- 
mine how much the welding current could 
be decreased before the steel directly be- 
tween the conductors would not satu- 
rate, two of the thickest sheets used in past 
work were subjected to different currents 
and the maximum flux density measured 
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Figure 5. Variation of welding resistance 
with time in spot welding low carbon steel 
sheet 


A, B, and C refer to classes of welds 
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Figure 6. Variation of welding resistance with 
time in spot welding low carbon steel sheet 


A,B, and C refer to classes of welds 
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Figure 7. Variation of welding resistance and 

sheet-to-sheet resistance with time in spot 

welding austenitic stainless steel sheet of 
half-hard temper 


(Figure 16). The thickest sheets were se- 
lected for this test as the ratio of welding 
current to sheet thickness decreases with 
increasing sheet thickness. Saturation 
still exists at the lowest value of current 
selected 


Results 


WELDING RESISTANCE R,, 


The welding resistance R, consists of 
two main components 


1. The resistance from electrode to sheet. 


2. The resistance from sheet to sheet. 


The first component consists primarily of 
contact resistances. The second compo- 
nent consists of a contact resistance be- 
tween the sheets and the resistance of the 
sheets themselves. From the test re- 
sults on spot welding stainless steel in 
which these components were measured 
individually, it is notable that the resist- 
ance from sheet to sheet is approxi- 
mately only 40 per cent of the total. It 
is expected that a similar relationship 
also would prevail for mild steel. Some 
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past investigations?-! have indicated 
this approximate relationship. It is evi- 
dent that the contact resistance between 
electrode and work piece is an appreciable 
part of the welding resistance and causes 
considerable heat generation at the elec- 
trode faces. Such being the case, it is 
very essential to cool the electrodes ade- 
quately in spot welding to prevent ex- 
cessive deformation and to have the data 
apply. 

While it is instructive to determine the 
components of the welding resistance R,, 
individually, the basic effect on the elec- 
tric circuit is summarized in the value of 
R,. From past experience it would be 
anticipated that R,, would be a function 
of the current density at the electrode 
face and the force density or pressure at 
the electrode face. As the variation of 
R, with time could not be related satis- 
factorily to these two factors, average 
values of R, were selected from Figures 
5 and 6. Using these values and the asso- 
ciated data contained in Table IV, the 
following empirical relationship was de- 
termined for spot welding low carbon 
steel: 


33 (D54+-1.7) 
P+ 2 


where 


Ry = welding resistance in microhms 
D=current density in (amperes per square 
inch) X1075 
P=pressure in (pounds per square inch) X 
Qe 


The agreement between the calculated 
and measured values of R,, also is shown 
in Table IV. The equation gives passable 
results and point out that the heat gen- 
erated in welding increases more rapidly 
than the square of the current, and re- 
duction in electrode force causes appre- 
ciable increase in welding resistance. 

In the empirical equation for R,,, the 
resistivity of the steel is not shown explic- 


' itly. However, it is erroneous to assume 


that the resistivity has no effect on weld- 
ing resistance. In spot welding stainless 
steel, the values of R, are considerably 
larger than those for mild steel of like 
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Figure 8. Variation of welding resistance 
with time in seam-welding low-carbon steel 
sheet 
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Figure 9. Variation of average welding re- 


sistance with thickness of sheet in spot welding 


12.3 and 73 microhms per centimeter 
cube, and surface condition between com- 
mercial hot rolled pickled and oiled mild 
steel and bright finished stainless steel, 
account for the marked differences in 
welding resistance between these mate- 
rials. 

The values of welding resistance in 
seam welding should depend on the same 
factors as in spot welding but the differ- 
ent nature of the electrode contact area 


gauges. The difference in resistivity, while welding and the shunting effect of 
Table Il. Materials Used in Welding Investigation 
Approximate Chemical Composition Ultimate Tensile 
Strength, Lbs 
Type of Steel Cc Si Mn Cr Ni Pp S) Per Sq In. 
Commercial-quality cold- 
rolled steel sheet........... OROS ce OO 4 OBO sreteteeie tosherieiercs ote OSG Re O OWS tae 45,000 
Austenitic stainless steel, 
half-hard temper........... OLLO AO Obra od cs eikuccd sane thedsetsO \OL Or. O0Gi ener 160,000 
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Figure 10. Circuit for measuring impedance 
of steel work pieces inserted in welder throat 


the previous welds in a pressure tight 
seam cause deviations from the values of 
R, measured in spot welding. It was 
rather surprising to discover that both 
the welding resistance R,, and the sheet 
to sheet resistance R,, were almost equal 
in the range of thicknesses from 0.060 to 
0.120 inch. 

The emphasis on the determination of 
welding resistance was justified entirely 
as the resistive voltage component caused 
by it is of much greater magnitude than 
the resistive voltage component V,, 
caused by the eddy current loss in the 
steel sheets inserted into the welder 
throat. If this factor were assumed care- 
lessly, the final application of the data of 
V,; would have given avoidable errone- 
ous results. The values of R,, are so high 
in some cases that many resistance weld- 
ers in operation today probably are func- 
tioning at higher power factors than nor- 
mally assumed. 


THE REACTIVE VOLTAGE COMPONENT 
Vz; AND THE RESISTIVE VOLTAGE Com- 
PONENT V,,; CAUSED BY THE PRESENCE 
OF STEEL IN THE WELDER THROAT 


Engineers making electric circuit cal- 
culations are familiar with the procedure 
of considering a resistance welder sec- 
ondary loop in terms of reactive and re- 
sistive impedance constants. These are 
combined with impedance values evalu- 
ating the welding effect and the totals 
placed as the loaded secondary circuit of 
the welder transformer. This procedure 


Table Ill. Impedance of Welding Machine 
and Welding Transformer at a Frequency of 
60 Cycles Per Second 


—— 


Horn 
Spac- Throat Impedance Reactance Resistance 
ing, Depth, Zo> Xo, Ro, 
Inches Inches Microhms Microhms Microhms 
Sua Sa PA RY seis | eich: DGS aa ckioates 54 
a Tes SOaaes YB RP eattcir SAO) Aaeusnersine 56 


Note: There is no measurable change in impedance 
constants at secondary currents of 10,000 and 20,000 
amperes. 
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and much factual data on welder second- 
ary circuits are contained in an article by 
J. H. Cooper.’ This practice must be al- 
tered when evaluating the presence of 
steel in the welder throat as ohmic val- 
ues of reactance and resistance. These 
impedances change with the welding cur- 
rent. The effect of steel in the throat is 
to produce reactive and resistive voltage 
components opposing the applied second- 
ary voltage of the transformer. These 
voltage components are almost independ- 
ent of current over the normal welding 
range (Figure 14). Thus 


Ves=IXs=CQ, V7s=IRs=Cy 


Consequently, if ohmic values of react- 
ance and resistance are desired to express 
the presence of steel in the welder throat, 
the values must be selected in combina- 
tion with the welding current to give the 
correct voltage drop. 

Saturation of the steel sheets by the 
welding current is the prime reason why 
V,; and V,, remain almost independent 
of current. An elementary study of the 
flux changes in the steel sheets is instruc- 
tive in pointing out the limitations of the 
data. 

The magnetic field in air betwen two 
parallel conductors is shown in Figure 17. 
This field will be distorted when steel 
sheets are added, but the flux still will 
concentrate at the section of steel directly 
between the conductors. It must be 
realized that the effect of the steel sheets 
in distorting the air flux field as well as 
the effect of causing more flux linkages 
have been combined to evaluate V,, and 
V,s. In other words, the values of welder 
shortcircuit impedance constants X, and 
R, have been assumed constant in spite of 
the air field distortion and the higher 
harmonics in the welding current caused 
by the presence of steel sheets in the 
welder throat. This assumption is valid 
providing V,, and V,, do not become too 
large a part of the applied secondary volt- 


age as will be the case in most welder . 


secondary circuit construction. 

The steel sheets are saturated by the 
magnetizing force caused by the welding 
current. The relationship of welding 
current, flux, induced voltage, and the 
flux-current curve for a specific thickness 
and length of steel are shown diagram- 
matically in Figure 18. As the welding 
current increases, the flux hardly in- 
creases as the intrinsic flux density B;- 
(B—u,H=B;) has reached its limiting 
value.* The area of the induced voltage 
curve is a measure of the maximum flux, 
and as the maximum flux under saturated 
conditions will be almost constant the av- 
erage value of induced voltage will be al- 
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Figure 11. Variation of reactive and resistive 

voltage components caused by the presence of 

steel in the welder throat with distance in 
throat 


A and C. Two pieces 0.119 inch thick, 
18,000 amperes 

B and E. Two pieces 0.090 inch thick, 
15,000 amperes 

D and G. Two pieces 0.060 inch thick, 
12,000 amperes 

F and H. Two pieces 0.032 inch thick, 
8,300 amperes 

Duplicate results for 8-and 16-inch horn spac- 

ings 


most constant. The effect of change of 
welding current should be to change the 
wave form of flux and the wave form of 
the induced voltage. In circuit calcula- 
tions it is the effective value and not the 
average value of induced voltage that 
must be investigated. The measurements 
indicated that both the effective and av- 
erage values of induced voltage stayed 
almost constant, in spite of change of 
welding current. In order to have this 
condition prevail with such wave forms 
of induced voltage as recorded, it is nec- 
essary to have the flux current relation- 
ship change with different magnetizing 
forces. 

The value of V,; is proportional to the 
increase in length of steel in the welder 
throat. Under saturated conditions the 
maximum flux density is constant, and 
the increase in induced voltage is the re- 
sult of the increase in flux caused by the 
increase in cross-sectional area provided 


by the additional length for a specific 


thickness. 

Horn spacing or the distance between 
the throat bars does not influence V,, 
appreciably. The steel sheets become 
saturated at any specific position inalmost 
the same length of time from the zero 
point of the current wave. There is no 


* The intrinsic flux density B; is a measure of that 
part of the flux density attributable to the ferro- 
magnetic characteristic of the material. When the 
material becomes saturated, it can make no further 
contribution to the flux density. As the mag- 
netizing force H is increased beyond the value 
which saturates the material, the slope of the 
B-H curve becomes wo, the permeability of free 
space, and Bi becomes constant. 
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Figure 12. Variation of reactive and resistive 
voltage components with distance in throat and 
width of sheet 


A,8,and E. Reactive voltages for two pieces 

0.118 inch thick and widths of 36, 18, and 

9 inches, respectively 

Resistive voltages under the above 

: conditions 

C,D,and G. Reactive voltages for two pieces 

0.090 inch thick and widths of 36, 18, and 
9 inches, respectively 

H, K, and M. Resistive voltages under the 

same conditions 


F, J, and L. 


need to have the sheets equally spaced 
between welder horns to have the data 
apply. 

It might be anticipated that V,, would 
be independent of the width of the steel 
sheet if the steel were saturated at the 
section under the center line of the welder 
horns and thus limited the flux. By con- 
sidering the air flux pattern, it is clear 
that narrow sheets will coerce less flux 
lines to enter the sheet than wide ones. 
As the current and magnetizing force 
change with time in the normal periodic 
manner, the flux will follow a similar pat- 
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Figure 13. Variation of reactive and resistive 

voltage components with distance in throat and 

welding current. Two pieces of low carbon 
steel 0.118 inch thick and 36 inches wide 


A and F. 19,000 amperes 
B and E. 15,000 amperes 
C and D. 10,000 amperes 
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tern. As the saturation density is 
reached the preference for flux to pass into 
the sheet is eliminated. However, with 
natrow sheets it takes a longer period of 
time of a half-cycle of current flow to 
reach the saturation density. The result- 
ing induced voltage is smaller as the rate 
of change of flux with time is smaller. 
It would be anticipated that after a cer- 
tain width of sheet is reached, greater 
widths would cause negligible increase. 
This factor is associated with the dis- 
tance between throat conductors or horn 
spacing and shape of conductors. The 
correction factors in Figure 20 are based 
on 8-inch horn spacing. 

Austenitic stainless steel is considered 
nonmagnetic, but cold working the steel 
causes the formation of small areas of 
iron or ferrite. These areas of ferrite 
would certainly reach saturation under 
the magnetizing force caused by the weld- 
ing current. However, for the half-hard 
condition, the resulting values of V,, 
and V,, are small. The full-hard condi- 
tion would have raised V,, and V,,. A 
word of caution is advisable in considering 
the magnetic effect in stainless steel. 
Those which are austenitic can be con- 
sidered nonmagnetic for all practical 
purposes. However, those which are 
ferritic will be magnetic and should be 
considered having effects similar to mild 
steel. 

The resistive voltage component multi- 
plied by the secondary current represents 
the real power or core loss in the steel 
sheets. The great thickness of the sheet 
implies that the principle loss will be in 
the form of eddy currents. In the meas- 
urements, one steel sheet was insulated 
from the other, which means that the 
eddy currents would reach their maximum 
value near the outer surfaces of the sheets. 
If the sheets were in such intimate con- 
tact that the contact resistance between 
them could be considered zero, the re- 
sistive voltage component would increase 
theoretically to four times its former 
value. In most welding conditions the 
first case is more likely to exist than the 
second one, although some discretion 
should be used in applying the data. 

The resistive voltage component caused 
by the presence of steel in the welder 
throat is normally a small part of the to- 
tal resistive component composed also of 
the welder component J,R, and the com- 
ponent finished by the welding resistance 


Ilse 
Application of the Data 


After making an analysis of the data 
and the limitations imposed upon them, 
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COMPONENTS Vx5 AND Vrs IN VOLTS 


5 CUMa” 2uees Fea as 
DISTANCE 1N THROAT — INCHES 
Figure 14. Variation of reactive and resistive 
voltage components with distance in throat for 
two pieces of austenitic stainless steel 0.109 
inch thick, 24 inches wide and _ half-hard 

temper 


it was desirable to compile these data 
into usable form. The values of V,, and 
V,; in Figure 11 were examined. By 
drawing straight lines for the V,, varia- 
tion with length, the empirical formulas 
and the resulting nomogram shown in 
Figure 20 were derived. The value of 
V,s does not include the effect of welding 
resistance. The correction for width was 
obtained from Figure 12. The correc- 
tion for difference in welding current from 
the base current was obtained from Fig- 
ure 13. 

The nomogram can be used for either 
spot welding or seam welding. For this 
reason, the effect of welding resistance is 
not included. The value of resistive 
voltage caused by the welding resistance 
can be selected from Figure 19. It is ad- 
visable to compare the desired welding 
technique with the technique outlined in 
Table I and Figures 1 and 2 so that a sat- 
isfactory choice of welding resistance 
voltage can be made. 

Two examples of application of the 
data are shown in Appendix IT. 


Conclusions 


1. The steel plates inserted in a welder 
throat will be saturated by the magnetic 
field produced by the welding current under 
normal conditions of operation. 


2. The effect of the presence of steel plates 
(magnetic material) in the welder throat is 
measured best by expressing it as a reactive 
and a resistive voltage component. These 
voltage components are almost independent 
of welding current over the normal spot 
welding range. 


8. The normal procedure of expressing the 
electric circuit of a welder in terms of resist- 
ance and reactance should be altered when 
the effect of steel plates is included. The 
circuit should be expressed in terms of re- 
active and resistive voltage drops, only some 
of which will be proportional to the current. 


4. The effect of welding resistance and its 
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Table IV. Comparison of Calculated and Measured Values of Welding Resistance and Fac- 
tors Affecting Welding Resistance 


Welding Resistance Rw, 


Thickness of Welding Electrode Force Density, Current Density, Microhms 

Each Piece, Current, Force, Pounds Per Kiloamperes Per > 
Inches Amperes Pounds Square Inch Square Inch Measured Caiculated 
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resulting voltage component is normally 
larger than the resistive voltage component 
caused by the presence of steel sheets for 
gauges less than 0.125 inch. As the thick- 
ness increases the effect of welding resistance 
voltage drop decreases and the resistive ef- 
fect of the sheets becomes the predominating 
factor. 


5. The effect of magnetic material in the 
welder throat is a function of the thickness 
and width of the sheets and of the secondary 
circuit constants of the welder. Resistance 
welders with large horn spacing are less in- 
fluenced than welders with small horn spac- 
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Figure 15. Variation of maximum flux density 
with distance from center line of electrodes at 
right angles to the welder throat 


A, 8, and C. Sheets 0.120 inch thick and 9» 
18, and 36 inches wide, respectively, at 
18,000 amperes 
DandE. Sheets 0.090 inch thick and 18 and 
36 inches wide, respectively, at 15,000 
amperes 
Fand G. Sheets 0.032 inch thick and 18 and 
36 inches wide, respectively, at 8,300 amperes 
H. For magnetic field in air at 17,500 amperes 
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words, the larger the secondary voltage to 
supply a necessary welding current, the less 
the influence of the constant bucking voltage 
caused by the steel sheets. 


Appendix |. Determination of 
V,, and V,, from Instrument 
Readings 


Vp=primary voltage, volts 

I, =primary current, amperes 

W,=primary power, watts 

1=depth of steel in throat, inches 

a=transformer turns ratio 

V;=secondary voltage, volts 

I,;=secondary current, amperes 

W,=secondary power, watts 

Zp =impedance referred to primary winding, 
ohms 

R,=effective resistance referred to primary 
winding, ohms 

Xp =reactance referred to primary winding, 
ohms 

R,=impedance referred to secondary wind- 
ing, ohms 

R,=effective resistance referred to second- 
ary winding, ohms 

X,=reactance referred to secondary wind- 
ing, ohms 

Z;=impedance (for a specific current) of 
steel sheets referred to secondary 
winding, ohms 

X3;=reactance (for a specific current) of 
steel sheets referred to secondary 
winding, ohms 

R,=resistance (for a specific current) of 
steel sheets referred to secondary 
winding, ohms 

V;s=resistive voltage component caused by 
steel sheets, volts 

Vrs =reactive voltage component caused by 
steel sheets, volts 

Z,)=impedance of welder secondary circuit 
under short-circuit conditions, ohms 

Xo=reactance of welder secondary circuit 
under short-circuit conditions, ohms 

R,=resistance of welder secondary circuit 
under short-circuit conditions, ohms 


2p = Vp/Ip =0(Z,+Zs) (1) 
Zs= (Z,/a*) —Z, (2) 
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Figure 16. Variation of maximum flux density 
with distance from center line of electrodes at 
right angles to the welder throat and with 
welding current for two pieces 0.120 inch 
thick, 36 inches wide 


A. 18,500 secondary amperes 
B. 14,400 secondary amperes 
C. 10,000 secondary amperes 


Ry = Wp/Ip? =0?(Ro+ Rs) (3) 
R,=(Rp/a*) —R, (4) 
Xp= WV Zp?— Ry? =a Xot Xs) (5) 
Xs=Xp/a?—-X, (6) 
I,=1,(a) (7) 
Vis =1,Rs (8) 
Xne=l, (9) 


The foregoing equations are used for the 
calculations of two sheets 0.118 inch thick, 
18 inches wide, and inserted 35 inches in the 
welder throat. 


a=52 
Xo =268 X107* ohm 


RSs 
Oe: 


Figure 17. Graphical flow map of magnetic 
field in air between two parallel conductors 
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Figure 18. Schematic diagram of induced 
voltage, welding current, and flux in a satu- 
rated steel sheet 


R,=54X10-*§ ohm 
Zo = 273 X10-8 ohm 


Zp =375/349 
= 1.075 ohms 

Z5=1.075/(52)*—273 X10- 
=128X10-¢ ohm 

Rp =26,700/(349)? 
=0.219 ohm 

Rs =0.219/(52)2—54X10-8 
=27X107§ ohm 

Xp =V (1.075)? — (0.219)? 
=1.05 ohms 


X 5=1.05/(52)? —268 X 10-6 
=121X10-8 ohm 


T,=349(52) 
= 18,100 amperes 
Vs =18,100(27 X 10-8) 
=0.488 volt 
Vz3=18,100(121 X10-8) 
=2.19 volts 


Appendix Il. Applying Data to 
Specific Problems 


Problem 1 


Find the increase in secondary voltage 
necessary to maintain 18,000 amperes 
welding current in spot welding two sheets 
0.120 inch thick and 36 inches wide when one 
inch and then 36 inches is inserted in the 
welder throat. Welder short-circuit con- 
stants are 


Zo =273 X10 ohm 
X9=268X 107 ohm 
Ry =54X 107° ohm 


From Figure 20 
I, Ry =1.26 volts 
From Figure 21 


V,s =0.86 volt 

Welder resistance drop =I,R, 
= (18,000) (54 X 10-6) 
=0.97 volt 
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Total resistive voltage drop = V, 
=3.09 volts 

Welder reactance drop =J,X, 
= (18,000) (268 X 10-8) 
=4,82 volts 


From Figure 21 
Vis =2.87 volts 


Total reactive voltage drop V, =7.69 volts 
Adding vectorially, V;+V,=V, 


Vi=VVA+Ve 
=8.3 volts at 36 inches 
Voltage at start (one inch in throat) in 
which V,; and Vz, are not effective 
= 65.32 volts 
Increase in voltage =8.3 —5.3 
=3.0 volts 


Problem 2 


The question is the same as in problem 1 
except that the sheets are 18 inches wide, 
welding current is 10,000 amperes. The 
sheets are welded in the same welder, 
From Figure 20 


I,Ry =1.238 volts 
From Figure 21 
V,s=0.86 volt 


From this same chart this value must be 
corrected to 


Ky: V;s3=0.65 (0.86) 
=0.559 


because the sheet is only 18 inches wide. 
This value should be corrected further for 
change in base current, K;=1.05. 
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Figure 19. Resistive voltage drop across the 
electrodes caused by the welding resistance 
when welding small coupons 


K,: K3- V;s = (0.65) (1.05) (0.86) 
=0.587 volt 

Welder resistance drop =J;R, 
= 10,000(54 X 10-8) 
=0.54 volt 

Total resistive voltage drop = V, 
= 2.36 volts 


Figure 20. Reactive and resistive voltage 

components caused by two thicknesses of 

low carbon steel 36 inches wide in welder 
throat 


VALUES REFERRED TO SECONDARY CIRCUIT 
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Welder reactance drop =1,X, 
= 10,000 (268 X 10) 
=2.68 volts 


From Figure 21 


K- Ke: V3 =0.84 (0.94) (2.87) 
=2.27 volts 
Total reactive voltage drop =4.95 volts 
V,=5.48 volts at 36 inches 
Voltage at start (1 inch in throat) in which 
V;s and Vz, are not effective =3.21 
volts 
Increase in voltage =5.48 —3.21 
=2.27 volts 


Appendix Ill. Determination of 
Flux and Flux Density From the 
Induced Electromotive Force or 


Voltage Wave 


Basically 


where 


N=number of turns on search coil 
e=instantaneous voltage, volts 


ae =rate of change of flux with time 


dt 


¢@ =flux, maxwells or lines 
t=time, seconds 


The integral Sareva represents the average 


voltage over the time interval considered. 
When the maximum value of flux is desired, 
as it was in this work, it is necessary to 
measure the area under the voltage wave e 
for one-half cycle by means of a planimeter, 
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A.C. INPUT 
VOLTAGE 


Figure 21. Rectifier unit for converting a-c 
input voltage to average direct voltage 


A. D-c millivoltmeter, 1,000 millivolts, full 
scale, 5,000 ohms resistance 

B. 6H6 tube 

C. 100,000-ohm resistor 


divide it by two, and substitute in the ex- 
pression 


¢ (flux in lines or maxwells) = 


area of one-half of voltage wave in 
square inches 


number of turns on search coil 
volts \* / seconds \* 
ee a ea pal: 
inch inch 
The maximum flux density By, is found by 
dividing the flux by the area of steel that the 
coil encloses. This assumes that the flux is 
confined entirely to the steel or that the mag- 


netic field in air is small compared to the 
magnetic field in the steel sheets. 


where 


A =area in square inches 
Bm =maximum flux density in lines per 
square inch 


* These are calibrations measured from the oscillo- 
gram of the voltage wave. 
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A direct reading meter can be made to 
evaluate Si7e.dt or the average voltage. 


It was possible to measure this integral for 
determination of ¢m by using a bridge-type 
full-wave rectifier (Figure 22) and suitable 
d-c meter. The rectified direct voltage is 
approximately 1/20 of the alternating volt- 
age input. A search coil of ten turns of 
number 22 wire was used with the instru- 
ment setup. 


¢ 1A 108 
= D40N 
where 
340 one fourth of a cycle of a 60-cycle 


system 
Eve =average volts 
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Radio Telemetering for Testing 
Aircraft in Flight 


CARL L. FREDERICK 


MEMBER AIEE 


Synopsis: A brief résumé is given of the 
factors which necessitated the development 
of thoroughly practicable and reliable telem- 
etering equipment for dynamic testing of 
high-speed aircraft in flight. An outline of 
a radio telemetering system is presented 
which was developed under contract and 
accepted as suitable for structural flight 
testing by the United States Navy Bureau 
of Aeronautics in April 1945. Emphasis is 
placed upon the electric system and cir- 
cuits which are of most interest to Institute 
members. These include the stabilized 
amplitude modulated subcarrier oscillators, 
the master amplifier, the air-borne regu- 
lated power supply, the frequency modu- 
lated transmitter, the automatic frequency 
controlled frequency modulated receiver, 
the heterodyne analyzer, and the mobile 
receiving station. 


N accurate knowledge of the am- 
plitude, frequency, and relative 
phases of dynamic strains, pressures, 
and accelerations to be experienced by 
aircraft in flight is of vital importance in 
its design. In the past, much of this 


AMPLIFIER 


MODULATOR 


OSCILLATOR PASS 


EM. 
RECEIVER FILTER 


information could be calculated or de- 
termined by wind tunnel tests on small 
models. To meet the recent demands for 
speeds near the velocity of sound, or 
greater, it has become increasingly diffi- 
cult, if not impossible, to extrapolate 
wind tunnel data. Means for telemeter- 
ing this information from experimental 
aircraft and recording the data on the 
ground then became a necessity. With 
the advent of wind tunnels capable of 
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testing powered models having spans up 
to 12 feet under conditions of pres- 
sure up to four atmospheres, and air 
velocities up to the speed of sound,} 
aerodynamic knowledge as to the effects 
of compressibility will be expanded 
greatly. However, the demand for even 
higher speeds makes the most modern 
wind tunnels incapable of furnishing all 
the required aerodynamic knowledge. 
A continued need for telemetering is 
therefore indicated, not only because it is 
the only practicable method of testing 
full scale remotely controlled aircraft 
designed to operate at nearsonic or 
supersonic speeds, but experience has in- 
dicated considerable savings in cost and 
manpower over other methods of testing 
larger and slower airplanes. 


As often happens when research proj- 
ects are undertaken to meet an urgent 
demand for one use, many other applica- 
tions present themselves. Since the 
telemetering equipment has been com- 


Figure 1. Block 
diagram of radio 
telemetering 


indicated, any 
number of channels 
(N) up to 14 may 
be included and si- 
multaneously oper- 
ated in the radio 
telemetering system 


OSCILLO- 
GRAPH 


pleted, requests have come to use it in 
modified form for testing extremely high- 
speed compact flying bodies, for medical 
research to learn the effects on the human 
body when separated from high-speed 
aircraft flying at high altitudes, for test- 
ing and monitoring wind tunnels, and 
for observing and recording at the same 
time many items of information at remote 
points in large industrial plants or rail- 
road yards. 
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In planning the radio telemetering 
system herein described, established car- 
rier telephone art was employed freely. 
As early as March 1916, R. A. Heising, 
of the Western Electric Company, filed 
an application for a patent on plural 
channel signaling. Numerous improve- 
ments have been made during succeeding 
years, and many of these are incorporated 
in the telemetering system designed by 
the Cornell Aeronautical Laboratory. 
The main point to be emphasized here is 
that this basic system was considered to 
be the most promising for development 
from the standpoint of proved reliability 
and simplicity, and the most likely to 
yield a practicable aircraft telemetering 
instrument with the minimum expendi- 
ture of time and manpower. 


General Scheme of the Radio 
Telemetering System 


This system may be described as an 
amplitude modulated subcarrier and fre- 
quency modulated radio carrier system 
as shown in Figure 1. The 14 subcarrier 
oscillators supply alternating current of 
frequencies from about 10 to 50 kilocycles 
to Wheatstone bridges incorporating 
strain-sensitive wires. These may be of 
the bonded-type or the unbonded-type 
gages with strain-sensitive wires incor- 
porated in the instruments to measure 
pressures, accelerations, or forces. The 
variation in the resistance of the strain- 
sensitive wires changes the amplitude of 
the subcarrier oscillator. These changes 
from subcarrier channels are then am- 
plified, collected, further amplified by the 
master amplifier, and then sent to the 
radio transmitter. The radio trans- 
mitter changes the amplitude modulated 
signals to a frequency modulated signal, 
the modulation of which is transmitted 
and detected by the radio receiver. 
Heterodyne analyzers are provided in a 
mobile receiving station to separate the 
individual signals and direct them to the 
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appropriate galvanometer in the record- 
ing oscillograph where 14 lines are drawn 
on sensitive paper ten inches wide. 


Stabilized Oscillators, Bridge 
Circuits, and Buffer Amplifiers 


The schematic diagram of the stabilized 
oscillators and bridge circuit is shown in 
Figure 2. As indicated previously, it is 
necessary that any required flight infor- 
mation be first converted to some form 
of electric change prior to its transmis- 
sion to the ground receiving station. 
This conversion is effected by oscillator 
bridge units used in conjunction with 
either a bonded strain gauge attached to 
the structural member or an unbonded 
strain-sensitive element incorporated into 
the indicating mechanism of a flight in- 
strument. The oscillator generates a 
signal whose amplitude, when intro- 
duced into a resistance bridge circuit 
containing the strain-testing element, is 
modulated by an amount proportional to 
the strain involved, that is, to actual 
flight data. The oscillator and bridge 
units are essentially the nerve centers of 
the entire radio telemetering system. 
Each consists of three separate com- 
ponents built into a single small aluminum 
chassis. These components are 


1. An oscillator circuit, providing the sub- 
carrier signal. 


2. Twoarms and necessary balance control 
of a resistance bridge circuit. 


3. A buffer amplifier. 


The most critical of the three com- 
ponents is the oscillator circuit itself. 
The nature of its use is such that it must 
maintain nearly constant amplitude and 
frequency for all operating conditions of 
voltage and temperature. Since the 
strain-gauge circuitswill transmit informa- 
tion directly proportional to amplitude, 
the output voltage level of each oscillator 
must be held to close limits of stability, 
consistent with the accuracy of the data 
to be telemetered. In our case, a regu- 
lation of about one per cent was at- 
tained. This stability is achieved by a 
circuit in which the amplitude is con- 
trolled by a thermal element used as one 
arm of ‘the oscillator feedback bridge. 
Thus, when an increase in output drives 
the bridge harder, unbalance is reduced 
tending to hold the oscillator output 
voltage constant. The over-all stability 
of the oscillator is accomplished through 


1. The action of the hot filament balance 
lamps. 


2. The control of ambient temperature 
within the definite limits of from 80 to 
120 degrees Fahrenheit. 
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657° 


Ty 


Ru—120 ohms, 0.1% 
Rize—2,000 ohms, 1% 
Ris—10,000 ohms potentiometer 
Rys—2,000 ohms, 1% 


Ca—0.1 uf, 400 v 
Cs—O.05 uf, 400 v 
Ce—O0.5 wf, 400 v 
Cs—0.001 uf, 600 v 


C\ 
ie SOO” -© 
Zz ral 
[eFa) pal 
Sw 8 
oH n 
z R2o re) 
__qg © OO " TWO !120-OHM STRAIN GAGES 
Se ae ae TENSION-COMPRESSION) IN 
5a ate SERIES 
OO NS te es 
Qi oF S 
(@} 
Oo 
TO OSCILLATOR 
CABINET 
Figure 2. Schematic wiring diagram of oscillator and bridge balance unit 
Components Common to All Channels 
Symbol Description Symbol Description Symbol Description 
Ric—20,000 ohms, 1 w Ris—1,250 ohms, 0.1% Cs—0.05 uf, 400 v . 
Rs—1,250 ohms, 10% Ris—750 ohms, 0.1% Cio—140 up 
Rs—1 megohm, 10% Riz—500 ohms, 0.1% Ciu—0.25 uf, 400 v 
Re—0.1 megohm, 10% Ris—100 ohms, 10% Vi—-6SJ7 
Ri—0.5 megohm, 10% Ris—1 megohm, 10% V2—6V6 
Rs—750 ohms, 10% Reo—500 ohms, 10% V3s—6SJ7 
Rs—48,000 ohms, 0.1% Rx—250 ohms, 10% LRi—6 w, 115 v 
Rio—120 ohms, 0.1% Cs—0.25 uf, 400 v LRzx—6 w, 115 v 


5Wi—Single pole, single throw 
5S We—Single pole, 4-position 


Ji—Jack-Mallory AQA 
Th—A\ltec-Lansing TM205 


Components Varying With Channels 


— 


Frequency 

Channel Cycles Per li Ria RB 

Number Second Megohms Ohms Ohms 
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3. By the adjustment of the effective tem- 
perature coefficient of the resistor desig- 
nated Ri. 


4. By moderately close control of the plate 
and heater voltages. 


The balance lamps adequately suppress 
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the amplitude changes associated with 
supply voltage variations up to plus or 
minus ten per cent. Regulation of the 
22-volt supply is adequate to control 
plate and heater supply within this range. 
The balance lamps, however, are not 


AIEE TRANSACTIONS 


- 


e 687-3 B 
‘ \ UPPER LIMIT OF LINEAR RESPONSE 
» YPSER LIMIT OF FULL RANG D 
7 UNS, 
fo} “ 
L 4 " y) TRACE W 
- ! UU oO 
i q 
w ie Ze. Ww 
2 NORMIS 1G RO oo 
uw ay = z 
” " = as 
w + ae ahs 
2 ue - 
< LOWER KIMIT OF FULL RANG a 
= 
a — POSITION FOR NO SUBCARRIER SIGNAL A 
TIME. —————> 

ec 

Ww 
ui 
ox Figure 4 (above). 
ze Oscillator unit 
E> 
Ove 
wd 
ze NEGATIVE 
me DIRECTION : 
a2 (UNUSED) 
no 
wk 
ro 
oo 
Ze 


ORES 0 


! REPRESENTATIVE STRESS (PS.1. X 10°) 


| 

1 
a ! 
o Os LS 


GAGE UNIT 


capable of stabilizing the changes in the 
tuned circuit resistance associated with 
the alteration in Q value of the coil LZ; 
caused by temperature changes. To 
overcome this difficulty, the 14 oscillator 
and bridge units are housed in a single 
cabinet whose temperature is held within 
the temperature limits mentioned. To 
prevent this last increment of amplitude 
change, a temperature compensating re- 
sistor consisting of a series-parallel com- 
bination of a highly negative coefficient 
resistor and two positive coefficient re- 
sistors are chosen so as to give an over- 
all temperature coefficient which will 
supply the required compensation. The 
compensating network is mounted within 
the shield of the coil LZ; so that its effect 
will change at the same time rate as the Q 
of the coil. In theory it is possible to ad- 
just for zero amplitude change for various 
temperatures. Control is not quite that 
accurate in practice; it has been possible 
to adjust and hold to less than two per 
cent change for a 40-degree Fahrenheit 
temperature rise permitted Within the 
cabinet. 

Because of the high Q of the tuned cir- 
cuit, the frequency is relatively independ- 
ent of plate and heater voltages. 
Through a plate voltage range of 250 plus 
or minus ten volts or for a change in 
heater voltage of ten per cent, the fre- 
quency change is less than two cycles 
per second. Frequency change with 
temperature is less than two cycles from 
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2.5 4.0 
MILLIVOLTS UNBALANCE OF STRAIN 


iN Figure 3 (left). Dia- 
5 gramsof signal ranges 
and the response of 
a recording gal- 
vanometer element 
to these changes 


80 degrees to 120 degrees Fahrenheit be- 
cause of the existing favorable tempera- 
ture balance between the duo-lateral 
coils LZ; and the silver mica capacitors 
Cre 

Two arms of the strain-gauge resistance 
bridge are built into each circuit. The 
other two arms completing the bridge are 
formed by the strain-sensitive elements 
attached to the airplane. The necessary 
balance controls for both amplitude and 
phase adjustments must be included as 
part of the bridge unit. In this design it 
is imperative that drift of the bridge 
balance be prevented, since the indicated 
strain is proportional to the change in the 
bridge balance. The transformer Ty, 
connecting the oscillator to the strain- 
gauge circuit, has a balanced secondary to 
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facilitate 
balance and to reduce noise pickup. 
Two strain gauges attached to the struc- 
ture under test are connected to the unit, 
one for receiving strain and the other as a 


securing strain-gauge bridge 


temperature balancing element. The re- 
sistors Rj and Ry are fixed resistors 
built into the amplifier and oscillator 
assembly as discussed later. A potentiom- 
eter, Ry, is incorporated for balancing 
the resistive components to the bridge. 
Ry and Ry limit the total range of adjust- 
ment available on Ry. The capacitor 
Cio is for adjusting the reactive component 
of the bridge balance. As has been ex- 
plained before, the carrier signal does not 
show readily the sense of the measured 
stress. For this reason the bridge is 
operated off-balance by an amount de- 
pending on the anticipated strain. At 
the receiving point, the nature of the 
response to the signal from a bridge ad- 
justed in this manner is illustrated in 
Figure 3. The signal ranges are shown 
in the upper diagram with conservatively 
defined full range values and maximum 
linear response range. The lower dia- 
gram shows the response of a recording 
galvanometer element to the above signal 


Figure 5. Telemetering cabinet, 14-channel 
The rule is 18 inches long 
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Figure 6. Equipment installation in SB2A-4 
airplane 


ranges as received from a strain gauge con- 
nected to transmit stress information. 

The principal considerations controlling 
the buffer amplifier design were that it 
must not cause cross modulation be- 
tween various signals, and its gain must 
be held constant within extremely narrow 
limits. The buffer amplifier also serves 
the purpose of preventing undesirable 
coupling between the several strain-gauge 
circuits. Negative feedback reduces har- 
monic distortion and stabilizes the gain. 
The harmonic distortion of the circuit 
shown is less than 0.2 per cent with a 10- 
millivolt signal on the grid. The normal 
signal level is only 1.5 millivolts. During 
performance tests of this circuit, the gain 
varied two per cent as the plate voltage 
was changed from 200 to 300 volts and 
varied one per cent as the heater voltage 
varied from 5.5 to 7.0 volts. The 14 
buffer amplifiers have a common plate 
feed resistor so that their signals are all 
added together in the common output 
circuit. 

In selecting the oscillator frequencies, 
it was found in preliminary tests that dis- 
tortion was relatively large in the fre- 
quency region below ten kilocycles. 
Therefore the subcarrier oscillator fre- 
quencies were all set above ten kilo- 
cycles, as shown in the table in Figure 2. 
The frequency of 10,833 cycles per second 
was chosen as a starting point so that an 
inharmonic relationship would exist be- 
tween subcarriers, but noise caused by 
other modulation products may be just as 
serious as that caused by harmonics of 
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subcarrier frequencies. It is almost im- 
possible to allocate 14 frequencies so that 
all the modulation products will be out- 
side of the transmission bands. How- 
ever, it was found that the set of fre- 


14-CHANNEL 


Bt (250 V.) 


quencies chosen reduced the amount of 
noise on the recording oscillograph to a 
satisfactory minimum. A spacing of 2.5 
kilocycles between subcarriers was chosen 
because of the characteristics of the crys- 
tal filter units used in the heterodyne 
analyzer receiving circuits in the mobile 
receiving station. The mid-frequency of 
the crystal filter band pass units is located 
at 92 kilocycles, and a frequency 2.5 
kilocycles from the center of any pass 
band lies at or near the region of maxi- 
mum attenuation. A discrimination of 
more than 50 decibels between subcarriers 
of adjacent channels is maintained. 


The bridge elements, the oscillator 
components, and the buffer amplifier for 
each assigned subcarrier frequency 
channel were designed to mount together 
as a unit in the form of a drawer, as illus- 
trated in Figure 4. These drawers are 
designed to be inserted into a cellular 
cabinet, as shown in Figure 5. After 
removal of four screws in the front panel, 
each drawer can be withdrawn without 
unsoldering any leads, since connections 
are established through separate con- 
necting plugs at the back of the drawer 
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OUTPUT TO FM 
TRANSMITTER 
(LOAD ®!00 OHMS) 


Figure 7. Schematic wiring diagram of master amplifier 


Components Common to All Channels 


Component Description Component Description Component Description 

Vi—6SJ7 Ru—0.15 megohm, IRC BT-1 Cs—0.01 pf 

Vi—6 V6, GTIG Rix—0.015 megohm, IRC BT-1 Ce—O.5 uf 

Pi—AN 3102-145S-9P (reworked) Ris—2,250 ohms, IRC BW/-1 Cr—0.1 uf 

Si —AN31092-14S-75 Ris—0.075 megohm, IRC W/\W/-4 Cs—0.01 pf 

Ri—0.01 megohm, IRC* ABA Ris—O.5 megohm, IRC BT-1 Co—O.1 uf 

R2—0.5 megohm, IRC BT-1 Ris—250 ohms, IRC BW-1 Cro—5 uf 

Rs—2,250 ohms, IRC BW/-1 Riz—15 ohms, IRC ABA Ciu—0.5 pf 

Ri—2,250 ohms, IRC BW/-1 Ris—O.01 megohm, IRC ERIE Ci2—0.5 uf 


Rs—50 ohms, IRC ABA 
Rs—0.5 megohm, IRC BT-1 
Rs—O.05 megohm, IRC BT-1 
Ro—0.5 megohm, IRC BT-1 
Rio—200 ohms, IRC BWW-1 


Risz—O0.001 megohm IRC BW-1 
Gi—0.01 pf 

Co—0.5 uf 

Cs—0.25 pf 

Ca—0.0001 uf 


*International Resistance Company. 


** Delta Radio Corporation. 


Frederick—Radio Telemetering 


Li—40 mh, Delta R.** 
L2—30 mh, Delta R. 
Pli—*/s-w neon lamp 


T—Altec*** TM205 


*** Altec Lansing Corporation. 
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Each drawer weighs 2.75 pounds. The 
cabinet with drawers mounted, including 
the master amplifier and the temperature 
controlling unit, weighs 60 pounds and 
occupies 2.25 cubic feet. The cabinet, 
together with its associated voltage regu- 
lator, power supply, and frequency 
modulated transmitter, is shown in 
Figure 6 installed in the rear observer’s 
cockpit of the SB2A-4 airplane. 


Master Amplifier 


The function of the master amplifier, 
shown schematically in Figure 7, is to 
receive and superpose the comparatively 
weak signals from the 14 buffer amplifiers, 
described previously, and to raise the 
composite signal level to an optimum 
value for input to the frequency modu- 
lated transmitter. The 2-stage resist- 
ance-capacitance coupled amplifier 
with a large negative feedback provides 
17 +0.5 decibel of gain with less than 
0.25 per cent total distortion over the 
frequency range from 10 to 50 kilocycles. 


Air-Borne Regulated Power Supply 


The accuracy and stability of the air- 
borne radio telemetering equipment de- 
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pend upon a high degree of stability of 
the plate supply. It was therefore 
necessary to develop an extremely well- 
regulated 250-volt source to supply the 
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Figure 9. Regula- 

tion characteristics of 

air-borne power 
supply 
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Figure 8. Schematic wiring diagram of air- 
borne power supply 


Components Common to All Channels 


Component Description Component Description 


Ri, Re, (0.01 and 0.003 in 
R3, Ra—100 ohms parallel) 

Rs—0.3 megohm C2, Cs—2.00 uf, 600 v 

Re—1.5 megohms Cs—0.00075 uf 

R;—5,000 ohms Cs—25 pf, 50 v 

Rs—10,000 ohms Vi, V2—12SL7GT 

Ro, Rio—O.1 megohm Vs—VR-75 


Ru—0.15 megohm 
Rix—0.25 megohm 
Ris—O.05 megohm 
Riuu—O0.1 megohm 

Ris—25,000 ohms 


V1, Vs, Vs, Vi—6 YG 
Pli, PLe—28-v pilot lamps 
SWi—Single pole, single 
throw, 30 amps, 28 v 
Ji—Standard phone jack 


R—Ten 5-ohm, Fi—20 amps, Littelfuse 
10-w resistors par- 4AG 
allel F2e—40 amps, Littelfuse 
Ci—0.013 uf 4AG 
Li—100 mh 


vacuum tubes in the oscillator cabinet. 
As is well known, the voltage supply by 
an airplane under test may vary from 
20 to 30 volts depending upon the maneu- 
ver. An intermediate-voltage regulator 
was designed using a series of extremely 
fast-acting relays to supply a primary 
power source of 22 plus or minus 0.5 
volt direct current for the air-borne 
regulated power supply. Space will per- 
mit only a brief description of the air- 
borne regulated power supply, shown 
schematically in Figure 8, and its regula- 
tion characteristics in Figure 9. The 
circuit is a direct-coupled amplifier hav- 
ing a gain of 55 decibels and a negative 
feedback of 44 decibels. The input to 
the amplifier is derived by balancing a 
portion of the output voltage against a 
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Figure 10. Schematic wiring diagram of heterodyne analyzer 


Components Common to All Channels 


Component Description 


Component Description 


Component Description 


Ri*—IRC BT-1 
Re—2,500 ohms, IRC BW-1 
R;s—0.5 megohm, IRC BT-1 
Rs—0.025 megohm, IRC BT-1 
Rs—O.5 megohm, IRC BT-1 
Rs—750 ohms, IRC BW-1 
R:—1,000 ohms, IRC BW-2 
Rs—600 ohms, IRC WW-3 

Ro*—150 ohms, IRC WW-3 

Rio*—150 ohms, IRC WW-3 


Rii—0.03-megohm potentiometer, 


wire wound 

Rix—O.2 megohm, IRC BW-1 
Ris—1,000 ohms, IRC \WW-4 
Riuu—1 megohm, IRC BT-1 
Ris—1,000 ohms, IRC BW-2 
Ris—500 ohms, IRC WW-4 
Riz—0.02 megohm, IRC BT-1 
Ris—1,000 ohms, IRC W/W-4 
Ris—1,000 ohms, IRC W/W-4 


R2—2,000-ohm potentiometer, wire 


Rex—1,000 ohms, IRC BT-1 
Res—O.5 megohm, IRC BT-1 
Res—O.5 megohm, IRC BT-1 
Ros*—IRC BT-1 
Rx—50 ohms, IRC BW-1 
Res—150 ohms, IRC BW-1 
Specifications, Altec TM206 
Th—WE 146F 
Ts—WE 146F 
Ta—WE 151B 
PLi—6.3-v 0.15-amp pilot lamp 
Ple—1/25-w neon lamp 
Git—Variable, Budd 
C:A—Silver mica 
CoBt{—Silver mica 
Cs—0.05 pf, 400 v, paper 
C1—0.01 pf, 300 v, mica 
Cs—0.05 pf, 400 v, paper 
Ce—0.1 pf, 400 v, paper 
C7—25 pf, 50 v, electrolytic 
Cs—O0.1 uf, 400 v, paper 


Cr—0.1 uf, 400 v, paper 
Cix—0.05 pf, 400 v, paper 
Cu—O0.05 uf, 400 v, paper 
Cis—0.05 pf, 400 v, paper 
Cis—0.05 uf, 400 v, paper 
Cis—0.05 pf, 400 v, paper 
Cisx—0.1 pf, 400 v, paper 
Li—0.5 megohm, Delta R. 
L2—20 megohm, Delta R. 
Ls—40 megohm, Delta R. 
LRi—6 w, 120 v, Mazda lamp S-6 
LRo—6 w, 120 v, Mazda lamp S-6 
Vi—6SJ7 
V2—6 V6 
Vs—6SJ7 
Vi—6 V6 
V;s—6H6 
AM—Milliammeter, Simpson 127 
Mi—Varistor, WE D97 428 
Fi—Filter, WE D168 159 
Ji—Jack, Mallory A2A 


wou Co—0.05 pf, 400 v, paper Jo—Jack, Mallory A2A 
Ru—0.02 megohm, IRC WW Cio—0.0005 uf, mica SWi—Toggle switch, double-pole 
Re2—0.01 megohm, IRC BT-1 single-throw 
* Adjust according to test specifications. + See the following table. + As determined by text. 
Channel Frequency, Gi Mex, C2 (Approximate), Ri GA, 
Number Cycles Per Second put Total, upf (Approximate) unl 
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constant d-c potential of 75 volts deter- ibels with no phase reversal. The out- 


mined by the gas-filled tube V3. The 
first stage of amplification makes use of 
one triode section of V; and has a gain of 
30 decibels. The second stage uses both 
sections of V2 to obtain a gain of 30 dec- 
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put of the amplifier is a cathode follower 
stage using vacuum tubes V, to V7 in- 
clusive in parallel. The output stage 
has a loss of approximately six decibels. 
Negative feedback is obtained through 
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the network composed of Ry, Ri, and 
Ry. Resistor Riz is adjustable for setting 
the output voltage to a desired value. 

A cathode-type tube having heater-to- 
cathode insulation for 250 volts was re- 
quired for the output stage of the am- 
plifier; the 6Y6-G tube when used as a 
triode fills the requirements for high 
current-carrying capacity and large plate 
dissipation. Four of these tubes were 
used in parallel. The resistors R; to Ry 
inclusive, in series with the plate leads, 
suppress any high frequency parasitic 
oscillations. 

Power for the vacuum tube heater 
circuits in the oscillator cabinet (seven 
amperes direct current at 19 volts) is ob- 
tained from the 22-volt input through a 
series dropping resistor Rie. The coil L; 
and capacitor C; reduce the dynamotor 
interference in the heater supply. 


Frequency Modulated Transmitter. 


The transmitter was especially de- 
signed to transmit signal frequencies in 
the range of from 10,000 to 50,000 cycles 
and to reduce cross modulation products 
to a value low enough to produce clean 
traces on the recording oscillograph. 
It was purchased from the F. M. Link 
Corporation, New York, and modified by 
the Cornell Aeronautical Laboratory in 
minor respects for the particularly severe 
stability requirements imposed on elec- 
tronic equipment used in aircraft testing. 
The modifications consisted mainly in 
strengthening the frame and component 
supports to reduce the relative move- 
ment of the parts under the high accelera- 
tion forces and the replacement of a few 
elements With others designed for sta- 
bility under the extreme temperature 
ranges encountered. In the course of 
development, adequate tests were per- 
formed to establish the optimum level of 
the composite subcarrier signal. This 
input level must be approximately 0.35 
volt in order to assure a minimum back- 
ground from modulation products during 
the transmission of flight data. 

The transmitter is used with a crystal 
operating on 71.5 megacycles. Its more 
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important characteristics are as follows: 


Power output......-. 50 watts 
Frequency range...... 65 to 72 megacycles 
Frequency deviation.. +150 kilocycles 
Audio response.......#1 decibel 1,000—50,000 
eycles per second (over- 
all; transmitter-receiver) 
Modulation stability. . Within one per cent for pri- 
mary source variation be- 
tween 21.5-22.5 volts 
IM(OUINEING . oi t reeks s Shock mounted on base 
SIZE NNER tee cate eck 161/2 by 81/4 by 77/s inches 
Power required.......7.5 amperes at 28 volts 
direct current 
Output impedance....50—-100 ohms into concentric 
line 
The transmitter is self-contained with 
its dynamotor power supply. Both fila- 
ment and dynamotor currents are ob- 
tained through the remote control box 
which is equipped with separate switches 
and pilot lights for each. A metering 
jack on the front panel permits measuring 
the audio input level. A meter and selec- 
tor switch also are provided on the front 
panel to permit measuring grid currents 
in all necessary stages when making 


adjustments. 


Automatic Frequency Controlled 
Frequency Modulated Receiver 


The frequency modulated receiver 
used was purchased from the F. M. Link 
Corporation, New York, N. Y., and 
modified for automatic frequency control. 
The automatic frequency control feature 
is not required for many applications 
where precise crystal control may be ob- 
tained in the transmitter. However, the 
requirements on the frequency stability 
of the transmitter may be greatly reduced 
if automatic frequency control is used in 
the receiver. (In fact, crystal control of 
the transmitter is not feasible in many 
applications of telemetering for compact 
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= analyzer circuits 


flying bodies.) The output circuit has 
been modified to furnish a suitable sub- 
carrier signal level to the heterodyne 
analyzer circuits. 

The receiver may be adjusted manually 
over the approximate range of 66 to 74 
megacycles and automatically over the 
range of plus or minus 0.5 megacycle 
from the manual setting. It has been 
designed especially to receive signal 
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Heterodyne Analyzer 


The composite signal which appears at 
the output of the frequency modulated 
radio receiver is analyzed, or separated 
into its 14 separate components, by means 
of a heterodyne analyzer system of 14 
similar units, one for each subcarrier 
channel. The principal parts of each 
unit shown in Figure 10 are 


1. A copper-oxide ring modulator. 


2. A vacuum tube oscillator to provide the 
best frequency for the subcarrier. 


3. A crystal filter for selecting the modu- 
lated signal on that subcarrier frequency. 


4. An amplifier and detector combination 
for each channel, the output of which is 
applied to its assigned recording-oscillograph 
galvanometer. 


An adjustable amount of regulated di- 
rect current is added to the signal as 
galvanometer bias to compensate for 
that portion of the detected current 
which represents the signal level of the 
subcarrier in the absence of strain on the 
gage at the transmitter. A milliammeter 
in series with the output gives visual in- 
dication of the signal level. 

The block schematic shown in Figure 11 
will serve to present the general plan of 
the analyzer. The 14 modulated sub- 
carriers appear on the primary winding of 
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Figure 12. Crystal 


filter characteristic cae! Ee eS 


frequencies in the range of 10,000 to 
50,000 cycles with sufficient fidelity of 
reproduction, holding cross modulation 
products to a value low enough to permit 
the recording of clean traces on the re- 
cording oscillograph paper. 

The more important characteristics of 
the modified receiver are 


Frequency range...... 65 to 72 megacycles 
Type of signal........ Frequency modulated +150 
kilocycles maximum de- 
viation 
+1 decibel, 10,000—50,000 
cycles per second (over- 
: all; transmitter-receiver) 
Output stability...... Within one per cent for pri- 
mary source variation be- 
tween 24-28 volts 


Audio response....... 


Power required....... 3 amperes at 28 volts direct 
current 

Output impedance....100 ohms 

Output power........ 1/2 watt maximum 
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the transformers, 7;. It was considered 
advisable to use identical crystal filters 
for each channel because procurement 
was simplified and also because changes 
in subcarrier frequencies were facilitated 
when desirable. Frequencies for the 14 
local oscillators then were chosen to 
permit the desired side band to pass 
through the filters as shown. For ex- 
ample, the local oscillator frequency of 
F, is chosen of the value 102.833 kilocycles 
to apply to demodulator M;. The sub- 
carrier T, of frequency 10.833 kilocycles 
then combines with F, to produce a 
difference frequency of 92.000 kilocycles 
which passes through the crystal filter. 
It will be noticed that the attenuation 
characteristic shown in the insert of 
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(6) 
SOLA VOLTAGE REGULATOR 


Figure 12 has a pass band flat to within 
plus or minus 0.1 decibel over a fre- 
quency range of at least 200 cycles per 
second. The operator of the receiving 
station readily can adjust the oscillators 
to attain uniform attenuation and phase 
transmission of all frequencies repre- 
sented in the modulation of the air-borne 
subcarrier oscillators produced by the 
instruments from which data are de- 
sired. 

Each modulator unit, shown in Figures 
10 and 11, consists of four copper-oxide 
rectifier elements arranged in a lattice 
structure. The input signal is applied 
through a transformer from the 1-ohm 
impedance in the output of the frequency 
modulated receiver. It is therefore at- 
tenuated sufficiently in passing through 
the input resistor Rs of 600 ohms and the 
primary impedance of the transformer 
T2, which is also 600 ohms, to prevent ap- 
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preciable crosstalk from the modulator 
in a specified channel to the other an- 
alyzers which are connected in parallel. 
Since the input of each signal channel to 
the modulators is about 50 millivolts 
rms, the composite signal amplitude of 
the 14 channels is about 700 millivolts, 
which is about ten decibels below the 
l-volt output of the oscillators. In- 
crease in the signal level may result in 
overmodulation and increase the noise 
level of the oscillator output. The 
temperature characteristics of the copper- 
oxide rectifiers in the modulators are 
such that temperature regulation beyond 
that provided for the comfort of the 
operators of the mobile receiving station 
is not required. 

Since the voltage level of the crystal 
filter output is low, 2-stage resistance- 
coupled amplifiers are employed in each 
channel as shown. There is sufficient 
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Figure 13. Schematic wiring diagram and 
components of power supply for heterodyne 
analyzer 


— 


Component Description 


Component Description 


Ri—0.05 megohm, 1 w 
R:—0.05 megohm, 1 w 
Rs—0.01 megohm, 10 w 
Rs—0.01 megohm, 2 w 
Rs—10 ohms, 10 w 
Rs—O.02megohm, 25 w 
R:—750 ohms, 25 w 
Rs—50O ohms, 10 w 
Ci—400 uf, 450 v 
Co—400 uf, 450 v 
C3—40 uf, 450 v 
Cs—0.01 yf, 2,000 v 
Cs—O.01 pf, 2,000 v 
Ce—0.1 pf, 600 v 
C7—0.1 uf, 600 v 
Cs—O.005 pf,1,200 v 
Cs—0.02 pf, 1,200 v 
Cio—0.02 uf, 1,200 v 
Cu—0.01 uf, 1,200 v 
Ciz—0.005 pf, 1,200 v 
Cis—0.005 uf, 1,200 v 
lLi—4h choke 
L2—4h choke 
Ls—Radio frequency 
choke, 1 amp (P-1- 
055) 
Li—Radio frequency 
choke, 1 amp (P-1- 
505) 


Ti—Filament transformer, 
Jeffries 1,290 
Tz—Filament transformer, 
Thordarson  T-19F- 
84 
Ts—Power transformer, 
Jeffries 1,288 
Ta—Bias supply 
former, 
P6,010 
Vi—393 A 
V2—393 A 
Vi—5 W4GT-G 
Vi—VR9O 
Vs—VR9O 
Ve—VR105 
Vi—VR150 
Pli—6.3 v, 0.15 amp 
PLz—6.3 v, 0.15 amp 
RL—Time delay relay, 
Hayden 


trans- 
Stancor 


5W —Double-pole single- 


throw switch 
F—15 amp, 4AG 
Fz—15 amp, 4 AG 
Fs—5 amp, 4 AG 
Fs—11 amp, 4AG 
Fs—2 amp, 4 AG 
Fse—5 amp, 4AG 


Adjust time delay of RLi to 50 seconds+10 seconds. 
Connect capacitors Cs, Cio, Cir, Ciz, and Cis as close 
as possible to sockets of Vi and V2. 


variation in the performance of com- 
mercial 6SJ7 tubes to cause considerable 
difference in the crystal filter response 
curve for different volume control set- 
tings in the first amplifier grid circuit. 
By selecting for use only tubes with 
closely similar characteristics, this dif- 
ficulty has been minimized. 

To obtain the envelope containing the 
signal from the 92 kilocycles amplitude 


Figure 14. Exterior view of mobile receiving 
station for radio and television telemetering 
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modulated wave received from the am- 


plifier, a 6H6 diode detector is used in a 
bridge-type half-wave detector circuit 
balanced to reduce the effect of variations 
in filament voltage. The carrier fre- 


quencies present in the rectifier output 
are suppressed by a low-pass filter system 
with an adequate attenuation above 300 
cycles per second. Filters have been 
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designed to reduce the frequency re- 
sponse of the telemetering system to any 
desired value. For example, in studying 
certain types of low frequency flutter, 
higher frequencies sometimes referred to 
as “aerodynamic hash” may be elimi- 


Figure 16. Interior of mobile unit 
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Figure 15. 


nated from the record, thus facilitatin$ 
the analysis of the particular quantity 
under study. 

As mentioned previously, an a-c bias 
is applied in the subcarrier oscillator and 
bridge unit for the purpose of identifying 
the direction or sense of change in strain- 
gauge circuits connected with the air- 
borne radio transmitter. Zero strain is 
represented by a signal of half strength,. 
plus strain by more than half, and minus. 
strain by less than half. To remove the 
effect of this bias at the receiving station, 
a d-c bias obtained from the heterodyne 
analyzer power supply is applied to the 
galvanometers which record the signals 
received from the rectifiers. Since the 
150 volts direct current from the power 
supply is constant within +0.2 per cent, 
the galvanometers can be adjusted ac- 
curately and permanently for zero on the 
scale. The bias current is attenuated so 
that a current of zero to five milliamperes 
is available to balance the detected zero 
level signal. Galvanometer sensitivity 
is such that a 1-inch deflection results 
from about 67 per cent modulation. 


Heterodyne Analyzer Power Supply 


Accuracy and dependability of opera- 
tion of the heterodyne analyzer unit re- 
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quire a high degree of stability in the po- 
tential sources supplying the electronic 
circuits. The heterodyne analyzer sup- 
ply shown in Figure 13 was developed 
and constructed to energize the plate 
and heater circuits of the vacuum tubes 
in the analyzers and to provide a source 
of direct current to bias the galvanometers 
in the recording oscillograph. The com- 
bined heater load of the vacuum tubes is 
27 amperes alternating current at 6.3 
volts. The plate circuits require 1.0 
ampere direct current at 250 volts, con- 
stant to within +1 per cent, while for 
galvanometer bias a current of 0.1 am- 
pere at 150 volts direct current, constant 
‘to +0.2 per cent, is needed. The avail- 
able input potential to the power supply 
is 115 +5 volts alternating current at 60 
+5 cycles per second, derived from the 
generator in the mobile receiving station. 


The regulator circuit uses two type- 
393A thyratrons, V; and Ve, as full-wave 
grid-controlled rectifiers. These tubes 
were selected because of their large cur- 
rent rating, their dependable operation at 
all anticipated temperatures, and their 
positive starting characteristics at tem- 
peratures below freezing. 


By operating the rectifier grids at a 
fixed potential, the output voltage is 
maintained constant within narrow limits 
regardless of variations in input potential 
or load current. The fixed grid potential 
is obtained from three voltage-regulator 
tubes connected in series, Vs, V5, and Ve. 
An auxiliary power supply composed of 
Ts, V3, R3, and C3 provides sufficient po- 
tential to ionize the VR tubes and main- 
tain fairly constant current through them. 

A filter is used to smooth the ripple 
content in the rectifier output. It is 
important to note that the first filter 
choke, Z;, is in the negative lead, thus 
reducing the ripple in the voltage appear- 
ing between the rectifier cathodes and the 
point which fixes their grid potential. 


Mobile Receiving Station 


The mobile receiving station, shown in 
Figures 14, 15, and 16, was designed for 
efficient and reliable use in the field. 
Large savings in cost of flight testing can 
be effected if time can be saved during 
field tests because a large crew is gen- 
erally involved, and flying time is very 
costly. Provisions were made for a 
specially designed 5-kilowatt engine- 
driven generator to furnish both alternat- 
ing and direct current, heating and cool- 
ing units to keep the interior within a 
temperature range of plus or minus ten 
degrees Fahrenheit, complete facilities 
for developing oscillograph paper and 16- 
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Negative Resistance Effects in 


Saturable Reactor Circuits 


J. M. MANLEY 
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Synopsis: Sustained oscillations exhibiting 
many of the properties of free oscillations 
are found in saturable reactor circuits under 
appropriate conditions. The frequencies of 
such oscillations are classified in relation to 
that of the driving source as 


1. Incommensurable. 
2. Subharmonic, and multiples thereof. 
3. Harmonic. 


General properties of the oscillations classi- 
fied are elucidated by reference to an analy- 
sis of R. V. L. Hartley’s, dating back to 
1917. In part I a comparatively simple 
form of analysis is used to demonstrate the 
development of negative resistance by what 
is essentially a modulation process. Appli- 
cations are then made to the three classes 
of oscillations listed. Some of the simplify- 
ing assumptions of part I are removed in 
part II to approximate practical conditions 
more closely for the evaluation of a specific 
product, the third subharmonic. Quantities 
evaluated over wide ranges of the variables 
involved include the impedance of the non- 
linear coil to the subharmonic, the subhar- 
monic amplitude, its stability, and the con- 
ditions required for starting and maintain- 
ing the oscillation. Experimental data are 
found in general agreement with the results 
of computation. 


Part | 


HE GENERATION of subharmonics 

in saturable reactors has had just one 
commercial application! so far as the au- 
thors know—the production of 20-cycle 
telephone ringing current from 60-cycle 
power. Interest in the phenomenon is 
far more widespread than the compara- 
tively small field of application would sug- 
gest however, as subharmonics may be en- 
countered whenever an attempt is made 
to tune circuits which include saturable 
reactors.2, In fact, subharmonics repre- 
sent but one of the several classes of sus- 
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tained oscillations exhibiting similar per- 
formance features which may be gener- 
ated in such circumstances. These classes 
are arranged according to the ratio of the 
oscillation frequency to the frequency 
of the driving a-c source as 


1. Incommensurable. 
2. Subharmonic, and multiples thereof. 
3. Harmonic, both even and odd. 


Their performance features differ 
sharply from those of the more familiar 
coexistent forced oscillations which in- 
clude the fundamental and its odd har- 
monics, assuming the driving source sinu- 
soidal and the nonlinear core unpolarized. 
To list some of these differences, the oscil- 
lations classified can be generated only 
where the impressed electromotive force 
falls within a definite range of amplitudes 
and where the load impedance, too, is lo- 
cated within a restricted region. While 
the amplitude of any of these oscillations 
varies continuously with impressed elec- 
tromotive force or load impedance over 
a certain range, it falls suddenly and ir- 
reversibly to zero when the range is ex- 
ceeded. Thus the voltage of the gener- 
ated oscillation goes to zero when the 
load circuit is opened. 

These oscillations have characteristics 
similar to those of free oscillations in 
vacuum tube circuits, for example, and 
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millimeter film, and means for erecting 
the antennas from within the body. 
Storage space for all instruments, spares, 
and tools for making minor repairs also 
were included. In addition to the radio 
telemetery equipment described in the 
paper, a television telemetering system 
also was developed to transmit 54 slowly 
varying items of data (400 cycles per 
minute). A synchronizing system was 
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developed so that the data recorded from 
both systems could be correlated for a 
given instant of time. 

Many special instruments were de- 
veloped in connection with the telemeter- 
ing project. 


Reference 
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Aero Digest, July 1, 1945, pages 59-64. 
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Figure 1. Circuit used by Heegner for de- 


veloping self-oscillations 


The two nonlinear coils are oppositely poled. 

Resonances are provided at the supply fre- 

quency p/2zx, and at the two oscillation fre- 
quencies (mp—nq)/2m and q/Qr 


have been referred to in the literature as 
free’ and as self-excited* or self oscilla- 
tions. In any one of the three classes, 
however, the frequency is related to that 
of the driving source, a property com- 
monly thought of as an attribute of 
forced oscillations. Since the oscillations 
classified therefore have aspects associ- 
ated with both free and forced oscilla- 
tions, it might be preferable to designate 
them by a term indicative of that fact, 
such as free-forced, combined, composite, 
or quasi-free. Conforming to previous 
usage we shall refer to them as free, keep- 
ing the reservation just noted in mind. 

To provide a physical picture of the 


way in which free oscillations can be gen- 


erated in saturable reactor circuits, as well 
as to exhibit the relationship between the 
three classes of free oscillations, we shall 
use the results of a circuit analysis worked 
out by R. V. L. Hartley® in 1917. For 
this purpose we consider a circuit con- 
sisting of a nonlinear coil in series with 
an external impedance which is assigned 
suitable values at significant frequencies. 
The input is supplied by two a-c genera- 
tors which, for convenient reference, are 
designated carrier and signal, the term 
signal being used arbitrarily for the lower 
of the two input frequencies. With the 
two input currents flowing through the 
coil, a whole series of modulation product 
voltages is generated. The external im- 
pedance then is assumed to permit just 
two of the generated components to flow, 
the impedance being taken as infinite for 
the other products. 

Solution of the circuit equations per- 
mits us to study the effective impedance 
of the nonlinear coil to the signal. It is 
found that the flow of certain products 
introduces a positive resistance, but the 
flow of certain other products introduces a 
negative resistance into the signal path. 
These introduced resistances arise through 
the intermodulation of the several 
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current components flowing through 
the coil. The appearance of a nega- 
tive resistance opens possibilities for the 
existence of free oscillations. For if the 
negative resistance can be made large 
enough to annul the positive circuit resist- 
ance at any frequency, and if the circuit 
reactance can be tuned out at that fre- 
quency, the necessary requirements for 
oscillation are fulfilled. 

Because it is fundamental to the opera- 
tion of magnetic self-oscillating circuits, a 
brief derivation of the negative resistance 
(Hartley) effect will be outlined in its 
simplest form. The results will be com- 


Figure 2. Circuit used by Fallou for frequency 
reduction 


A single resonance is provided for the self- 
oscillation 


Ip cos(@t) ) 


Iq COS(qt +$) 


Figure 3. Circuit used for subharmonic analy- 
sis with resonances provided at input and sub- 
harmonic frequencies 


All other current components suppressed 


pared with corresponding modulation ef- 
fects in nonlinear resistance circuits. Ap- 
plications then follow to explain how the 
three groups of free oscillations can be 
made to arise. Following this general dis- 
cussion in part I, the production of a typi- 


cal subharmonic will be treated quanti- 
tatively in part II. 


The Hartley Effect 


Perhaps the simplest equation we can 
use to exhibit the relation between flux 
density and magnetizing force in the satu- 
rable reactor is 


B=aH+a',H3 (1) 


This relation exhibits saturation when the 
nonlinear term is negative, and when the 
maximum excursion of the magnetizing 
force is limited to regions in which the 
slope of equation 1 is positive. With the 
magnetizing current and magnetizing 
force linearly related, the voltage devel- 
oped across the coil may be written 


v=KB=Ki(a,+a37?) (2) 


The coil is connected in series with a 
linear impedance and with two independ- 
ent sine wave generators, their frequencies 
being p/2m and q/2m, the carrier and sig- 
nal, respectively. Because of the non- 
linearity exhibited by equation 2, new 
frequencies are generated—in general 
there are many such components. The 
frequency of any component may be ex- 
pressed as (mp+ngq)/2m, m and n being 
integers. Its order is the sum of absolute 
values of the frequency coefficients m + 
n. This sum will be restricted to odd in- 
tegers since equation 1 is an odd function 
and the core is unpolarized. For present 
purposes there are two nonlinear compo- 
nents in which we are interested prima- 
rily. These are the two third-order* side 
frequencies (pb+2q)/27. To reduce the 
work to its essentials, we assume networks. 
connected in circuit which permit the 
flow of just the four components—two im- 
pressed by external sources and two gen- 


* Two other third-order side frequencies (m=2 
n=1) are included in the products which meet a 
high circuit impedance and are therefore assumed 
to produce negligibly small current flow. 


Figure 4. Plot of the 


equation 


B=(2M/r) tan—(H/a) 


with a as parameter 


This parameter is 


equal to the magne- 


tizing force at which 


the flux density 


reaches half its satu- 
ration value M 
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Figure 5. Here a two-component wave of magnetizing force. 
H=P cos 3 qt+Q cos (qt+6/3) is assumed to act on the magnetic for 


characteristic (a =0) illustrated in Figure 4 


The inductive coil voltage component of frequency q/2m is plotted 
as a function of k=Q/P for several values of 6; b,\(0)=bi(—6) 


erated by nonlinearity. Accordingly 


t=Iy cos pt+Iq cos gi+I+ cos [(p+2¢)t+ 
6+]+I_ cos [(p—2g)t+0_] (3) 


Here the phase angles 01 permit neces- 
sary phase displacements with respect to 
the input waves. 

The circuit equation may be expressed 
as 


Ley =ZyZy'itv (4) 


where the subscript y is used to indicate 
values effective to a particular component 
p, q, or p+2q in the present case. Le, 
refers to the externally impressed electro- 
motive forces, v refers as before to the 
voltage components across the nonlinear 
coil given by equation 2, and Z,,/7 refers 
to the potential drops across the linear 
impedance. 

Putting equation 3 in equations 2 and 
4, we arrive at an equation for each of the 
four current components. Taking the 
carrier substantially greater in amplitude 
than the other components, only simple 
linear operations are encountered from 
this point on, so that the results may be 
expressed concisely in the notation of 
complex algebra. Thus for the two side- 
frequencies, equation 4 becomes 

\ (5) 


Here ¢, represents the phase angle of 
Z, the total circuit impedance to the 
component indicated by the subscript, 
and «x includes the nonlinear coefficient 


O=Z4 14 FOF 9+) 4 7(p429) KIpl? 
0=Z_I_&8-+?-) 4 j(p—29) KIplg? 
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Figure 6. The resis- 
tive coil voltage 
component of fre- 
quency q/27 shown 
here was obtained 
the conditions 
specified in Figure 5 


ai(0) = =H), 
a1=O for 6=0, x 


and other coil constants. If again to 
simplify matters we assume the side fre- 
quency impedances to be purely resis- 
tive—reactances tuned out—then the ¢’s 
are zero, and the side frequency ampli- 
tudes and phase angles are 


6. =0- = —7/2 
age KI pI g? 
ee KI pI g? 
I= (p29) 2 


These relations permit evaluation of the 
impedance reaction into the fundamental 
or input paths. For the lower of the two 
impressed frequencies, after substituting 
equation 6 in equations 3 and 4, and again 
assuming reactances tuned out, 


Eq=Rglq + q4xIpIg(Is —I-) (7) 
Similarly for the higher input frequency, 
Ep=RoIp + prIg?(Iy —I-) (8) 


From equation 7 it is apparent that in the 
signal path the upper side-frequency in- 
troduces a positive resistance, whereas the 
lower side-frequency introduces a nega- 
tive resistance. In the carrier path as 
given by equation 8, each side-frequency 
introduces a positive resistance. t 


Extensions of the Analysis 


The same general result holds for other 
products. For example, the other third 
order side frequencies 2p+g and 2p—q 
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produce positive and negative resistance 
effects in much the same way as the com- 
ponents p+2q and p—2gq, respectively. 
Since the same type of result is found with 
side frequencies of any order,* the state- 
ment following equation 8 can be gener- 
alized as follows: 


The flow of a lower side-frequency of any 
order introduces negative resistance into 
the signal path and positive resistance into 
the carrier path; the flow of upper side- 
frequency of any order introduces positive 
resistance into both paths. 


Inasmuch as the term negative resist- 
ance is used to describe a source of energy, 
another way to express this result is to 
say that the flow of lower side-frequency 
in a magnetic modulator circuit causes 
energy to be abstracted from the carrier 
and delivered to the signal; flow of upper 
side-frequency abstracts energy from 
both inputs. Taking into account the 
transfer of energy from one path to an- 
other, it is a straightforward matter to 
show that energy is conserved. 

For subsequent use we can generalize 
the quantitative results of equations 6 and 
7 to fit any order of modulation. Confin- 
ing attention to the lower side-frequency 
throughout, equation 6 shows the ampli- 
tude of the third order product (p—2q) 
to be proportional to J,J,?._ The product 
of order m+n 


s=mp—ng 


has an amplitude J_ proportional to 
I,"I,”, the conclusion following directly 
from a power series expansion. Equation 
7 includes a gq voltage component pro- 
duced by the modulation of the third or- 
der product (P—2g) with the two funda- 
mentals to form the product 


|(b-29) -—p+4|=¢ 
This is again a third order process, in- 
ES RG 


f Analogous effects appear in variable capacitor 
circuits. 67 


* Hartley’s original analysis dealt with second order 
side-frequencies, the nonlinear core being polarized. 
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Figure 7. The induc- 
tive coil voltage com- 


ponent of frequency 
q/2mx corresponds to 
the condition of Fig- 
ure 5 except that here 


r=a/P=0.2, 


b,(9) =e 6, —6) 


volving three components this time, the 
amplitude of the reaction term being pro- 
portional to (J,J,”)(,)(Z,). In general, 
to get the required g reaction from a modu- 
lation involving s, we have to subtract 
s—q, or 


| (mp—ng) —mp+(n—1)q|=¢ 


The amplitude of this product, following 
the rule previously set forth, is propor- 
tional to 


(I) Ip)" (Ia) * 


The order of this process is given by the 
sum of the exponents, 1, m, n—1, orm-+n. 


Comparison of Nonlinear Reactive 
and Resistive Circuits 


It is interesting to compare these results 
with analogous ones found in nonlinear 
resistance circuits such as diode and 
copper oxide modulators. Carrying out 
the work in much the same way as for 
the nonlinear inductance, it is found,*® 
that both side-frequencies introduce nega- 
tive resistance terms into the signal path. 
Sustained free oscillations never are 
observed in these circuits, nor are they 
observed in any circuit in which the slope 
of the current-voltage characteristic of 
the nonlinear resistance is always positive. 
Evidently this differs from the findings of 
the nonlinear reactance case, and the 
reason can be stated simply. In the non- 
linear reactance case, the negative resist- 
ance is produced by a reactance variation ; 
positive resistance components resulting 
from losses are incidental and compara- 
tively small so that the total circuit re- 
sistance can be made negative. Further, 
the average reactance can be tuned out. 
In the other case of a resistance variation, 
the introduced negative resistance is al- 
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ways less than the positive resistance 
component in any passive element.*” 
Thus the resistance of the nonlinear ele- 
ment itself is always positive, that of the 
external circuit adds to it, and the total 
circuit resistance remains positive. 


Free Oscillations 


Having established the factors control- 
ling the generation of negative resistance, 
the next step is to consider applications to 
some of the consequent oscillation phe- 
nomena. First it will be desirable to pre- 
vent the flow of the upper side-frequency 
in order to have as large a negative resist- 
ance as possible. Thus we now are con- 
sidering the current to have just three 
sinusoidal components in response to the 
carrier and signal sources. If the external 
resistance to the side-frequency is now re- 
duced from a large value, the total signal 
circuit resistance approaches zero. 

When this point is reached at a particu- 
lar value of signal amplitude, the ex- 
ternal signal source can be removed!? 
and the three components will continue 
to flow if the circuit reactance is tuned 


out. Thus, two frequencies are being 
generated, incommensurable in general 
with that of the carrier source, the oscilla- 
tions being of class 1. If, however, the 
tuning is set so as to make g and p com- 
mensurable, the oscillations are of class 2 
or of class 3. An interesting point to be 
noted here is that even harmonics and 
subharmonics are generated by a purely 
odd order process,!! no external polariza- 
tion being used. Another point is that 
we may regard the g component as the 
lower side-frequency in the modulation of 
pand s, and, similarly, s may be regarded 
as a lower side-frequency in the modula- 
tion of pand q; hence negative resistances 
are developed in both g and s paths. It 
should be remarked that no precise ad- 
justment of the reactances is necessary as 
the circuit is self-adjusting to a certain 
extent, with the coil impedance depend- 
ing upon current amplitudes and phases. 

It is possible to have negative resist- 
ance and oscillation in a circuit in which 
only two components flow. The process 
is the same as that outlined previously 
when we consider that here the signal and 
side-frequency components have merged 
to produce an oscillation of class 2 or class 
3. Explicitly 


mp—ng= +4 
or 
qg=mp/(n+1) (9) 


Whether free oscillations in any case 
start from rest or from a finite threshold 
amplitude can be determined by inspect- 
ing the negative resistance term for the g 
component. This term from the foregoing 
discussion involves the signal amplitude 
in the form J,”~!, Evidently there is just 
one positive integral value of 1 (unity) 
which makes this term independent of I, 
and which in turn permits oscillations to 
start from zero amplitude. Otherwise, 
with the negative resistance depending 
upon some positive power of the ampli- 
tude, a threshold always will exist below 


Figure 8. The resistive 
coil voltage compo- 
nent of frequency 
q/27 plotted here is a 
companion piece to 
the inductive compo- 
nent of Figure 7 


ai(— 8) = — ai(4), 
ai1=O for 0=0,7  =5 


“4 
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NONLINEAR COIL REACTANCE TO 


37Xo 


Figure 9. For comparative purposes the re- 

sistance of a nonlinear coil at the frequency 

q/2x has been computed for three values of 
r=a/P 


The quantity Xo, in terms of which the resistance 
is expressed, is the coil reactance to the q 
component when Q is small 
Rq=Xdra1/k =0 for 0=0, r 


which the total circuit resistance is posi- 
tive so that free oscillations cannot be 
sustained. Applying this conclusion to 
the case of merged components, we have 
from equation 9 that g=mp/2. As m+n 
is odd and u is unity, m must be an even 
number. Thus only class 3 oscillations 
are self-starting where only a single free 
oscillation flows. But where two individ- 
ual free oscillations flow, only those os- 
cillations of classes 1 and 2 are self- 
starting which have the angular velocities 
mp—gq and gq. 

A vacuum tube circuit yielding results 
corresponding to equation 9 is the regener- 
ative (resistance) modulator.!2. In that 
circuit the gain around the feed-back loop 
must equal unity, and the phase shift 
around the loop must be zero for steady- 
state oscillation to exist. Further, a prod- 
uct of modulating the feed-back current 
with the input must coincide in frequency 
with that of the feed-back current. Here 
the input frequency corresponds to the 
carrier and the feedback to the signal. 
With a passive resistance modulator, an 
amplifier must be included in the feed- 
back loop to make the equivalent nega- 
tive resistance big enough. 


Applications to Circuits 


Specific circuit arrangements used to 
develop free oscillations can be inter- 
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(0) 45 


preted inthe light of the preceding analysis. 

A saturable reactor circuit used by 
Heegner*’! is shown in Figure 1. There 
two distinct nonlinear coils are provided, 
but the two may be combined in a single 
somewhat more complex magnetic struc- 
ture. The use of two nonlinear coils in a 
balanced circuit permits an easy separa- 
tion of components. In this arrangement 
the primary circuit may be tuned to the 
input frequency. If one of the secondary 
meshes is tuned to q, the other is tuned to 
mp—ng. With the cores unpolarized, 
m-+n is restricted to odd integers. The 
balanced coil connection requires m to be 
even, and so m must be odd. Since, gen- 
erally speaking, p and g are incommensur- 
able, the oscillations are of class 1. 

Another circuit used by Heegner for 
developing harmonics utilizes just one 
secondary circuit instead of the two fore- 
going. This corresponds to merged oscil- 
lations in which equation 9 holds. Re- 
stricting » to unity yields oscillations of 
class 3. Allowing to take higher odd 
integral values yields, in addition, oscil- 
lations of class 2. 

The simple circuit used by Fallou?:!4 
for frequency reduction is shown in Figure 
2. Here again we have a case of merged 
oscillations and the same relation exists 
in equation 9 as in Heegner’s circuit, ex- 
cept that no limitation is imposed upon 
m or n individually. As a consequence, a 
lower order of modulation is required of 
Fallou’s circuit for odd subharmonics. 
As used by Fallou, oscillations of class 2 
are involved but those of class 3 can be 
made to appear as well. 


Wave Forms and Wave Components 


Our discussion up to this point and 
indeed throughout the paper, is based 


90 135 180 jfel'a; 270 315 360 
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Figure 10. Computed coil reactance to the 

lower of two impressed frequencies of ratio 

1/3, plotted in terms of the phase angle be- 
tween the two components 


The parameter is the ratio of the two compo- 
nent amplitudes. The magnetic characteristic 
for a zero is used here, and the family of 
curves shown corresponds to the amplitude 
specified for the higher frequency component 
H=P cos pt+Q cos (qt+6@/3) 
p/2r7=12 kc, q/2r=4 ke 
P=0.96 oersted 


upon the resolution of waves into their 
Fourier components. This approach is 
particularly useful where only a few com- 
ponents have to be considered. A differ- 
ent approach, valuable in tracing the 
minutiae of the starting process, for ex- 
ample, or in dealing with large numbers 
of components, considers wave forms! 
rather than their components.* In this 
procedure general principles such as 
those previously discussed are not dis- 
cernible, and the analysis is limited to 
computation of specific numerical cases. 
The computations are necessarily lengthy 
as in each case a large number of cycles. 
must be covered to indicate whether or 
not the oscillation reaches a steady state. 
When the numbers initially selected result 
in an oscillation close to the boundary be- 
tween stable and unstable states, and es- 
pecially when errors of computations are 
cumulative, the work is practically inter- 
minable. The use of mechanical aids is 
particularly valuable here. It may be re- 
marked that the great bulk of the litera- 
ture dealing with wave forms in circuits 
of the type under discussion is devoted to 
experimental studes.?15 


* Investigation of this method was carried out by 
L, W. Hussey and S. O. Rice of these laboratories in 
1935. 
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Part Il 


The analysis of part I has been designed 
to present the most important effects in 
comparatively simple form. Conclusions 
drawn from this simplified analysis can- 
not be applied quantitatively to practical 
cases. Two outstanding reasons are that 
the B—H relation in ferromagnetic mate- 
rials is not accurately represented by the 
simple cubic, and that, in general, the sig- 
nificant generated currents are not small 
compared to those impressed. 

Accordingly, we proceed to set up a situ- 
ation more closely approximating practi- 
cal conditions which can be analyzed 
quantitatively.t To facilitate analysis 
the circuit of Figure 3 is adopted which 
requires consideration of just two current 
components, one impressed and the other 
generated. The generated component, 
typical of class 2, is a subharmonic one- 
third the impressed frequency. After the 
circuit equations are set up in general 
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form, a specific form is introduced for the 
B-H relation. The complexity of the re- 
sulting equations makes analytical solu- 
tion impossible except for limiting cases, 
and most of the evaluation is graphical. 
The conclusions are subjected to test in 
several directions. First the impedance 
of the nonlinear coil with the two har- 
monically related frequencies impressed is 
derived and compared with the results of 
bridge measurements. Next the self os- 
cillation amplitudes are computed for a 
variety of circuit conditions and input 
amplitudes, and compared with meas- 
ured values. Finally the stability of the 
oscillations and the conditions required to 
start them are similarly checked. 


Equations for 
Two-Frequency Magnetization 


In this section relations generally valid 
for two-frequency magnetization are set 
up under the restrictions previously noted 


Figure 12 (below). 
Bridge setup for 
measuring the im- 
pedance compo- 
nents of a nonlinear 
coil to the lower of 
two impressed fre- 
quencies of ratio 1/3 


A phase __ shifter 
serves to vary the 
phase angle between 
the two input cur- 
rents 
Auxiliary tuned cir- 
cuits ere used to re- 
duce all other cur- 
rent components to 
a value at least 20 
db down on the in- 
put currents. Pre- 
liminary balance is 


U4 ices 
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obtained with switch 
S closed 


Figure 11. Computed coil resistance to the 

lower of two input frequencies of ratio 

1/3, plotted in terms of the phase angle be- 
tween the two components 


This is a companion piece to Figure 10 
P=0.96 oersted 
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to provide the basis for an analysis of the 
third subharmonic case. Expressions for 
the impedance of the nonlinear coil are 
formulated in terms of Fourier coeffi- 
cients for the flux density, followed by cir- 
cuit equations for the oscillation in terms 
of the same coefficients. The circuit equa- 
tions permit the oscillation amplitude 
and phase to vary with time so that sta- 
bility and starting conditions may be 
studied. 

The magnetizing force acting on the 
nonlinear core is accordingly 


H=P cos pt+Q cos (gt+¢) 


ad 
=P cos But+Q cos (cut =) (10) 
where a and @ are integers and a/8=q/p 
represents the frequency ratio expressed 
in its lowest terms. 

The flux density now can be expressed 
as a Fourier series having w/27 for funda- 
mental frequency. Factoring out the 
saturation value M of the flux density, 


B(H) =MQ) [an sin n(wt+0/8)+ 


by cos n(wt+0/8)] (11) 


n=1 


The voltage across the coil has a com- 
ponent of frequency g/27 equal to 


cone] 
dt |, 


=qMK 


nea(oe) a (0) 
Qe COS —— |) Oa7sns rex 
g B s q B 


and the corresponding g component of 
current is 


ig=(Q/) cos (+2) 


where aw=g, K=NA 107°, T=0.4 N/d, 


+ Preliminary work along these lines was done by 
S. O. Rice in 1934. 


arte. 
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and JN is the number of conductor turns 
around the toroidal core of diameter d. 
From these the impedance of the coil to 
the g component is defined 


Z(H) = = 
qd 
be oak +56 
Ome O 
= Rt ii, (12) 


Defining 0/P= k, we have 


X de 
Te ere (13) 


Oe 
Ceeih 
where 
Xo=qLlyqo 
=Lim (X,) 
Q—>0 
_qMKY 
sae 


(14) 


and A is specified later in terms of a spe- 
cific B—H relation. Thus the impedance 
components of the saturable coil are ex- 
pressed in terms of Lo, its inductance to 
a small signal amplitude in the presence 
of a comparatively large carrier. 

Now consider the oscillation g to exist 
when just one external generator of 
frequency p/2m is connected. Referring 
to Figure 3, the differential equation for 
the right-hand mesh, to which the free os- 
cillation is confined, is 


ries | 4 
aaa —| B(H)| = 
RS+L are Lf sara! B( |. 0 
(15) 


where SS is the magnetizing force of the os- 


Figure 14. Measured 


coil resistance at 4 kc 
with 12 kc super- 
posed, as function of 


320 
the phase angle be- S 
tween the two com- 2 
ponents ee 
Amplitude ratio of the cee 
two components is the 5 
parameter. This is a eg 
companion piece to 200 
Figure 13 
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cillation. Three questions are to be con- 
sidered: 


1. What are the circumstances for which 
the steady oscillation 


S=Q cos (a+) (16) 


is a solution? 

2. Is the solution stable? 

3. What conditions must be satisfied to 
start the oscillation? 


Figure 13. Measured 
coil reactance at 4 kc 
with 12 ke super- 


posed, as function of 
the phase angle be- 
tween the two com- 


NONLINEAR COIL REACTANCE TO 


ponents 


Amplitude ratio of the 


4 KC COMPONENT Xq (OHMS) MEASURED 


(e) 40 80 120 160 200 
© — DEGREES 
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two components is the 
parameter 
P=0.96 oersted 
H=Pcospt+ 
Q cos (qt+6/3) 
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We can get at the stability of a solution 
by finding whether small changes in its 
amplitude and phase will build up or die 
away in the course of time after the cause 
of the changes has been removed. For 
the question of starting, it is an initial 
rather than a normal steady-state value 
which provides the starting point. Hence 
for these investigations, Q and @ must be 
considered as functions of time. It will 
be assumed that the amplitude and phase 
vary slowly compared with cos gt. Thus. 
dQ dé : 
ae PQ and a /q are small so that higher 
order derivatives and products of deriva- 
tives can be neglected. It may be seen 
later that this assumption is consistent 
with the results. Equations 16, 11, and 
14 are inserted into equation 15 and the 
term f (S/C) dt is changed into an expres- 
sion involving derivatives through two 
successive integrations by parts. Then 
equating coefficients of sine and cosine 
terms separately to zero, we obtain the 
two differential equations 

AX Wa dd X, dk 
RR+)X data Baha ag apt 


AXo/ Iba dk a do 
q (> di! 06 #)=0 Cw 


AIEE TRANSACTIONS. 


O12 ILO:7 O14" (0.51 Or6m OL7100.8 
R/Xo 

Figure 15. Computed map of external im- 

pedance region within which the one-third 
subharmonic can be generated 


For any particular ratio of subharmonic to in- 

put amplitude indicated by the parametric 

numbers, two solutions are found represented 

by the two branches which join at the bound- 

ary. The branch heavily lined represents stable 

states, the dashed branch represents unstable 
ones; r=O 


AXoba dO ak__ db 

Xk+AAX obe — = + — X= 

+rAX bata Bondi Bg at 
MK of 20a db | 20 d0 

Cine | Obsdt 


Here R and X =qL—1/gC represent the 
resistance and reactance of the external 
circuit and X,=gL+1/gC. Equations 17 
are simultaneous first order differential 
equations in Q and @ because higher order 
derivatives and products of derivatives 
are negligibly small under the conditions 
mentioned before. Although we are not 
able to solve these nonlinear equations 
completely we can extract from them 
enough information for our needs. 
Steady-state solutions are those for 
which amplitude and phase remain in- 
variable with time so that dk/dt and d6/dt 
are zero in equation 17. They are to be 
considered in the next section before tak- 
ing up stability and starting considera- 
tions which require the full equations. 


=0 


Fourier Coefficients for 
the Third Subharmonic 


We now proceed to calculate the Four- 
ier coefficients b, and a, required in the 
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foregoing equation from a particular form 
of B-H characteristic. The impedance 
of the saturating coil and the conditions 
for oscillation then may be determined. 
As our attention is to be centered upon 
the third subharmonic representative of 
class 2 oscillations, we have a=1 and p=3 
in equations 10 to 17. 

A satisfactory approximation to the 
form of the B—H relation on each branch 
of a symmetrical hysteresis loop is given 
by 


2M H 
BA) = tana = 
vg a 


(18) 
M being the saturation value of flux den- 
sity and aa scale factor for the magnetiz- 
ing force.* This relation is shown in Fig- 
ure 4 with a@ as parameter. It may be 
noted that in the limit for a@ zero, 
the assumed B-H relation approximates 
an ideal limiter. An approximation 
sufficiently close for our purposes is to 
use the same single-valued B—H charac- 
teristic for both branches of the hys- 
teresis loop, provided that a supple- 
mentary resistance is included in the os- 
cillation circuit to account for hysteresis 
and eddy losses. This resistance will be 
treated conveniently as part of the exter- 
nal circuit. 

The coefficients a; and 0}; of the Fourier 
series for B(H) are expressed by the usual 
definite integrals.** When k<1, analyti- 
cal expressions can be derived for the co- 
efficients. These are 


Prag 12 k cos @ 
Deal See i | 


ate Nae, | k sin 6 | 
VA i HOLE es (19) 
where r=a/P, and k<1. When k is not 
restricted, the values of b; and a, for the 
one-third subharmonic are obtained di- 
rectly from the definite integrals by com- 
puting and plotting values of the inte- 
grand as a function of gt for several] values 
of k and 6, and then planimetering the 
resulting curves. When a or 1 is zero, the 
arc tangent characteristic takes the form 
of a step function changing between —M 
and +M at zero magnetizing force. In 
this case the integrals for a, and }; are 
computed easily after the values of gt 
are found for which the magnetizing wave 
H in equation 10 becomes zero.t 

Values of a, and b; computed in this 
way are shown in Figures 5, 6, 7, and 8 
for two values of r, namely zero and two- 
tenths, respectively. For accuracy we 


* Incidentally, a is a function of frequency when 
eddy currents are appreciable. 


** See Appendix I, equation 31. 
t Appendix I. 
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need to consider an extended range of val- 
ues of r as the input amplitude P changes. 
This would involve much labor. The ex- 
perimental work to be described later 
centers about a value of r in the neighbor- 
hood of 0.05. Examination of significant 
quantities in this region indicates their 
rate of variation with 7 to be fairly small 
however. This permits us to base our 
work for the most part on the limiting 
case of r zero, although on occasion ef- 
fects introduced by other values of 7 will 
be brought in. Further evidence on the 
consequence of varying is given in Figure 
9, which shows how the derived values 
R,/ Xo of equation 13 vary as a function of 
k, with r and @ as parameters. Three 
values of 7 are included: 0, 0.05, and 0.2. 

In carrying through the work for r=0 
as outlined in the appendix, it was found 
possible to obtain equations for a; and }; 
at the salient points of the curves shown 
in Figures 5 and 6 


if 
dim = re OLE Ie 
GA k<3 (20) 


1 
bm =—(b?+8) 
wk 


A plot of dy» is shown dotted in Figure 6. 
This is the locus of maximum values of a; 
valid for & less than +/5. For larger val- 
ues of k, maximum values of a; are repre- 
sented by the dashed line of the figure for 
which 


diy = —4/ak 
4 k?—1 
by = E—” (21) 


Equations 20 and 21 will be found useful 
in establishing the boundary between 
stable and unstable states. 


6/20-16 


@ TG “OA Os) Ox) aOR OG Gr 
R/Xo 
Figure 16. Sections of the map in Figure 15 
taken normal to the X-axis 


The ratio of subharmonic to input current 

amplitudes is plotted as a function of the ex- 

ternal resistance, with external reactance as 
parameter 


Heavy lines represent stable states, dashed 
lines represent unstable ones 
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Coil Impedance to 
the Oscillation 


In this section the values of b; and ay 
just found are used to evaluate the resist- 
ance and reactance of the coil effective at 
the signal frequency. The results will 
be compared with corresponding meas- 
ured values to provide an estimate of the 
validity of the approximations used up to 
this point. 

The small signal values of b; given by 
equation 19 may be used to evaluate A in 
equation 14 


A=oV itr (22) 
This is nearly independent of the funda- 
mental input P so long as P?>a*. Thus 
the effective inductance to a small signal, 


by equation 14,* is inversely proportional 
to the carrier amplitude 


9 eR 
O° PrV/T+r 


<— STABLE BRANCH 


R/X, 


1.0 
UNSTABLE BRANCH 


Figure 17. Amplitude curve for a typical 

class 3 product showing unstable branch lying 

along the X-axis so that at any external resist- 

ance less than the critical, the oscillation can 

start from rest and grow until it reaches the 
stable branch 


Figure 18. Experimental setup for subhar- 
monic production with resonances provided in 
input and subharmonic paths 


Trap circuits are included to keep the input 
frequency out of the subharmonic path as well 
as to suppress unwanted components 
S is a starting switch 
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From the curves of Figures 5 and 6 we 
may compute the resistance and react- 
ance components given by equation 13. 
These are plotted in Figures 10 and 11 in 
terms of the phase angle 0 between the 
two components. 

It appears that the effective resistance 
is negative when the phase angle lies in 
the first and second quadrants. Inspec- 
tion of the curves, as well as of the limit- 
ing analytic forms, shows that R, is zero 
for any order of subharmonic when the 
oscillation amplitude vanishes, and this 
is the case for merged oscillations of class 
1 or class 2. 


Comparison of Calculated and 
Measured Coil Impedances 


Bridge measurements of the impedance 
components (R,, Xz) of asaturable coil** 
were made for comparison with the values 
calculated previously. Two magnetizing 
components were supplied by two external 
generators which were derived from a 
single source so that the input frequencies 
of 4 ke and 12 ke were accurately in the 
1 to 3 ratio. The 12-ke source, corre- 
sponding to the 3g component, was intro- 
duced through separating tuned circuits 
into that arm of the bridge which included 
the saturable coil. The 4-kc source, corre- 
sponding to the g component for which 
the bridge was to be balanced, was intro- 
duced at the normal bridge input. Other 
current components through the coil were 
reduced to low values by action of the 
tuned circuits shown in Figure 12. The 
amplitudes of the two components were 
individually adjustable, and the phase 
angle between them was set at will by 
means of a variable phase shifter. The 
results are shown in Figures 13 and 14 
where R, and X, are plotted against 0 
for various values of k. Comparing them 
with the computed values of Figures 10 
and 11 for r zero shows general agreement 
in form. The residual resistance result- 
ing from hysteresis, eddy, and copper 
losses, which may be called Ro, is dis- 
cernible in the experimental curve for k 
small as something in the neighborhood of 
80 ohms. Supplementary calculation of 
the coil loss resulting from hysteresis 
using the arc tangent form for the B—H 
relation and a suitable value for the car- 
rier amplitude yields the value 60 ohms. 

Thus measurements show that under 
certain conditions the saturating coil de- 
velops a negative resistance, which is a 
function of the two magnetizing current 
amplitudes and of the phase angle be- 
tween them. This result and in fact 
the general course of variation of the coil 
impedance can be approximated roughly 
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by the methods of calculation previously 
outlined. 


Steady-State 
Oscillation Amplitudes 


With the general agreement between 
calculated and measured impedances evi- 
denced, we proceed to the determination 
of the steady-state oscillation amplitude. 

As shown previously the steady-state 
conditions for the present case are solu- 
tionst of equation 17, in which a=1, B=3, 
and both dQ/dt and d6/dt are zero 


RR+X da, =0 


<i copes ie 


In these equations R is the external re- 
sistance and X is the external reactance of 
the oscillation circuit as indicated in Fig- 
ure 3. It may be noticed that these equa- 
tions have the same form as those of any 
oscillating circuit in which each impedance 
component to the free oscillation must be 
zero. We want to solve these equations 
simultaneously for the oscillation ampli- 
tude Q in terms of Rand X. This may 
be done graphically by plotting against 
each other the values of R/X, and X/Xo 
satisfying the equations for a particular 
value of Q or k. When this is done in a 
number of cases, there results the family 
of curves shown in Figure 15. Fork<1+/5 
solutions are found in a region bounded 
by the circle 


(R/X0)?-+(X/X0+4/3)? = (2/3)? 
while for k > 1/5 the boundary is given by 


EG) 


Equation 24 is obtained by putting equa- 
tion 20 into equation 23; and equation 25 
similarly by inserting equation 21 in 
equation 23. From equation 24 the larg- 
est value of external resistance R at which 
oscillations can be sustained is 


(24) 


(25) 


* Another relation valid for k small connects Lg 
with Lp, the inductance of the coil to the p com- 
ponent 


e=2[tr-rvite | 


As r approaches zero, the ratio approaches two. 
Note that the inductance ratio is independent of the 
frequency ratio g/p. A similar relation exists be- 
tween the corresponding resistance components of a 
resistance limiter. 


** Coil Data: 


Core material molybdenum permalloy 

Core weight =1 gram 

Tape thickness = 0.6 mil 

Core inside diameter = 1.43 centimeters 

Core outside diameter = 1.63 centimeters 
Cross-sectional core area = 2.4 square millimeters 
Number of turns = 200 


~ One solution of equation 17 is Q =0. 


AIEE ‘TRANSACTIONS 


which requires X =— (4/3)Xo. 
these conditions k= 1.34. 

It may be remarked that as 7 increases, 
the region in which the subharmonic is 
sustained shrinks. For r=0.2, R,/Xo is 
half that for r=zero, and for r=0.05, 
Rn/Xo is eight-tenths that for r=zero. 
The region also shrinks as the subhar- 
monic order increases. Thus for the fifth 
subharmonic and r=zero, R,, is about 
2/5 Xo’, Xo’ being the initial coil reactance 
at the oscillation frequency (1/5)(p/27). 
This amounts to 


2/3 
eX (ax 
x(3 :) 


Substituting into equation 23 the val- 
ues of a; and 0; given in Appendix I, 
equation 34, the heavily lined branches of 
Figure 15 are represented by the family 
of circles 


Under 


(R/X0)?+(X/Xo)?=4/k? (26) 


Inspection of Figure 15 shows that 
there are two possible values of k for each 
pair of values of Rand X. The situation 
may be clarified by taking sections 
through the family of curves, and plot- 
ting k against R/Xo with X/Xo con- 
stant. The double-valued character of 
the solution is shown clearly in Figure 16. 
It will be shown later that points on the 
upper branch (solid line) represent stable 
solutions, while those on the lower branch 
(dashed line) are unstable. In using 
these curves, the coil loss resistance Ryo is 
to be treated as part of the external resist- 
ance R. After further inspection of the 
family of curves of Figure 15 and the 
method of sectioning, it appears that 
the stable solutions of Figure 16 are rep- 
resented by the circles of equation 26. 

The average value of oscillation power 
delivered to the circuit resistance is 


which includes the power lost in the re- 
sidual resistance R,». Of course only those 
values of R/X, and X/X, lying within the 
boundary circles of equations 24 and 25 
permit oscillations to exist so that the 
power equation is valid only within the 
bounded region. For any given value of 
reactance X, the maximum power is ob- 
tained for that value of resistance which 
is at the boundary of the stable region. 
From equation 24 the maximum of these 
limiting powers occurs for X/X)= —0.8 at 
the value 


Wam =Ip*Xo 
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In the case of even harmonics (8=1) a 
wholly similar procedure yields the k ver- 
sus R curve of Figure 17 (solid line). 
There it is found that if the circuit resist- 
ance is less than the critical value 


2r 


Ren = Xe be 


even harmonics can be developed. It is 
interesting to note that the following rela- 
tions are roughly valid: for harmonic os- 
cillations, k <1, and for subharmonic oscil- 
lations, k>1. 


Comparison of Calculated and 
Measured Oscillation Amplitudes 


Oscillation amplitudes observed in the 
circuit of Figure 18 were compared with 
the calculations detailed in the preceding 
section. The nonlinear coil used for the 
impedance measurements was used here. 
Auxiliary tuned circuits were included in 
circuit so that unwanted current com- 
ponents were at least 20 decibels below 
the input current. Figure 19 shows typi- 
cal calculated and measured curves for a 
constant value of fundamental input cur- 
rent and it is seen that the two are com- 
parable. While these results apply to the 
one-third harmonic, they are typical of 
class 2 oscillations in a circuit like that of 
Figure 18. This is borne out by experi- 
mental determinations on higher order 
subharmonics and their multiples, such as 
the products one-fifth, one-seventh, and 
four-fifths the fundamental frequency. 


Stability and Starting 


To investigate the stability of the pre- 
ceding steady-state solutions, a procedure 
ordinarily used in dynamics!’ will be 


24 on i 


20 eRe Sco ae 


a ae = 390” 
pI oretlueiags, oS 
Titman =e 
Soe 


followed. The variables k and @ are given 
values slightly different from the steady- 
state solutions and differential equations 
in these small variations are derived. 
These differential equations then are 
studied to find out whether in the course 
of time the variations die away or build 
up. If they die away so that k and @ re- 
turn to the steady-state values under in- 
vestigation, this steady state is said to 
be stable; if not, it is unstable. In this 
way the desired answers are obtained 
without solving equation 17 explicitly. 

Accordingly, k and @ are displaced from 
their steady-state values k, and @, by 
Ak and Aé@ respectively so that 


k=k,+ Ak 


0=0,+ A0 (27) 


k, and @ being obtained from equation 23, 
that is 


Rks+rX ods = 0) 


XRs +XAX ob1s =0 (23). 


In the neighborhood of the steady state 
values, b; and a; may be expressed as 


db Obs 
b =big + Ak +— AB 
1= 01s 7 Ak A 


Oe eg 


1 
ate == 6 
a =Q13+ Sb Ak+ oF A 


(28) 
Putting equations 23, 27, and 28 into 
equation 17 with a=1, B=3 and neglect- 
ing quantities involving higher powers of 
the variations than the first, two simulta- 
neous differential equations in Ak and 


Figure 19. Comparison of measured and 

computed subharmonic amplitudes as function: 

of external circuit resistance; external circuit: 
reactance as parameter 
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AO are obtained.* These equations are 
linear with constant coefficients with solu- 
tions of the form 


Ak=Ae” 


Ao = Be” (29) 


Upon inserting these assumed solutions 
in the differential equations, we get two 
algebraic equations in A and B, the 
coefficients of which are functions of 
u. In order to obtain solutions other 
than d=B=0, it is necessary that the 
determinant of the coefficients vanish. 
Setting this determinant equal to zero 
yields a quadratic equation in u** 


go? + gut go=0 (30) 


the solution of which determines u in 
equation 29. The quantities A and B 
depend on the initial value of the pertur- 
bation, but since their specific values are 
not needed they will be considered no fur- 
ther. 

The character of the roots u of equation 
30 determines the stability or lack of it in 
the steady state. If both roots are nega- 
tive or have negative real parts, then by 
equation 29 the variations die away and 
the steady state is stable. If either of the 
toots is positive or has a positive real 
part, then the variations will build up 
and the steady state is unstable. To 
investigate the stability of any steady- 
state solution we must first obtain the 
corresponding characteristic equation 30 
and then determine the nature of its roots. 

Consider first the steady-state solutions 
which are represented by the upper 
branches (solid lines) of the curves in 
Figure 16. A study? of quadratic equa- 
tion 30 shows that for all these solutions, 
the three coefficients ge, g1, and g) are posi- 
tive if X,/X)>0.1; thus both roots u are 
negative and this group of steady-state 
solutions is stable. For the lower 
branches (dashed lines) of Figure 16, it is 
found that go is positive and go is negative; 
hence at least one root is positive no 
matter what the sign of g;, and these solu- 
tions are unstable. 

If the oscillation amplitude Q is ini- 
tially zero we have k;=0, which is one of 
the steady-state solutions of equation 23. 
After the conditions accompanying this 
solution are applied to the differential 
equations in Ak and A0,t a first degree 
equation in u is obtained with the result 
that u is negative. Hence a zero initial 
amplitude of oscillation is stable, and the 
oscillation is not self-starting. In fact 


* See Appendix II, equations 35. 
** See Appendix II, equation 36. 


+ See Appendix II. 


¢ For convenience in computation, the phase angle 
6 was transferred to the 3q/ term here. 
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the oscillation will decrease to zero if k is 
initially less than the value on the lower 
branch, and will increase if & is initially 
greater than this value. In both cases 
there is a positive w, but the variations are 
opposite in sign. Another way of express- 
ing these facts is to say that the oscillating 
circuit has a negative resistance for am- 
plitudes between the stable and unstable 
values, and a positive resistance outside 
this range; the oscillation builds up when 
the over-all resistance is negative. A 
study of this resistance when R/X, is 
increased beyond the limiting value (0.65 
for X/X )=—1.2), shows that it is posi- 
tive for all values of k, and so an oscilla- 
tion will die away no matter what the 
initial amplitude may be. These consid- 
erations account for the necessity of pro- 
viding starting means in this circuit. 
The same requirement has been estab- 
lished experimentally by Fallou'4 for his 
single-mesh circuit. 

The limitation X,/X,>0.1 mentioned 
previously is not restrictive as in any 
practical case it is necessary for X,/X) to 
be substantially greater than unity in or- 
der that the oscillation may be sinusoidal 
as assumed in equation 10. From the 
definitions of X, and X, we have 


X1/Xo=2qL/Xo—-X/Xo 


so that X, increases with the series induct- 
ance L. In the experimental work gl = 
2X) approximately, hence Xi/X)=3 
nearly. When X1/Xois of this magnitude, 
the roots u of equation 24 are roughly 
proportional to X,/X;. In particular, if 


X,/X > 3, thenu<0.1 q and thus BS a 
gk dt 


and ; : are small. Therefore the assump- 
tion made before in deriving equations 
17 is justified. 

We conclude that when the tuning in- 
ductance L is large enough as specified 
previously, the upper branches of the solu- 
tions shown in Figure 16 are stable solu- 
tions and the lower branches are unstable. 
To have the oscillation start, it must be 
given an initial amplitude at least as 
large as the value of the corresponding 
unstable branch. If R is increased be- 
yond the point where the two branches 
meet, the oscillation dies away. 

This point was checked by measuring 
the minimum input amplitude necessary 
to start the oscillation. The measurement 


is difficult to make accurately, but the re-_ 


results indicate a starting curve of the 
same form as that depicted by the dashed 
lines of Figure 16, although somewhat 
lower in amplitude than the calculated 
lower branches. 
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For the even harmonic case, a typical 
k versus R curve is found to look like the 
one shown in Figure 17. So long as the 
circuit resistance is less than the critical 
value, any small disturbance will build 
up to the upper (stable) branch as the 
R axis (k=0) corresponds to the lower 
unstable branch. Hence the oscillation is 
self-starting, as found experimentally. 

It may be concluded, therefore, that 
the general picture of oscillating ampli- 
tudes, stabilities, and starting conditions 
is reproducible by the methods of calcula- 
tion employed. 

It should be emphasized that our dis- 
cussion has been confined to the particu- 
lar case in which just one generated cur- 
rent component is permitted to flow. 
When additional products flow, complica- 
tions appear because some introduce 
positive, and others negative resistance 
effects which may cause the circuit per- 
formance to change radically. For ex- 
ample, if with the one-third subharmonic 
flowing a low impedance path is provided 
for its fifth harmonic, the oscillations are 
made self-starting.1® 


Appendix | 


The coefficients a;, b; of the Fourier series 
for B(#) in equation 11 are expressed by the 
usual integrals after inserting equation 10 
in equation 18, that is, 


2 
asker 


2a 
xf a E 3qt+k cos | 
0 r 


X cos (gé+6/3)dqt 


(O's 
2 


lr 
xf ey [* 3gi+k cos ee] 
0 r 


X sin (gt+0/3)dgt (31) 


a 
where r=a/P. By simple transformations 
it may be shown that 


bi(—0) =}; (8) 
a;(—6) = —a,(@) 


Alternatively we could compute and sum 
all the modulation products of frequency 
q/2r. This is equivalent to expanding 
equations 31 in Fourier series in 6. The di- 
rect method is the more desirable because 
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it gives a complete result, whereas the 
second usually requires the summation of a 
large number of terms for a comparable 
result. When k<1 in equation 31, the 
analytical expressions in equation 19 can be 
derived for the coefficients by expanding 
the are tangent function of the integrand in 
a power series in k cos (gt+6/8). 

In computing a; and b, by the direct 
method when 7 =0, we have instead of equa- 
tion 31f 


(32) 


The positive sign is used when H in equation 
10 is positive and the negative sign when H 
is negative. In general, there are three 
values of gf between 0 and w at which 
H=0, designated as 41, yo, and 3. For 
k<ko, ko being a function of @, the positive 
sign is used from 0 to y; and from y to ys, 
and the negative sign from y; to y. and 
from y; to z. Carrying through the indi- 
cated operations, we get 


b,= (4/r) (sin ys+ sin y;— sin 4) 


a= (—4/r) (cos y3+ cos y:— cosy) (33) 


As k approaches ko, y3; and yy» approach each 
other until at k=ko, y3=y. and a, and 0, 
are at the salient points as shown on the 


curves. For k>kp there is only one value 
y, at which H is zero. In this case as at 
k=Ro, 


b, = (4/1) (sin 1) 
a, = (—4/r)(cos 4) (34) 


To facilitate calculation, y:, ye, and y3 were 
computed and curves were plotted as func- 
tions of k and @. 

At the point where y;= yo and the salient 
points of a; and b; appear, we have dk/dy=0 
and dH/dy=0. Expressing this with the 
aid of equation 10 and solving simultane- 
ously with H=0 enables us to get analytical 
expressions for sin y; and cos y; at these 
points and hence the expressions in equa- 
tion 20 for a; and },. 

For values of k>~+/5, these salient points 
are not the maximum values for a. The 
maximum values, a;y in equation 21, were 
found by setting da,/06=0. 
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The two differential equations in Ak and 
A@ mentioned just preceding equation 29 
are 
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Explicitly equation 30 is 


aE Xx, x) 2402) 
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(St ae) x3 of a9 )|> 


pe 


Xo 00 Xo O08 
0b; 0a, 0b; Oa; 
4 —— — ——~* —— ) |= 
(= dk Ok =) pehiee: 


As shown here, stability considerations 
require determination of the signs of g, 
gi, and go, which are the coefficients in 
equation 36. A brief outline of this deter- 
mination and some of the intermediate re- 
sults are given here. 

The partial derivatives of a; and b, were 
found graphically except in the region near 
k=ky where they are large for k< ko. Sup- 
plementary expressions for a; and }; in the 
neighborhood of k= kp were worked out and 
derivatives computed. The Jacobian 


0b, 0a, 0b; 0a; 


08 Ok Ok O86 


which appears in both gp and gs,:is zero for 
k>kp as may be verified by means of equa- 
tion 34; for other values of k, it is small 
and negative. The term X/X» is always 
negative because 0; is positive and the two 
are connected as shown in equation 23. 

The signs of the partial derivatives are 
given in Tables I, II, and III. 

In Table IT @ is the value of corresponding 
to the salient point for a given value of k, and 
4 is that value for which 0a,/00 = 0b,/00=0. 

Applying all the information just men- 
tioned to equation 36, it is found that when 
Xi/Xo>0.1, ge, g:, and go have signs as 
as shown in Table III. 

Thus the dividing point between stable and 
unstable solutions occurs at the point where 
0a,/00 changes sign. As seen from the 
table of derivative signs, this point occurs 
at the salient point (ko, 60) when k<+/5 and 
at 6,[cos 0:=(3—4/k?)/k] when k>~/5. A 
distinction is made between the two regions 
because 0a; /00 changes sign discontinuously 
at the salient points. Referring to the 
curves k versus R/Xo, X/Xo constant, shown 
in Figure 16, 6 increases as k increases and 
R/Xo increases as a; increases. Hence the 
upper branches of these steady-state curves 
are stable and the lower branches are un- 
stable. 


Table Il 
k<V5 k>V/5 
96<009 O0>05 80<0% %<0<a 6>6; 
y/o Spat Neen Keene Cee he 
041/00 sina dae —.. + © 0 ee ste sc oe asl siaie odes .b.6 + 
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Table III 
0a;/00 >0 0a;/00 <0 
g2 ee Se Ge Ae + 
£1 ects 
Bozo. Cabs ee a SHele ae ate eon le Me we “= 


For the steady state k; =0, we have from 
equation 19 


da, / 00 = da,/ dk = db,/d9 =0 
db, / dk =2r 


Putting these in the differential equations 
for Ak and A@, we find 


so that the zero amplitude solution is stable. 
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Rotating Electric Machine Time 


Constants at Low Speeds 


C. CONCORDIA 


MEMBER AIEE 


HE use of the concept of time con- 

stants in the analysis of a-c rotating 
electric machine transients is well known.! 
It is also well known that the short-cir- 
cuit time constants of machines running 
at normal speed are not at all like those 
of the same machines at rest. The pur- 
poses of this paper are to show the con- 
tinuous nature of the variation of the ma- 
chine characteristics in the range of speed 
from zero to rated speed, and to deter- 
mine the limits of applicability of the 
full-speed and standstill values and the 
behavior at low speed. 


Rated-Speed Characteristics 


In the analysis of transient currents 
and voltages in induction motors and 
synchronous motors and generators op- 
erating at rated speed, a procedure is 
more or less well established.1 In the 
case of induction motors,* there is a d-c 
time constant for the decay of the d-c 
component of current given by the ratio 
of the transient (short-circuit or stand- 
still) reactance to the stator resistance; 
there is also an a-c time constant, for the 
decay of the a-c component of current, 
given by the ratio of the transient re- 
actance to the rotor resistance. In the 
case of synchronous machines, there are 
similarly a d-c (or armature) time con- 
stant and two a-c (a subtransient and a 
transient or field short-circuit) time con- 
stants. The two a-c or rotor time con- 
stants used most frequently are the 
direct-axis quantities, the quadrature- 
axis rotor time constant being considered 
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* It tacitly is assumed here and in the discussion of 
synchronous machines that stator currents rather 
than rotor currents are being computed, and that 
the machine is either connected to an infinite sys- 
tem or has all three phases short-circuited. Fur- 
ther, we are dealing entirely with calculated values, 
and the time constants discussed are defined in 
terms of the calculation required to obtainthem. A 
practical definition must, of course, admit of deter- 
mination by a not too complicated measurement, 
and may be incompatible except as an approxima- 
tion with the abstractions dealt with here. This 
question is discussed in reference 2, 
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to have only a secondary effect on short- 
circuit conditions. The d-e time con- 
stant is given by the ratio of the negative- 
sequence reactance (or the average of the 
direct- and quadrature-axis subtransient 
reactances) to the armature resistance; 
the direct-axis subtransient time constant 


10) 0.2 0.4 0.6 0.8 1.0 
PER UNIT ROTOR SPEED 


Figure 1. Induction motor—decrement fac- 
tors as functions of rotor speed 


(Real parts of roots of equation 4) 


X1=xX2 =0.08 
Xm = 3.00 
n=re =0.01 


is given by the ratio of the short-circuit 
reactance viewed from the direct-axis 
amortisseur to the (direct-axis) amortis- 
seur resistance; the field short-circuit 
time constant is given similarly by the 
ratio of the short-circuit reactance viewed 
from the field (and neglecting the amor- 
tisseur) to the field resistance. One notes 
in all of these definitions the rather re- 
markable simplifying feature that each 
time constant depends on only one resist- 
ance; there is apparently no interaction 
between stator and rotor resistances. 
The reason for this lies in the relative mo- 
tion of the rotor and stator. All of these 
time constants are fundamentally d-c 
time constants for the circuit in question, 
and a d-c or slowly decaying current in 
any winding corresponds to an alternat- 
ing (or speed frequency) current in a 
winding which is rotating with respect 
to the first. The resistance in the wind- 
ing containing the alternating current is 
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usually negligible compared to the re- 
actance at the frequency in question. 
The apparent separation of the field and 
direct-axis amortisseur resistancesis quali- 
tatively quite different and arises only 
because of the usually very large differ- 
ence in magnitude between these two re- 
sistances; it is not a generality and would 
not be true for an unusually high field re- 
sistance or an unusually low amortisseur 
resistance. 


Standstill Characteristics 


When the machine is at rest the situa- 
tion is entirely different and the rated- 
speed time constants have no meaning. 
In the case of an induction motor the d-c 
time constant, like that of a transformer, 
ordinarily is considered to be given by the 
ratio of the short-circuit reactance to the 
sum of the stator and rotor resistances, 
and thus may be less than half of the full- 


P — IMAGINARY 
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Figure 2. Induction motor—natural fre- 
quencies as functions of rotor speed 


(Imaginary parts of roots of equation 4) 


X1=X2 =0.08 
Xm = 3.00 
n=re =0.01 


speed value. Actually there are two d-c 
time constants, one defined in the 
preceding sentence, or more nearly by 
the ratio of the sum of the stator and 
rotor leakage reactances to the sum of 
the stator and rotor resistances, the 
other given approximately by the ra- 
tio of the sum of the mutual (magnetiz- 
ing) reactance plus the paralleled stator 
and rotor leakage reactances to the 
paralleled stator and rotor resistances. 
The first time constant is the only one ap- 
parent in an oscillogram of the starting 
current. The second time constant 
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Figure 3. Induction motor—decrement fac- 


tors as functions of rotor speed 


(Real parts of roots of equation 4) 


X1=X2 =0.08 
Xm = 3.00 
n =0.01 
Te =0.03 


applies to only a very small component of 
stator or rotor current, which is however a 
magnetizing current and corresponds to a 
rather large flux and torque.‘ 

For a synchronous machine, similar but 
more complex conditions apply. Even 
the most elementary considerations for a 
machine with no amortisseur will show 
that there are two armature (stator) d-c 
time constants, one for each rotor axis. 
In the direct axis the time constant is 
given by the ratio of the transient re- 
actance (or more nearly the sum of the 
armature and field leakage reactances) to 
the sum of the armature and field resist- 
ances; in the quadrature axis it is given 
by the ratio of the quadrature-axis re- 
actance to the armature resistance. These 
values may differ by a factor of two or 
more to one. There is also, as in case of 
the induction motor, a direct-axis flux 
time constant given by the ratio of the 
sum of the mutual reactance plus the 
paralleled armature and field leakage re- 
actances to the paralleled field and arma- 
ture resistances. 


‘Low-Speed Characteristics 


The procedures at full speed and at 
rest are relatively clear and straightfor- 
-ward. However, because the conclusions 
differ so markedly the question naturally 
arises as to what happens at very low 
‘speeds, and where the transition between 
tthe two forms takes place, if there is any 
such definite speed. In order to show the 
‘continuity of the characteristics as func- 
tions of speed and to determine the lowest 
‘speed at which the full-speed concepts 
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may be used, this paper presents in Fig- 
ures 1-12 the results of calculations of the 
various short-circuit time constants at all 
speeds from zero to full speed for several 
more or less typical machines. 

The figures show decrement factors 
(reciprocals of the time constants) and 
natural frequencies calculated from the 
complete system equations. Figures 1 
and 2 are for an induction motor with 
equal stator and rotor resistances. Fig- 
ures 3 and 4 are for the same motor except 
that the rotor resistance is now three times 
as great as before. These figures show 
that strictly speaking there is really no 
such thing as a d-c time constant when the 
machine is running. The component that 
may appear in an oscillogram as a decay- 
ing direct current has actually a period at 
full speed (w = 1.0) of about 250 normal 
cycles for the case of Figure 2 (a rotor re- 
sistance of 0.01), and 100 cycles for the 
case of Figure 4 (a rotor resistance of 
0.03). Similarly, the normal frequency 
transient component has really only a 
nearly normal frequency, being neces- 
sarily of such a frequency that the sum of 
the frequencies of the two components 
equals rotor speed. The real oscillatory 
nature of the d-c component becomes more 
pronounced at low rotor speeds, the case of 
equal stator and rotor resistances (Figure 
2) being especially remarkable in that the 
frequencies of both transient components 
become exactly equal to one-half rotor 
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Figure 4. Induction motor—natural fre- 


quencies as functions of rotor speed 


(Imaginary parts of roots of equation 4) 
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decrements in this case are given exactly 
by the ratio of the transient reactance to 
the stator (or rotor) resistance, although 
ordinarily this formula must be regarded 
as only approximate. 

The full-speed time constants are given 
approximately by the relations 


speed below a speed of about 12 per cent. a XX 
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Figure 6. Synchronous machine—decrement 
factors and natural frequencies 


(Roots of the characteristic equation 9) 


No amortisseur 


X7=0.8 
Xq= 1.2 
Xa’ =0.2909 
T, =1,000 
r¢=0,005 
eee 
Rotor time constant i aaa (2) 
2 


where 


x, = stator leakage reactance 

x2=rotor leakage reactance 

Xm =mutual magnetizing reactance 

7, =stator resistance 

72 =rotor resistance 

x’ =transient or short-circuit reactance 


The machine equations from which the 
roots plotted in Figures 1-4 were obtained 
are, in the notation of reference 3, 


(Lip+n)I+ Mpi=E 
M(p—jw)I+ [Lo(p—jw) +rji=e (3) 


where 


L, =stator self inductance = x,+ xm 

L,=rotor self inductance = x2+ xm 

M=mutual inductance between stator and 
rotor = Xm 

w=rotor speed 

I=I.+jlIg =stator current 

t=1~+ jig =rotor current 

E=E,+jEg=stator voltage 

e =a +jeg =rotor voltage 

p=d/dt (t=time) 


All quantities are in per unit on a com- 
mon base. 
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The characteristic equation of the co- 
efficients of these performance equations 
is 


(Lip+n) (Lep+re) — M?p?—jwLe(Lipt+n) + 
joM*p=0 (4) 


Conclusions for Induction Motors 


The results shown here indicate that 
the full-speed decrements are more or 
less effective from full speed down to 
rather low speeds (about 10 to 40 per 
cent). In the low-speed range the more 
nearly correct values given here must be 
used’ for accurate work. The oscillatory 
character of the nominally d-c component 
is not perceptible at rated speed because 
of the relatively very rapid decay. 


Synchronous Machines 
at Low Speed 


Figures 5-8 show the results of calcula- 
tions for four different synchronous ma- 
chines, considered either as short-circuited 
or as connected to an infinite bus. The 
machines differ by having two values of 
field open-circuit time constant, Ty= 


Table Il. 


SPEED IN PER UNIT 


Figure 7. Synchronous machine—decrement 
factors and natural frequencies 


(Roots of the characteristic equation’9) 


With amortisseur 


xi— 0.2 i= 0.1 
Xaqg=0.6 r_g=0.005 
Xaa=1.0 xq = 0.04 
Xzq = 0.2 xa = 0.02 
Xpa =0.1 r¢=0.0011 


1,000 per unit (Figures 5 and 7) and T, = 
2,000 (Figures 6 and 8) and by being con- 
sidered with (Figures 7 and 8) and with- 
out (Figures 5 and 6) and amortisseur. 
These figures show that for the synchro- 
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nous machines considered, the decrement 
factors, and thus the time constants, have 
nearly their full-speed values down to a 
very low speed (from about one to five 
per cent). Below about one per cent speed 
all of the roots become real. It should be 


Figure 9. Synchronous machine—decrement 
factors and natural frequencies 


(Roots of the characteristic equation 9) 


With amortisseur 


xy =1.2 =0.1 
Xqq= 0.6 =0.005 
Xaq = 1.0 leq = 0.04 

kq = 0.2 xq = 0.02 
Xxq = 0.1 =0,0011 
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Figure 8. Synchro- 
nous machine—dec- 
rement factors and 
natural frequencies 
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(Roots of the charac- 
teristic equation 9) 


With amortisseur 


=0.2 
Xaq = 0.6 
Xua = EO 
Xkq= 0.2 
Xka = 0.1 
=0.1 
rq = 0.005 
ka = 0.02 
ry =0.00055 
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noted that, because the machine equations 
are set up in terms of axes fixed in the 
rotor, the armature d-c decrements (P2 
and P3; in Figures 5 and 6, P, and P; in 
Figures 7 and 8) are the real parts of the 
complex roots, and correspond to the 
speed-frequency oscillations of direct- and 
quadrature-axis currents. 

It is interesting to compare the values 
of short-circuit time constant found at 
full speed from the rigorous solution of 
the characteristic equation with the values 


1 XX, 
Field time constant = 2] 2+] (5) 
Yr Xa 
Direct-axis res time constant = 
Hi rae) 
at ' nat +2 sear | \ (6) 
Tha Xp Xaa = X 


Quadrature-axis amortisseur time constant 
1 AG eee 
q 
Tq Xq 


2» 
Armature time constant 7 
To 


nin 


| (8) 


Xq ” ak Xq 


where 


x, =armature leakage reactance 
=field leakage reactance 
=field resistance 
‘xq = direct-axis amortisseur resistance 
= quadrature-axis amortisseur resistance 
Xnq = direct-axis amortisseur leakage react- 
ance 
= quadrature-axis amortisseur leakage re- 
actance 
7 = armature resistance 
Xgq = direct-axis mutual reactance (assumed 
to be the same for armature, field, 
and amortisseur) * 
Xa =Xaatx1 
%aq=qQuadrature-axis mutual reactance be- 
tween armature and amortisseur 


Ng =Xagt x 


Figure 10. Synchronous machine—decre- 
ment factors and natural frequencies 


(Roots of the characteristic equation 9) 


With amortisseur 
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Figure 11. Synchronous machine—decre- 
ment factors and natural frequencies 


(Roots of the characteristic equation 9) 


With amortisseur 


x, =0.2 xp=0.1 
Xaqg= 0.6 fg=1.005 
Xaa= 1.0 leq = 0,04 
Xxq = 0.2 xq = 0.02 
Xxq = 0.1 =0.0011 


All quantities are in per unit on a common 
base. 

These approximate formulas are ob- 
tained by making assumptions as indi- 
cated in Table I. 

Table II gives the comparison of the ex- 
act and approximate short-circuit time 
constants at full speed, and shows that 
there is very little difference between 
them. 

The exact decrements are found from 
the roots of the equation 


[rat pxa(b)] [ra + pxq(b)] +w*xa(b)x9(p) = 
(9) 


where, for the machine with no amortis- 
seur, 


xT op+Xq 
= 10 
xa(P) Tp+1 (10) 
Xq(p) =Xq (11) 
and for the machine with an amortisseur, 
1 1 Me Sad Ca 
xa(p) =xy+ sp ae 
Naa % aes ¥ ae 
ad ae p kd p 
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1 a et 
Xg(p) =x1+ ae rp (13) 
q 


Xaq Xkg-— 


p 


Values of the various reactances and re- 
sistances are given on the figures. 


Conclusions for Short-Circuited 
Synchronous Machines 


The full-speed short-circuit time con- 
stants of synchronous machines are valid 
down to speeds of only afew per cent. At 
very low speeds the armature time con- 
stant separates into two different quanti- 
ties applying separately to the direct and 
quadrature-axis and depending also on 
the rotor resistances. 


Effect of Load or Tie Line 


The results discussed previously apply 
to a synchronous machine connected to an 
infinite bus or short-circuited. In this 
section there are given the results of calcu- 
lations with external armature inductance 
and resistance. The inductance may rep- 
resent an extreme case of a reactive tie 
line and the resistance may represent a 
load. 

Figures 9-12 show the results obtained. 
Only the machine with an amortisseur 
was considered. Figures 9 and 10, for an 
external reactance of unity, show that for 
this case the full-speed values are valid 
down to even smaller speeds with external 
reactance. Figures 11 and 12, for an ex- 
ternal resistance of unity, show that for 
this case the full-speed values are only ap- 
proximated at any speed. The field 
decrement P; changes rapidly, and the 
armature decrement is valid only above 
about 55 per cent speed. 

The formulas of equations 5-8 may be 
used to compare the exact full-speed time 
constants with the conventional approxi- 
mate values for the case of an external re- 
actance (Figures 9 and 10), but for an ex- 
ternal resistance (Figures 11 and 12) it is 
necessary to use the formulas 


Xa’ qt rq? 
Taga’ = Tao/| ———— 14 
a3 do ( May +%_2 ( ) 
xa" qtr 
$f u" ws 1b; ” 15 
as’ = TGo 6 ep (15) 
nf XQ" Xa th 
Te enya g 16 
"= Teo (eet re (16) 


The first formula for the short-circuit 
field time constant Ty,’ in terms of the 
field open-circuit time constant T,,’, 
is well known, the second and third, for 
the direct Ty” and quadrature T’,, 
axis subtransient time constants in terms 
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ment factors and natural frequencies 


(Roots of the characteristic equation 9) 


With amortisseur 


x, =0.2 xp=0.1 
Xag = 0.6 ra = 1.005 
Xag = 1.0 kg = 0.04 
Xig = 0.2 rea = 0.02 
Xxq =0.1 =0.00055 


of the corresponding open-circuit values 
Ty" and Tg,” are written simply by anal- 
ogy to the first. All the exact values are 
found to check the approximate values 
within a few per cent at full speed. 

For example, by the approximate 
formulas, with 7, = 1.005, xg’ = 0.2909, 
xq” = 0.2476 and x,” = 0.35, 


Tx" =9.28 =——— 
0.1078 


1 
Ta’ =17.9=——_— 
e 0.0559 


Ta3’ =631 or 1262 


1 1 
~ 0.001585 °* 0.000792 


All of these are in good agreement with 
Figures 11 and 12, 

For the case of Figures 9 and 10, we 
similarly find 


T a3’ = 587 or 1174 


1 1 
~ 0.00170 * 0.00085 
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Synopsis: Equations are presented whereby 
the authors’ previous paper! is extended to 
the design of coils for heating magnetic 
loads, where the load remains in a fixed posi- 
tion relative to the coil during the heat. 
In heating magnetic materials, there is con- 
siderable variation in impedance of the coil 
circuit as the load temperature changes. 
The present paper first develops certain 
general principles by which a variable im- 
pedance circuit may be designed to absorb a 
predetermined maximum power, on the 
basis of constants determining the maxi- 
mum and minimum impedance. Methods 
then are given by which these constants 
may be calculated for carbon steel loads of 
types SAE 1015 to SAE 1045, or their 
equivalent. In practice, these methods ap- 
ply to most through heating and some sur- 
face heating applications. The accuracy of 
calculations is substantiated experimentally. 


ITH the advent of considerable ap- 
plication of magnetic induction in 
heating steel for forging, it becomes more 
essential that the designer is able to pre- 
calculate the power, kilovolt-amperes, and 
efficiency variations during the heat in or- 
der to determine the required coil turns, 
capacitor values, and heating rates. It 
is the purpose of the present paper to out- 
line methods by which these variations 
may be calculated and coil turns and ca- 
pacitor values determined. 
Numerous attempts have been made to 
adapt the theory of the induction heating 
of nonmagnetic loads to magnetic loads 


These may be compared to P; of Figures 
9 and 10. 
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by assuming a constant permeability. 
However, unless some means is given of 
determining the value of permeability to 
use, the results are ambiguous. Baker? 
has shown that a value 


u=1.8By/Hy 


where B,, is the maximum flux density 
(taken in Baker’s paper as 18,000 lines 
per square centimeter) and Hy is the peak 
magnetic intensity at the outside of the 
load may be used to calculate the 
power input to thin moving steel 
strip. Kinn® proposes an almost identical 
formula for permeability for use with 
loads of various shapes. His value for 
By, however, is 16,000 lines per square 
centimeter. Kinn’s paper is confined 
mainly to practical applications and, 
therefore, does not give theoretical deriva- 
tion or experimental confirmation of the 
formulas supplied. 

The conventional induction heating 
circuit used with rotating generators is 
shown in Figure 1. The purpose of the 
capacitor is to adjust the power factor 
at the generator terminals. In heating 
operations where the load remains in fixed 
position during the heat, the capacitor 
usually is adjusted to give a power factor 
at generator terminals in the range of 
unity to 0.9 leading while the load is in 
the magnetic state. As the load tempera- 
ture rises above the Curie or critical 
point, there is an increase in current and 
lagging kilovolt-amperes to the induction 
heating coil. 

If the generator voltage output is held 
constant by means of a regulator, usually 
the power output will decrease, but the 
increase in lagging kilovolt-amperes to 
the induction heating coil may cause an 
increase in generator output current to a 
value above its rating. In this case it is 
necessary to add capacitance in order to 
keep the generator output current within 
its rating. In typical applications the 
power output after the load temperature 
passes critical may decrease to as low as 30 
per cent of the peak output occurring dur- 
ing the heat. 

If there is no voltage regulator on the 
generator, as the load temperature rises 
above the critical point the resulting lag- 
ging power factor load on the generator 
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causes a decrease in the generator output 
voltage. In this case it is desirable to add 
capacitance to keep the generator output 
voltage up to a value near its rating. 

Usually, the number of coil turns is so 
selected that with rated generator termi- 
nal voltage the maximum power absorp- 
tion during the heat is equal to the genera- 
tor output rating. However, in cases 
where the power at the end of the heat is 
considerably less than the peak during the 
heat for a given coil voltage, fewer coil 
turns may be used, resulting in a maxi- 
mum power absorption equal to generator 
output rating with a voltage less than the 
generator rating. In this case the genera- 
tor output voltage is reduced by operat- 
ing with a lagging power factor while the 
load is below the critical point. Then the 
generator output voltage is increased by 
addition of capacitance after passing the 
critical point. By this means it is some- 
times possible to realize a higher average 
power during the heat and hence reduce 
heating time compared to that which 
would be obtained with a coil designed to 
absorb a maximum power output equal 
to generator rating at rated voltage. 


Changes as Load Heats 


In the definitions which follow, A, B, 
C, D, E, F, and G are defined implicitly 
to save space. For example, Rp = N? A 
is equivalent to A = R,/N?. 


N=number of turns 

Rp=N?A =resistance of inductor coil it- 
self (ohms) 

Rs = N?B=resistance of load as reflected in 
inductor coil (ohms) 

R=N?(A+B) = N?F=resistance of inductor 
coil with load (ohms) 

Xp=N*C=reactance caused by flux be- 
tween inside and outside radius of 
inductor coil (ohms) 

Xg=N?D=reactance caused by flux within 
the load as reflected in inductor coil 
(ohms) 

X,=N*E=reactance caused by flux in air 
gap between coil and load (ohms) 

X = N?(C+D+E) =N°G=reactance of in- 
ductor coil with load (ohms) 

E;,=voltage across inductor coil terminals 
AA (volts) 

J, =current through inductor coil (amperes) 

P,=power input to inductor coil and load 
(watts) 

Ps =power dissipated in load (watts) 


Paper 46-124, recommended by the AIEE subcom- 
mittee on induction and dielectric heating for pres~ 
entation at the AIEE summer convention, De- 
troit, Mich., June 24-28, 1946. Manuscript sub- 
mitted April 15, 1946; made available for printing 
May 9, 1946. 


J. T. VaucuHan is a research and development 
manager and J. W. WILLIAMSON is a research 
engineer, both of the Tocco division of The Ohio 
Crankshaft Company, Cleveland, Ohio. 
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Figure 1. Conventional induction heating 
circuit using motor generator set 


The required number of turns for any 
given total power to the coil and for any 
given terminal voltage may be calculated 
by means of equation 2. 

In analyzing the changes which occur 
in a variable impedance circuit, it is con- 
venient to represent the variation of re- 
actance with resistance by a plot in rec- 
tangular co-ordinates. Referring to Fig- 
ure 2, the total resistance R and reactance 
X of an induction heating coil with its 
load at room temperature are represented 
by the co-ordinates of point P,;. Since 
R,, Xp, and X, are nearly constant, the 
principal changes which occur in R and X 
as the load heats are caused by variations 
in the load resistance and reactance, Rs 
and Xx. When the power first is applied, 
Rs and Xg increase because of the increas- 
ing resistivity of the load with rising tem- 
perature. The load impedance, there- 


fore, follows a locus such as P,P». 

After a portion of the load reaches the 
critical temperature, R and X drop off 
rapidly. Let P; represent the impedance 
calculated by taking the entire load to be 
above the critical temperature and non- 
magnetic with resistivity corresponding 
to final conditions. The assumption will 
be made that after the point of maximum 
impedance is reached R and X follow the 
straight line locus P,P3. This assumption 
has been checked experimentally and 
found to be reasonably accurate. 

Suppose £,, the inductor coil terminal 
voltage, is held constant as the load heats. 
The locus of inductor coil current I, cor- 
responding to impedance locus P»P; is the 
circular arc J2I3.4 The center of the circle 
OI2I3 lies on the line OQ, which makes the 
same angle a with the vertical as P,P; 
makes with the horizontal. The power 
factor angle @ is equal to the angle OP 
makes with #,. With conditions as 
shown in Figure 2, maximum power to the 
coil occurs at the point of maximum im- 
pedance, represented by Ps, since the 
component of inductor current that is in 
phase with E, is greatest at this point. 

The current locus of Figure 2 would re- 
sult from a relatively large air gap react- 
ance X,. Under this condition the cur- 
rent through the inductor coil does not 
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change greatly during the heating opera- 
tion. However, if the air gap reactance 
is small, the magnitude of this current 
may change sufficiently so that maximum 
power to the coil occurs when the imped- 
ance is less than the maximum value. 
With the impedance locus shown in Fig- 
ure 3, maximum power occurs when J, is 
represented by O14, where Q is the center 
of the current locus and QJ; is parallel to 
E,. By plane geometry 0, = ZQIJ,0, 
and 90°+-a= ZQI,0+ ZQOlL=2 ZQI,0. 
Therefore, 


6,=45°+a/2 (1) 


The angle which OP, makes with E, 
may be determined, therefore, by plotting 
P,P; and measuring the angle a which 
this line makes with E,. The intersec- 
tion Ps of OP, with P,P; gives the values 
of R and X for maximum power to the 
coil. If 6,as defined by equation 1 is less 
than 6; or greater than 63, the intersection 
of OP, with P,P; extended does not repre- 
sent an impedance which actually occurs 
during the heating operation. If 64, or 
45° + a/2, is less than 62, as in Figure 2, 
maximum power corresponds to maximum 
impedance. If 6, should be greater than 
63, maximum power would occur at the 
end of the heating operation where the 
impedance is minimum. 

Since F and G are proportional to the 
total resistance and reactance of the coil 
(R = N’Fand X = N°G), P2P3 in Figures 
2 and 3 represents not only the locus of X 
versus R but, to a different scale, the locus 
of F versus G. The values of F and G 
used to determine the number of turns 
usually are based on conditions for maxi- 
mum power to the coil. For @, >45° + 
a/2 (Figure 2), maximum power to the 
load corresponds to maximum impedance, 
or the values of F and G plotted at Py». 
For 6.<45° + a/2 (Figure 3), maximum 
power to the load occurs when F and G 
are determined by the co-ordinates of P,. 


Circuit Equations and 
Their Limitations 


For any given total power P, to the 
coil and coil terminal voltage E,, the re- 
quired number of turns is 


1G 
se Freie md 


By definition, 
F=A+B (3) 
G=C+D+E (4) 


Formulas are given in the authors’ pre- 
vious paper? for the calculation of A, C, 
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and £, and for the calculation of the load 
resistance and reactance coefficients B 
and D at the end of the heating opera- 
tion, if the load is in the nonmagnetic 
state. The same limitations as given pre- 
viously apply in the use of these formu- 
las. These equations for resistance and 
reactance coefficients for nonmagnetic 
loads may be applied with reasonable ac- 
curacy to SAE 1010 to 1045 steel above 
1,600 degrees Fahrenheit. For conven- 
ience, curves of resistivity versus tempera- 
ture for SAE 1010 and SAE 1045 steels 
are given in Figure 4. 

For the load in the magnetic state and 
at the temperature for maximum imped- 
ance, B and D may be calculated by 


B = (Fe px x10-+ (5) 
D=0.65B (6) 


K; is plotted against Ps/(3.14 a,L) ~/f, 
the watts per square inch of cylindrical 
surface of load within coil divided by the 
square root of frequency, in Figure 5. 
The ranges of extrapolation are indicated 
by dotted lines. For convenience the 


function 

Ke = Vf Kr (7) 
is given as a function of P,/3.14 a,L for 
f = 10,000, 3,000, and 1,000 cycles per 
second in Figure 6. To determine B and 
D, it is first necessary to find Ps. The 
portion of the total coil power input ab- 


sorbed by the load is B/F = B/(A + B). 
Therefore, the power to the load is 


Pan (aop)Pu (8) 
A+B 


Figure 2. Impedance and current changes as 
load heats 
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B and F cannot be determined until 
Py, is known. However, the ratio B/F 
usually lies within the range 0.80 to 0.95. 
Ps, therefore, may be calculated first from 
equation 8 on the basis of any reasonable 
value of this ratio. An approximate value 
for Vf K; or Kg, then can be obtained, 
which may be substituted into equation 5 
to obtain a first approximation for B. 
Actually, a three per cent error in estimat- 
ing Pg results in only a one per cent error 
in B, so that this first approximation is 
often sufficiently accurate for practical 
purposes. However, if greater accuracy 
is desired, the first approximation for B 


X ORG 


Impedance and current changes as 
load heats 


Figure 3. 


may be used to obtain a more accurate 
value of B/(A + B) and the foregoing 
process repeated. 


LIMITATIONS 


1. Taking the resistivity of the load as 
4010-6 ohm-inch at the temperature for 
maximum impedance, the maximum depth 
which magnetic flux and current penetrate 
into the load, or the depth of zone in which 
energy is induced (from equation 34) is 


0.064 
NM = 


(inches) (9) 
6 

If the load is hollow, its wall thickness 

should be at least as great as 5y for the 

given equations to apply. 


2. For an accuracy of plus or minus ten 
per cent, the ratio a,/5y should be at least 
8.0. 


8. The correction for coil shortness 
should depend on the ratio of inside diameter 
of the induction heating coil to its length, 
the ratio of the outside diameter of the load 
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to the inside diameter of the coil, and prob- 
ably the ratio 


WV Rgt+Xg2/Xo=V B+ D2/E 


of impedance associated with flux in the 
load to impedance associated with flux in 
the air gap. If this ratio is of the order of 
magnitude of 1.0 or greater, the flux through 
the load is appreciable in relation to the 
flux in the air gap, and the total flux is 
therefore considerably greater than the flux 
through the air gap alone. Consequently, a 
larger number of ampere turns is required to 
overcome the flux reluctance drop in the 
portion of the magnetic circuit external to 
the coil, or for any given number of ampere 
turns the magnetic intensity inside the coil 
is less than would result with a nonmagnetic 
load of the same dimensions. However, in 
the majority of applications in which a steel 
load is heated with a multiturn coil the ef- 
fect of coil shortness is so small that it is 
believed that the equations given may be 
used with reasonable accuracy. The con- 
stant K,, by which the actual ampere turns 
per inch must be multiplied to obtain the 
ampere turns per inch which would produce 
the same average power density if the coil 
were infinitely long, is derived (for non- 
magnetic loads) in the authors’ previous 
paper.! 


Derivation of 
Expressions for B and D 


The equations for B and D given 
in the foregoing text are based on 
experimental data and relations derived 
and checked experimentally under ‘‘More 
Exact Derivations,’ by means of which 
these data may be extended to other 
frequencies. The ‘‘Approximate Theory” 
is included to provide an understanding 
of certain physical principles in the induc- 
tion heating of magnetic materials and to 
establish limitations for small diameters 
and wall thicknesses. The assumption 
made in the latter section does not limit 
the generality of the remainder of this 
paper. 

Wwe 


Subscript o refer to outside of load 

Subscript 17 denote maximum values 

5=distance from outside of load (centi- 
meters) 

a, = outside diameter of load (centimeters) 

y =distance from axis of load (centimeters) 

i=instantaneous current density in load 
(abamperes per square centimeter) 

Tins =instantaneous current in coil (ab- 
amperes) 

J=rms current in coil (abamperes) 

$=instantaneous magnetic flux 
radius 7 (maxwells) 

e=instantaneous voltage per turn to bring 
about time rate-of-change of flux 
within load=d¢,/dt (abvolts) 

B=magnetic flux density (maxwells per 
square centimeter) 

H=magnetic intensity 

p=resistivity (abohms per centimeter) 

t==time (seconds) 


within 
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Figure 4. Resistivity versus temperature for 
SAE 1010 and SAE 1045 steel 


f=frequency (cycles per second) 
w= 2nf 

L=length of coil (centimeters) 
N=number of turns 


The total flux within a circle of radius 
rv is, by definition, 


o= an SJ, rBdr 


By Ohm’s law, with positive directions 
as indicated in Figure 7, 


(10) 


. Of 
D) =— 11 
ar pt i (11) 


Providing, as will be assumed, that the 
radius of the load is sufficiently great so 
that 7 is nearly equal to the outside radius 
over the region in which 8 and 7 are ap- 
preciable, equation 10 may be written 


’ =na,J, Bar 
xa Gs 


where 6=a,/2—r is the distance from the 
outside of the load. Equation 11 may be 
written 


(12) 


prot = Od / Ot (13) 


Consider only coils and loads of large 
length to diameter ratios. Then, as in 
the induction heating of nonmagnetic 
materials, the magnetic intensity is equal 


0.01 
e 
NE 
0.005 
0.001 
0.001 0.005 0.01 0.05 Ol 
1, __Ps(Kw) 
\F TaoL(SQ IN.) 
Figure 5. Load resistance coefficient K;, 
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Figure 6. Load resistance coefficient Ks 


to 4m times the total current per unit 
axial length outside the given radius. 
The current per unit axial length in the 
coil is (V/L) Tins. Therefore, 


Hate] Mo Siiits (14) 

The minus sign before the integral re- 
sults from the choice of positive direction 
for 7 (Figure 7). Differentiating equation 
13 with respect to 6 and substituting 
equation 12 for ¢, 


Sie (15) 


Approximate Theory 


Most induction heating applications 
require inductor coil current densities 
such as to produce high saturations near 
the outside of the load. Therefore, in the 
present section assume the 6B—H curve 
shown in Figure 8, in which B==+8,, or 
zero. Positive directions are indicated 
in Figure 7. Take the instant t=0 when 
the current in the inductor coil is zero 
after having been negative. Assume that 
at this instant the flux density 6 is 
negative (or to the left) between 6=0 
and 6=6y, where 6, is the maximum 
depth of penetration to be determined 
later. The flux through the load at t=0 is 


golt =o = —7d,5y8y (16) 


The portion of the voltage per turn uti- 
lized in bringing about a time rate-of- 
change of flux within the load is 

dbo 
OPES (17) 
Since ¢, is negatively maximum at f=0, 
eis zero at t=O, but positive after this 
instant. Therefore, assuming this volt- 
age varies sinusoidally with time, which 
is the case at least if the voltage applied 
to the coil is sinusoidal and the air gap 
between the coil and load is sufficiently 
small, 


e=ey sin wt (18) 
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Equation 15 shows that at any instant the 
current density in the load varies with 
6 only where the flux density 6 is chang- 
ing with time. By assumption, 6 can 
have only three values: By, —By, and 
zero. At any given time, 7 can change 
only where is going from one to another 
of these values. 

The magnetic intensity at the outside 
of the load is 


Fy) =40(N/L)Iins (19) 


Consequently, at the instant t=0 at 
which the current in the coil becomes posi- 
tive, the direction of magnetization at 
the outside of the load also becomes posi- 


tive. Denote the depth of positive mag- 
netization by 6+. The total flux within 
the load is 


$o = 109[ 5+ Bag + (Sar — 64+.) (— Bar)] = 
TA Byg (264 = dy) (20) 


Integrating equation 17 and substituting 
equation 18 for e, 


oo= WK ‘edt-+-constant 
= —(e,7/w) cos wt+constant (21) 


O12u-7 


Current and flux directions— 
positive 


Figure 7. 


Combining equations 20 and 21, and 
noting that 6+=0 at t=0, 


64 = (€y¢/27a,Byw)(1— cos wt) (22) 


6+ is plotted against time in Figure 9. 
The time rate-of-change of flux 0¢/0t is 

independent of position for 6<6+, and 

zeto for 6>6+. Therefore, from equation 

13, 

4 tbo for 6< 64 

pwd, dt (23) 

=0 for 6> 6+ 


The total current per unit length in the 
load is 


Y ck rhe, (24) 


Bis zero ford >6y by assumption. There- 
fore, His also zero. Substituting 6=a,/2 
into equation 14, therefore, gives 


Tins = (L/N)i6+ (25) 
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Substituting equations 23 and 21 for 4 
and equation 22 for 6+ 


L eu? 


2 ae 26 
N 2 pag? Byw ee 


Mp sin wt(1— cos wt) 
e=0 at wt=m. Therefore, from equa- 
tions 17 and 13, d¢/dt=0 and the cur- 
rent density 7 is zero; 7 was also zero 
at f=0. The conditions at wi=7, there- 
fore, are identical (except for directions) 
with the conditions assumed at t=0. 
During the remaining half cycle a wave 
of negative magnetization enters the 
load. The phenomena of the first half 
cycle are repeated with changes in polar- 
ity, as shown in Figure 9. The maximum 
depth of penetration of electrical energy 
is obtained by substituting wt=7a into 
equation 22. 


by = ey /TA By (27) 


Equation 26 applies only to the in- 
tervals during which e is positive. From 
equations 18 and 26, the instantaneous 
input per turn to the load during the first 
half cycle is 


eu? 


N2n'pa, 48,00 2 oh cos wt) (28) 
T “pg” Pyw 


elins = 
The average power per turn to the load 
obtained from equation 28 is 


J&, en? 


pees! meee he LEE 29 
% N 41? pa,?Byw (29) 


From equation 26 the rms coil current 
during the first half cycle, which is equal 
to the rms coil current, is found to be 


5 IE, OVad 
T=4/-—.—__* __ 30 
me NV 21 pdg? Baw (30) 
Comparing equations 29, 18, and 30, the 


ratio of abwatts to abvolt-amperes or 
watts to volt-amperes is 


—— _ =y/9.8=0.895 (31) 
O'70 Zen ieee ns oak in 

Solving equation 30 for eyg and substitut- 
ing into equation 29, the power to the load 
per turn is 


ae OTN 
w=3.16a,V ase = Tee (32) 
or the total power to the load is 
Nw =7.92a, ae (ND¥S (33) 
Table | 
Ratio (Watts 
Kilowatts Per Divided By 
Square Inch Volt-Amperes) 
to Load to Load 
Calculated? {203 .cey, On 2440s. eae eee 0.895 
Meastredaaaeae UVR LSE BEN nee aie a 0.802 
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Figure 8. 6—H 
curve assumed in 
approximate theory 


Making use of equations 27, 30, 33, 5, 
and 7 and converting all quantities to the 
ohm-inch system, it can be shown that 

Pp 
bx = 1.595 X 108 — (34) 
For a given density of power to the load, 
the maximum depth of penetration should 
be nearly independent of the air gap. 
Therefore, the expression used for Kg in 
deriving equation 34 was obtained by 
putting K; = 1in equation 5. 

Table I gives a comparison of experi- 
mental results with theoretical calcula- 
tions, the latter based on the approxi- 
mate theory. An SAE 1015 steel load 
was heated to 210 degrees Fahrenheit by 
means of a closely fitting coil. The fre- 
quency was 10,000 cycles per second. 
The measured coil current was such as to 
produce 486 ampere turns (rms) per inch 
axial length of coil. In the theoretical 
calculation, the resistivity of SAE 1015 
steel at 210 degrees Fahrenheit and the 
flux density By were taken respectively 
as 6.75 X 107° ohm-inches and 18,500 
lines per square centimeter. 


The following conclusions may be 
drawn from the analysis so far presented: 


1. The total depth of penetration of elec- 
trical energy in the magnetic state is usually 
small. Table II gives values of 6, corre- 
sponding to two kilowatts per square inch 
to the load and the temperature for maxi- 
mum impedance with constant current; p is 


Tins 


bi24-9 


Figure 9. Inductor 

current and depth of 

penetration versus 
time 
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taken as 40X10~® ohm-inch, and Kg in 
equation 34 is obtained from Figure 6. 


2. The power density is approximately 
proportional to the 1.5 power of current. 
This relation was observed by Rosen- 
berg.2 67 As noted by Baker,? however, 
Rosenberg’s explanation is not very satis- 
factory. 


8. It frequently has been assumed that the 
resistance and reactance of an induction 
heating coil with a magnetic load could be 
calculated by assuming ‘‘some’’ constant 
value of permeability. This is not strictly 
true,since any constant value of permeability 
would result in a ratio of watts to volt- 
amperes to the load of 0.707 at sufficiently 
high frequencies. 


4. With power densities as used in induc- 
tion heating practice and with 5, small 
compared to the load diameter, the load 
power caused by hysteresis is usually 
negligible. For instance, considering a 
l-inch diameter load of SAE 1020 steel 
with a power density of 500 watts per square 
inch of load surface at 10,000 cycles, the 
power caused by hysteresis would be less 
than 22 watts per square inch of load surface, 
or four per cent of the total power. This is 
based on an assumed maximum flux density 
of 100,000 lines per square inch and a 
hysteresis energy of 0.05 joule per cubic 
inch per cycle, which is from data with the 
steel at room temperature. Further data 
indicate a decrease in hysteresis loss as 
temperature is increased, the hysteresis loss 
approaching zero as the critical temperature 
is approached.’ 


More Exact Derivations 


The saturation flux densities of carbon 
steels usually treated by induction heat- 
ing are known at present only at room 
temperature. In order to design coils for 
heating above the critical point, however, 
the values of the load resistance and re- 
actance coefficients B and D must be de- 
termined at the temperature of maximum 
impedance, about 1,200 degrees Fahren- 
heit. The present section provides a 
means of accomplishing this, and at the 
same time affords a more accurate theory 
which avoids the assumption that B= + 
constant. Use is made of experimental 
information which is readily obtainable. 

Again consider loads of sufficient radius 
so that the distance from the axis may be 
taken as the outside radius ao/2 at all 
points for which the magnetic intensity 
H, the flux density 8, and the current 
density 7 are appreciable. Neglect hys- 
teresis. Then for any given value of H 
there exists one and only one value of 6 
or, mathematically, 


B=¢(n) (35) 


Differentiating equation 14 twice with 
respect to 6 and substituting into equation 
15, 

OH 4r 0B 
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Figure 10. Plot of experimental data 


©—Coil 1, 10,000 cycles 
+—Coil 2, 10,000 cycles 
x%—Coil 3, 3,000 cycles 


Making use of equation 35, 


OH 4r , oH 
25 ED (37) 


where yw’) is the differential permeability 
defined by 
dB 
t= 38 

w= (38) 

Since for any given distance 6 from the 
outside of the load and time, there exists 
one and only one value of H: 


H=YW, ») (39) 


As Wo, » is a solution of equation 37, it 
can be shown that H’=W~s, x2 is also a 
solution. At the outside of the load 
Vo, 0 =Vo, y and Ws, kr») =Woo, ku)» Sup- 
pose for a given peak magnetic intensity 
How at the outside of the load and a 
given frequency f1, H is represented by 
Ys, »- Then for the same magnetic in- 
tensity Hoy at the outside of the load 
and a frequency kf;, the magnetic in- 
tensity is represented by Ws, x2- 


With a frequency fi, 
B=$(4) =O VG, 0) = 26, (40) 


With the same peak magnetic intensity at 
the outside of the load and a frequency 


Rf, 
B= (a) =P Ch (Kd, Kt) = 2(K5,K20) (41) 


Since the flux density is assumed negli- 


Table Il 
Frequency in Depth of 
Cycles Per Penetration 
Second in Inches 
LOOOON one neo ate eerie eine 0.066 
RHUUOM boomer rateriter anit cer aoe 0.145 
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gible except for very small values of 6, 
the upper limit in equation 12 may be 
taken as infinity. Therefore, 


do =rra,J, ” gdé (42) 


Substituting equations 40 and 41 into 
equation 42, with a frequency fi, 


bo= 10S, ” 26, a6 (43) 


or, with a frequency kf, 


an =atpS, ~ QE6, x21!) 6 
=nay/k J, Ms, x21 d8 (44) 


At corresponding times, kt’ in equation 
44 is equal to tin equation 43. Therefore, 
the total flux in the load is proportional 
to 1/k or 1/+/f. The load impedance 
is proportional to the product of the mag- 
nitude of this flux multiplied by fre- 
quency, or 


/Vf favf 
Let 


w, = kilowatts per square inch to the load 

v, = reactive kilovolt-amperes per square inch 
to the load 

K,NI/L=effective ampere turns per inch 
(rms) 


Then from the foregoing reasoning, w; 
and v; may be written in the form 


w=/f Fi(KiNI/L) (45) 


where the functions F, and F, are inde- 
pendent of frequency. To determine 
these functions for SAE 1015 steel at the 
load temperature for maximum imped- 
ance and to show experimentally that 
wi//f andv,/+/f are independent of fre- 
quency for any given K,NI/L, data were 
taken at 10,000, 9,600, and 3,000 cycles 
per second. The results are shown in 
Figure 10. The variations in w,/+/f and 
v,/~/f between 9,600 and 10,000 cycles 
per second were negligible for a given 
K,NI/L. Dimensions of coils and loads 
are given in Tables III and IV. In each 
reading the current through the induction 
heating coil was held constant by varying 
the voltage. This current was measured 
through a current transformer by a dyna- 
mometer type ammeter. Readings were 
taken at the instant of maximum coil 
terminal voltage. The power to the coil 
also was found to be maximum at this 
instant. To measure this power as ac- 
curately as possible, the capacitor at BB 
(Figure 1) was adjusted for approxi- 
mately unity power factor at the generator 
terminals CC for the instant readings were 
taken. The generator output was meas- 
ured by a wattmeter connected at CC. 
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The power to the load was obtained by 
subtracting the calculated coil copper 
loss.t After making a slight correction 
for conductor wall thinness at 3,000 cy- 
cles per second (no correction was re- 
quired at 10,000 cycles per second), the 
maximum ratio of calculated coil J?R loss 
to generator output was 0.04. Capacitor 
and bus losses between the wattmeter 
and coil terminals were negligible. The 
voltage at the terminals of the induction 
heating coil was measured by a voltmeter 
connected at AA. It was assumed that 
the reactive volt-amperes to the coil could 
be determined from the watts and volt- 
amperes by the usual method. Experi- 
ence indicates that, after making allow- 
ance for the reactance of the bus, the re- 
active volt-amperes so calculated agree 
closely with the volt-amperes of capaci- 
tance required to balance to unity power 
factor at the generator terminals, even 
though the wave form of the current 
through the inductor coil is not truly sinu- 
soidal. The reactances associated with 
the time rate-of-change of flux in the coil 
copper and air gap are, respectively, 
N2C and N?E. The reactive volt-am- 
peres to the load were obtained by sub- 
tracting I?N?(C+£) from the reactive 
volt-amperes to the coil. The watts per 
square inch and vars per square inch to 
the load then were found by dividing the 
power and reactive volt-amperes by the 
load surface within the coil wa,L. 

With a frequency of 9,600 cycles only, 
the foregoing experiments were repeated 
with SAE 1020 and SAE 1045 loads. No 
significant differences could be detected 
from the results with SAE 1015 steel. At 
1200 degrees Fahrenheit, the difference in 
resistivities between SAE 1015 and SAE 
1045 steels is about three per cent. Ac- 
cording to equation 33, if the magnetic 
properties of the two steels were identical, 
the load resistances should differ by 
about two per cent. This variation 
would be negligible in most induction 
heating calculations. 

By definition, 


B=R,/N*=I?R,/(NI)? (47) 
Table Ill. Description of Induction Heating 
Coils 

Coil 1 Coil 2 
Potalctucns, Naan ea eon ee 35 Poe Ce) 
Inside diameter, inches........... 3229) 25 320 
Length over turns, L, inches....... LA OZ senso 
Conductor: 
Dimension parallel to axis of 
coi, inchescry cians ceaiiei oe 0.375. . 01.297 
Dimension perpendicular to 
axis of coil) inches... cadets 0.25 0.25 
Wall thickness, inches.......... 0.045.. 0.048 
Resistivity, microhm inches....... 0.73 0.73 


Table IV. Description of Loads 


= <== 


Load 1 Load2 Load 3 


Outside diameter, inches... 2.51... 2.50... 2.50 
Type steel, SAE number....1015....1020....1045 


But J?R, is the power to the load in watts. 
Since w; is expressed in kilowatts per 


square inch, J?R,=7a,Lw,;X10°. There- 
fore, 
_ 17A,Lw; X10? 
~ ND? 
TA ki? — 
ee oo Vf K7X107-3 (48) 
where 
6 
K, a X10 VF (49) 
(K,NI/L)? 


From equation 45 w,/+/f is a function 
of K,(NI/L, or K,NI/L is a function of 
w,/ Jf . Therefore, K7 is alsoa function of 
w://f. Similarly, it may be shown that 


D _ 709K? 


7 VF Kax10-* 


where 


K _ 1X 108//f_ 
* (KiNI/L)? 


isa function of K,NI/L or w:/+/f . How- 
ever, Figure 10 indicates that within the 
range of K,NJ/L covered by experiments, 
the ratio of reactive volt-amperes to 
watts is nearly constant and equal to 
0.65. Therefore, it is sufficiently accurate 
at the load temperature for maximum 
impedance to determine D from B by 
means of equation 6. 
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Formulas for Calculating the Inductance 


of Channels Located Back to Back 


WILLIAM G. SCHWANTZ 


ASSOCIATE AIEE 


N 1937 Arnold! published an analytic 

procedure enabling the designer of a 
single-phase 2-conductor bus to determine 
combinations of conductor spacing and 
cross section that render proximity and 
skin effects (a-c resistance, eddy-current 
losses, and current density distortion) a 
minimum. For explicit details the reader 
is referred to Arnold’s paper. For our 
purpose it suffices to remark: 


1. In general the designer is afforded an 
unlimited number of combinations of con- 
ductor spacing and cross section. 


2. As the theoretical cross sections are in- 
finitely thin, it is necessary, in practice, to 
use finitely thick structural shapes whose 
mean perimeters approximate the theoretical 
shapes. 


3. As the ratio of conductor spacing to 
perimeter of theoretical cross section in- 
creases, the approximately equivalent struc- 
tural shape associated with a particular 
spacing shifts from rectangular strap to 
channel to circular or square tubular con- 
ductor. 


4, Although the infinitely thin theoretical 
cross sections produce zero proximity and 
skin effects, such is not true of the finitely 
thick conductors actually used: for though 
the proximity effect is effectively yet zero, 
unavoidably there is introduced minimum 
skin effect. 

5. The skin effect losses, and hence the 
a-c resistance, can be calculated from a 
given simple formula. 

6. The accuracy of this formula and the 
correctness of the general theory are veri- 
fied by experimental data set forth in 
Arnold’s paper. 


Despite, however, the availability and 
the obvious usefulness of this general 
theory, it would seem that no consider- 
able use, if any, has yet been made of it. 
In some part, no doubt, this neglect is 
due to lack of knowledge of it: Arnold’s 
paper was published in the Journal of 
the Institution of Electrical Engineers, a 


Paper 46-119, recommended by the AIEE commit- 
tee on basic sciences for presentation at the AIEE 
summer convention, Detroit, Mich., June 24-28, 
1946. Manuscript submitted January 9, 1946; 
made available for printing May 8, 1946. 
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British periodical which in this country 
enjoys but little circulation outside of 
engineering libraries or the technical de- 
partments of a few of the larger public 
libraries. In other part, however, this 
neglect doubtlessly can be attributed to 
the fact that, largely, a-c industrial- 
bus design is polyphase and has as its 
desideratum the achievement of minimum 
inductance and hence minimum react- 
ance voltage drop. Designs achieving 
this end involve closely spaced conductors 
and thus greater than minimum eddy- 
current losses, whereas practical de- 
signs achieving minimum eddy-current 
losses involve fairly widely spaced con- 
ductors and thus increased reactance 
voltage drop. 

When, however, single-phase busses 
are to be designed and minimum re- 
actance is not so much the desideratum 
as is minimum eddy-current loss (for 
example, very heavy current busses 
where eddy-current loss is the predomi- 
nant factor in design), Arnold’s theory af- 
fords preferred designs. In consequence, 
it is of interest to the designer of such 
busses that there be available to him 
formulas enabling calculation of the 
electrical and mechanical performance of 
designs stemming from Arnold’s theory. 
This, as already mentioned, yields con- 
ductor cross sections to be approximated 
by standard structural shapes: rectangu- 
lar strap, channel, and circular or square 
tubular conductors. 

Now formulas for calculating the a-c 
resistance, a-c inductance, mutual elec- 
tromagnetic forces on short circuit, and 
other conductor parameters essential to 
knowledge of the electrical and me- 
chanical (short-circuit) performance of the 
bus are available for rectangular strap 
and for circular and square tubular con- 
ductors.2. As regards (uniformly thick) 
channel conductors located back to 
back, Arnold! has advanced a formula 
for calculating the a-c resistance and 
Higgins? has advanced formulas for 
calculating the mutual electromagnetic 
forces exerted between the conductors 
on short circuit. But explicit formulas 
for the inductance as a function of the 
geometrical parameters specifying con- 
ductor spacing and cross section have 
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not been published hitherto. Yet, inas- 
much as among the various combinations 
of conductor spacing and cross section 
afforded by Arnold’s theory, that com- 
bination which affords the best all- 
around design is usually one comprised 
of moderately spaced channels located 
back to back, it is most desirable to have 
formulas for the inductance. 

Such formulas are derived in this paper, 
it being assumed that the conductors are 
nonmagnetic, are of such length that end 
effects are negligible, are right-cornered, 
are uniformly thick, and carry currents 
uniformly distributed over their cross 
sections. 

Of these five conditions, the first and 
second commonly are satisfied in 
practice. Right-corneredness, however, 
though essential to tractable analysis, is 
not always true in practice: channels 
built up of strap conductors are usually 
right-angled, whereas channels drawn, 
rolled, or otherwise formed in one piece 
usually have rounded edges. However, 
error introduced by neglecting the 
rounded edges is usually quite small; 
moreover, where necessary the increase 
in inductance can be approximated by 
use of semi-empirical formulas derived 
by Dwight and Wang.’ Uniform thick- 
ness, on the other hand, is true both of 
channels built up of strap conductor and 
(except for possible slight variation in the 
immediate vicinity of a rounded edge) 
of most commercial channels. Finally, 
in designs based on Arnold’s theory, 
proximity effect is practically obviated 
and skin effect minimized; though this 
minimum skin effect tends to produce an 
inductance slightly less than the d-c 
value, the actual change is practically 
negligible (see, for example, the discussion 
following reference 5 or the experimental 
results published in reference 6); whence 
the assumption of uniform current dis- 
tribution is consistent with fact, intro- 
duces negligible error, and enables solu- 
tion of an otherwise intractable problem. 

If these five postulates are granted, 
derivation of the desired formulas, 
though lengthy, is not particularly dif- 
ficult. The conductor cross sections can 
be considered, in various fashions, as 
combinations of parallel-sided rectangu- 
lar areas. By virtue of the fundamental 
theorem of geometric mean distance 
theory, the inductance can be expressed 
in terms of the geometric mean distances 
between these rectangular areas. These 
geometric mean distances can be cal- 
culated from known formulas’’* as shown 
under ‘‘Some General Relationships.” 
Accordingly, determination of the in- 
ductance as a function of the parameters 
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defining the (spacing and cross sections 
of the conductors of the) bus reduces, in 
essence, to specific formulation of these 
geometric mean distances and_ substi- 
tution of them in the general equation 
for the inductance (see ‘‘Derivation of 
the General Formula’). To check the 
correctness of the resulting formula, we 
note that the channels can be (1) so 
proportioned or (2) so located relative to 
each other that the bus reduces to one 
comprised of rectangular strap conduc- 
tors. Corroboratively, the known for- 
mula’:!° for the inductance of this latter 
bus is yielded by the general formula for 
channels back to back (‘‘Corroboration 
of Equation 10’’). 

This general formula contains some 75 
terms. 
larly derived—but on the assumption 
that the conductors can be considered as 
comprised of line segments (Figure 5)— 
facilitates computation preliminary to 
final choice of cross section. To check 
the correctness of this formula, we note 
that if the flanges are taken to be of zero 
width, the bus reduces to one comprised 
of infinitely thin strap conductors. Cor- 
roboratively, the known formula®:!? for 
the inductance of this bus is yielded by 
the general formula for line segment 
channels back to back “(Approximations 
to the General Formula’’). 

The desired formulas having been ob- 
tained and checked, their use is illus- 
trated by the numerical solution of a 
typical problem in bus design (‘‘Some 
Illustrative Examples’). Additionally, 
this illustrative example reveals certain 
precautions that must be observed in the 
use of the approximate formulas based on 
line segment channels (‘“Remarks on the 
Approximate Formula’’). 


Some General Relationships 


From well-known theory we have that 
the inductance of a bus comprised of two 
long parallel cylindrical nonmagnetic 
conductors, each of uniform but other- 
wise arbitrary cross section, is 


Dar? 
DaaD bd 


L=2 log (1) 
wherein Dy, and Dy, are the self geometric 
mean distances of the conductor cross 
sections and D,, is the geometric mean 
distance between the cross sections. 

If each of the two conductors is com- 
prised of several component conductors 
connected in parallel, m comprising that 
with cross section S, and that with cross 
section Sy, equation 1 can be written® 

) m+n m+n 
L=—- (3) hy Ss w;w;S,S; log Di; (2) 


i=1j=1 
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A much simpler formula, simi-' 


wherein J is the conductor current; wy, 
the current density in the 7th component 
of cross sectional area S;, taken positive 
for current flow in one direction and nega- 
tive for current flow in the opposite di- 
rection; and D,=D, is the geometric 
mean distance between areas S; and Sy. 
If S;=RS and S;=R’S’ are two ar- 
bitrarily located parallel-sided rectangu- 
lar areas (Figure 1), the geometric mean 
distance between them is given by 


25 
Sisy log Diy= — 12 SiS7— 


(a) 2 a ae sero) (3) 
En ih 


wherein 


K(Ap,By) = (Ap!—64p?B 2+ Ba4) X 
log (A,?+B,2)'/?—4A,BgX 


A By 
tan~! —?—44,3B, tan-!— (4) 
By PD qd A» 
and 


A,=|D+R\|; 


A,=|D+R+R’|; 
A,=|D+R'| (5) 


) 


B,=|P+S+S'|; Be=|P+S|; 
B;=|P|; Bs=|P+S’| (6) 


Derivation of the General Formula 


Consider a bus comprised of two identi- 
cal channels back to back (Figure 2). 
Each of the channels can be taken as 
comprised of two component conductors: 
one of full rectangular cross section 
wherein current exists in the same direc- 
tion as in the channel; the other of 
smaller rectangular cross section having 
current in opposite direction. Hence 
m=n=2, and from equation 2, 


) 4 4 
= -(2) Ss 2 W;W;S,S; log Di (7) 


i=1 j=1 


By definition of geometric mean dis- 
tance, Dy=D;j;. By virtue of the geo- 
metric symmetries in Figure 2, 

Dy =D; Dx =D33; De=Ds; Dis=Da 
Further, 

Si= S43 S2=S3; wi = —w.=w3= — 


W4 =1/(Si—S») 


In consequence of these relationships, we 
have from equation 7 


B= -(3.) [Si2(log Di—log Dys)+ 
S»*(log Dox— log Do3) — 
2S1S2(log Diz— log Di3)] (8) 
wherein 
A = (Si—S2) = [rs— (r—1) (s— 28) ] (9) 


Corroboratively, if S,.=S;=0, we have 
rectangular strap conductors of cross 
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Y 


Relative location of two parallel- 
sided rectangles 


Figure 1. 


section .S,=.S, and equation 8 reduces to 
the known formula, 


L=4 log ae 
Du 
Determining the six geometric mean 
distances in the right-hand member of 
equation 8 by use of equations 3-6—the 
explicit expressions are to be found in 
Appendix I—subhstituting appropriately 
in equation 8, and rearranging terms, we 
have 


L= ~(j)bs= (=n (s=20 far tog r+ 


4s4 log s—12t4 log t—2d* log d+ 
4(r—t)4 log (r—t) —4(s—t)*X 

log (s—f)+4(s—2t)4 log (s—2t)+ 
4(d+r)* log (d+r) —4(d+2r)4X 

log (d+2r) —2(d+2#)4 log (d+2t)+ 
4(d+r-+t)4 log (d+r+t) —2(r4— 
6r?s?-+ 54) log (7? +5?) —2(r*—6r7? + 
t*) log (7?+#2) —2[(r—2)4-—6(r— 
t)?#+14] log [(r—t)?+#2]—2[(s—f4— 
6(s—2)*+#4] log [(s—i)?-F 2) 
(d*—6d?s?+s*) log (d?+s?)+2[(d+ 
t)*—6(d+4)7#?+#4] log [(d+t)?+#]+ 
27? —6r(s—=t)2- Gb) sx 

log, [7?-+- 6—1)?7)-+-21¢=—)4— 
6(r—t)?(s —t)?+(s—f)4]X 

log [(r—t)?+(s—#)?]—2[(r—f)4—- 

6 (7 —t)?(s —2t)2+ (s—2t)4]x 

log [@¢—1)?7-F 6 —2))?)—2 e-Prige 
6(d+r)?s?-+s4] log [(d+r)?+s?]+ 
[(d+27r)4—6(d+2r)2s2+ 54] X 

log [(d+2r)?+s?]—2[(d+r)4—6(d+ 
r)-P+t4] log [(d+r)?+2]+2[(d+ 
2r)4§—6(d+2r)42+t4]X 

log [(d+2r)?+#2]—2[(d+r+2)1— 
6(d+r+t)t2+t4]X 

log [((d+r+#)?+#]+2[(d+r)4— 
6(d+r)?(s—t)?+ (s—t)4] Xx 

log [(d-+r)?+ (s—#)?]—2[(d+2r)*— 
6(d+2r)?(s—t)?+ (s—t)*]X 

log [(d+2r)?+(s—t)?]—2[(d+#)4— 
B(d+A%s—?+(s—)4X 
log [(d+-#)?+ (s—#)?]+ [(d+2r)4— 
6(d+2r)?(s—2t)2+ (s—2t)4]x 

log [(d+2r)?-+ (s—22)2]+ [(d+24)‘— 
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6(d-+2t)2(s — 2t)2-+ (s—2t)4]X 
log [(d+2t)?+ (s—2#)?]4+2[(d+r+ 
DSO rs —1)"(s—¢t)4] x 
log [(d+r+1t)?+(s—t)?]—2[(d+r+ 
t)*—6(d+r+t)?2(s—2t)?+ (s—2t)4]X 
log [(d+r+t)?+(s—2t)?]+16rs?x 
tan~+7/s+16r3s tan—! s/r+ 16rt3 X 
tan~! r/t+16r%t tan-1 t/r+ 
16(7—#)t? tan—1(r—#) /t+16(r—2)3tX 
tan~1t/(r—t)+16(s—2)t?X 
tan~! (s—t)/t+16(s—t)%tx 
tan—! ¢/(s—t) —8ds3 tan-1 d/s— 
8d%s tan! s/d—16(d+2)t3?X 
tan~! (d+t#)/t—16(d+2)%*X 
tan—1¢/(d+t) —16r(s—t) tan-27+ 
(s—t) —16r3(s—t) tan~} (s—t)/r— 
16(r—#)(s—t)3 tan—! (r—2#)/(s—2) — 
16(r—#)3(s—t) tan—! (s—#)/(r—t)+ 
16(r—#)(s—2t)§ tan—} (r—t) + 
(s—2t) +16(r—1t)3(s— 22) X 
tan7! (s—2t)/r(—t) +16(d+7)s*X 
tan7! (d+r)/s+16(d+r)*s xX 
tan—! 5/(d+r) —8(d+2r)s3X 
tan—! (d+2r)/s—8(d+2r)%s x 
tan—! s/(d+2r)+16(d+r)t8?x 
tan—! (d+r)/t+16(d+7r)3#*&X 
tan—!¢/(d+r) —16(d+2r)t3?X 
tan! (d+2r) /t—16(d+ 27r)3tx 
tan-! t¢/(d+2r)+16(d+r7+2t)x 
tan~! (d+r++#)/t+16(d+r-+t) tx 
tan~! ¢/(d+r+#) —16(d+r)(s—t)*X 
tan-! (d+r)/(s—t)—16(d+r)*X 
(s—t) tan~! (s—t)/(d+r)+16(d+ 
2r)(s—t)§ tan}! (d+2r)/(s—t)+ 
16(d+2r)3(s—t) tan7} (s—t)+ 
(d+2r) —8(d+2r)(s—2t)*X 
tan~! (d+2r) /(s—2t) —8(d+2r)*x 
(s—2t) tan~! (s—2t)/(d+2r)+ 
16(d++2)(s—t)* tan—! (d+2)/(s—t)+ 
16(d+1#)3(s—t) tan—! (s—t)/(d+2t) — 
8(d+2t)(s—2t)? tan-! (d4+2t) + 
(s —2t) —8(d+ 2t)3(s—2t) x 
tan—! (s—2t)/(d+2t) —16(d+7-+1) x 
(s—t)* tan! (d+r+t)/(s—t)— 
16(d+7+1)3(s—t) tan~! (s—t) + 
(dt+r+é)+16(d+r+t)(s—2t)*X 
tan~! (d+7-+#)/(s—2t) + 
16(d+r-+t)3(s—2t) tan~1 (s—2t) + 
(d+r+t) —8t4(m+log 2)} (10) 


Corroboration of Equation 10 


In other fashion each of the channels 
can be considered as comprised of three 
component conductors, each of rectangu- 
lar cross section, and all having current 
in the same direction (Figure 3). Thus 
m=n=3. 

By virtue of the geometric sym- 
metries in Figure 3, 


Dy = Dx = Du = Doe; Do =Dss; 
Dy = Do3 = D5 = D508; Dy = D146; 
Dis=D3s; Dis = D35 = Dos =D26; Dis = Dae 


Further, 
‘SS Sy SS S38 SaaS y56 
I 


W, = W2 = W3 = =—Wy = — U5 = —W= — 
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Figure 2. Cross sec- 


tion of channel bus 
comprised of four 
superimposed strap 


conductors 
Se 


S| 


S4 


uP 


In consequence of these relationships, we 
have from equation 2 


4 
G -(-4) (2.S;? (log Dy +log Dy3—logDy4— 


log Dys)+.S2? (log Do. — log Ds5)+ 
4S,S_ (log Diz— log Dys)] (11) 


Corroboratively, if S;=5S;=5S,;=Ss=0 we 
have rectangular strap conductors of 
cross section S,=S; and equation 11 re- 
duces to the known formula, 
Dy; 

L=4 log Dn 

Determining the eight geometric mean 
distances in the right-hand member of 
equation 11 by use of equations 3-6— 
the explicit expressions are to be found in 
Appendix II—substituting appropriately 
in equation 11, and rearranging terms we 
obtain, as is to be expected, equation 10. 

Although this verification most cer- 
tainly ensures that the algebra involved 
in the derivation of the geometric mean 
distances given in Appendixes I and II 
and in the subsequent substitution of 
these expressions in equations 8 and 11 
has been carried through correctly, cer- 
tain additional checks are made easily. 


1. If r=0, we have a bus comprised of 
strap conductors of width ¢ and height s, 
spaced distance d between adjacent faces. 
Corroboratively, we obtain from equation 
10 the known formula’,!© for this case. 


2. If d=—r, the conductor cross sections 
are located as in Figure 4; over the super- 
imposed areas the current density is uniform 
and opposite; whence effectively we have 
the cross section of a bus comprised of strap 
conductors (cross-hatched) of width ¢ and 
height s—2t, spaced distance r—2¢ between 
adjacent faces. Corroboratively, we ob- 
tain from equation 10 the known formula’, 
for this case. 


Approximations to the 
General Formula 


The general formula for the inductance 
comprises 75 terms: of these, 32 are 
logarithmic, 42 arctangentic, and 1 alge- 
braic. This is a formidable number. 


Schwantz, Higgins—Formulas for Calculating Inductance 


But the work incidental to computation 
of the inductance of a specified bus can 
be carried through without difficulty 
provided in calculating one employs 
proper technique (judicious use of the 
trigonometric identity, tan—! X + tan] 
X-1 = 7/2; factoring, in so far as is 
possible, logarithmic arguments into 
prime numbers; and so forth) and suit- 
able tools (an electric calculating ma- 
chine; the 15-place Works Projects 
Administration tables" of natural loga- 
rithms and arc tangents having 0.6001 
and 0.001 increment arguments). Ad- 
mittedly, the task of computation is 
lengthy. In a sense, however, this is no 
drawback if, the final dimensions of the 
bus having been decided on, it is impera- 
tive to determine,(as accurately as pos- 
sible) the inductance for some specified 
purpose: say, to enable computation of 
the bus impedance for use in calculating 
voltage regulation or fault conditions. 
But in calculations leading to the choice 
of final bus dimensions, it is obviously 
desirable to have formulas that will en- 
able rapid determination of the approxi- 
mate inductances of the several designs 
under consideration. 

A possible means of deriving such 
formulas is suggested by an earlier in- 
vestigation of the inductances of busses 
comprised of hollow rectangular conduc- 
tors.!2. It was found that for conductor 
thicknesses used in practice the induct- 
ance calculated from the formula taking 
conductor thickness into account and the 
inductance calculated from much simpler 
formulas derived by Dwight and Wang® 
on the basis that the conductor is in- 
finitely thin—that is, that the cross sec- 
tionis comprised of line segments—differed 
only slightly. Although for reasons dis- 
cussed in ‘“‘Remarks on the Approximate 
Formula” such excellent agreement does 
not attend a similar treatment of channel 
conductors, it does afford formulas suf- 
ficiently satisfactory for preliminary cal- 
culations. 

Consider, then, each conductor as com- 
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prised of three line segments (Figure 5). 
Thus, m=n=3. From the geometric 
symmetries of Figure 5, 


Dy = D33 = Das = Dos; D2 = Do3 = Dis = D555; 
Dy:=Dss; Dis=D35; Dis= Ds; 


Dx» = D55 
Further, 
Sp =S3=Si=S6; S2=Ss; 
Wy =W2=W3 = —W= —W; = — Ws = 
coe 
(251 +S2) 


In virtue of these relationships, we have 
from equation 2 


B? 
log Dis— log Dig) + S2? (log D2 


—4 
t=(= ess (log Dy+ log Dy3— 


log Des) +4S1S2 (log Diz— log Dos)] (12) 
wherein 
B= (25,4 Sy) =2x+y (13) 


Corroboratively, if S,=$3;=S,;=Ss=0, 
we have infinitely thin strap conductors of 
linear cross section S.=S;, and equation 
12 reduces to the known formula, 


Determining the eight geometric mean 
distances in the right-hand member of 
equation 12—the explicit expressions are 
to be found in Appendix IJI—and sub- 
stituting appropriately in equation 12 
yield 


L=[2/(2x+y)?]{ —4x? log x—6y? log y+ 
4d? log d—4(d+x)? log (d+x)+ 
2(x?+2xy—y?) log (x?+y?) +2(d+ 
2x)? log (d+2x) —4dy log (d?+y?) — 
2[(d+x)?—2(d+x)y—y?]X 
log [(d+x)?+y?]+ [(d+2x)?—y?] x 
log [(d-+2x)?-+y2] +4 [x?—2xy—y2] x 
tan~! x/y+4(d?—y?) tan—}! d/y— 
4[(d+x)?+2(d+x)y—y?]x 
tan~! (d+x)/y+4(d+2x)yX 


tan! (d+2x)/y+2md(2x+y)} (14) 


If x=0, we have a bus comprised of 
infinitely thin strap conductors of height 
y, spaced distance d. Corroboratively, 
we obtain from equation 14 the known 
formula®!° for this case. Again, if 
d=-—x, the cross sections fall on one 
another; the superimposed flanges have 
equal and opposite currents densities; 
whence effectively we have a bus com- 
prised of infinitely thin strap conductors 
of height y, spaced distance x. Corrobora- 
tively, we obtain from equation 14 the 
known formula®:!° for this case. 

The advantages of equation 14 over 
equation 10 in regard to computation are 
considerable. Whereas the general for- 
mula comprises 72 terms, this approxi- 
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Figure 3. Cross sec- 

tion of channel bus 

comprised of six strap 3s 
conductors 


S2 


S| 


619-2 


Ss s 


kr —r}e 


mate formula comprises only 14: 9 
logarithmic, 4 arctangentic, and 1 alge- 
braic. Again, the coefficients and argu- 
ments of these terms are simpler than 
those of the corresponding terms of 
equation 10. In consequence, a calcula- 
tion with this formula, if effected with the 
tools of computation mentioned above, 
requires but a short time. Unfortunately, 
for reasons discussed in ‘‘Remarks on the 
Approximate Formula,’ this approxi- 
mate formula is, as mentioned above, not 
as accurate as that of the corresponding 
formula for hollow rectangular conduc- 
tors. 

By means of the trigonometric identity, 
tan“! X-+tan! X—1=7/2, the right- 
hand members of equations 10 and 14 
can be expressed in various equivalent 
forms. However, in that the best use of 
this identity hinges on the numerical 
values associated with a given bus de- 
sign—to avoid tedious interpolation with 
finite differences or computation with in- 
finite series, this identity should be em- 
ployed so that the maximum number of 
arctangent arguments are tabulated in 

_ the Works Projects Administration tables 
—there is little point in writing out any 
of the multitude of alternative forms. 

Inasmuch as the right-hand members of 
equations 10 and 14 are dimensionless, 
we note that in substituting in these equa- 
tions, 7, s, t, x, y, and d can be measured 
in any like unit of length. But otherwise 
the units of all quantities mentioned to 
this point are in the absolute system: bus 
dimensions in centimeters; current J in 
abamperes; inductance L in abhenries 
per centimeter of bus length. Multiply- 
ing abhenries per centimeter by 3.048 
10~° yields millihenries per foot; multi- 
plying by 11.48X10~® yields 60-cycle re- 
actance in ohms per foot. 


Some Illustrative Examples 


To illustrate use of the general formula 
and to gain knowledge of the accuracy to 
be expected of values calculated with the 
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approximate formula, we consider the 
following problems: 


EXAMPLE 1 


To calculate the inductance of a bus 
comprised of (approximately) standard 
aluminum channels: web, s=12 inches; 
flange width, r=3 inches; thickness, 
t=0.4 inch; spaced back to back, d=6 
inches (Figure 3): 

Substituting these values in equation 
10, collecting and rearranging numerical 
terms, obtaining values of the logarithmic 
and arctangentic terms from the Works 
Projects Administration tables, and ef- 
fecting all calculations with an electric 
calculating machine, we obtain 


L =2.58567. abhenries per centimeter of bus 
length (15) 


Obviously, as by virtue of the assump- 
tions underlying derivation of the general 
formula, it is unlikely that L represents 
the inductance of the hypothetical bus to 
more than plus or minus several in the 
second or third decimal place, the last 
several digits have no physical signifi- 
cance. They are given merely to empha- 
size that in so far as the numerical com- 
putation is concerned, the value of L is 
correct to this number of places. For all 
logarithmic and arctangentic terms were 
taken to nine decimal places; values 
stemming from consequent arithmetic 
manipulations were held to six places of 
decimals. In that the value given in the 
equation above stems from a final alge- 
braic addition of some two score terms, 
the largest of which approximates 227,000 
and the smallest 0.3, it is essential that 
some such degree of preciseness be held. 
In that the resulting value of L is signifi- 
cant to only two or three decimal places, 
it is not unlikely that study of the num- 
ber of decimal places to be held in the 
various stages of computation would re- 
veal that a smaller number than actually 
used would yet be satisfactory. Inas- 
much, however, as 15-place tables were 
employed and the calculation was per- 
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formed on a 10-digit electric calculating 
machine, the added labor is negligible and 
there is no uncertainty as to the effect of 
cumulative errors on the accuracy of 
first few digits of L. 


EXAMPLE 2 


To calculate the inductance of a bus 
comprised of channels having ‘‘external”’ 
dimensions and spacing as in example 1 
(s=12 inches, r=3 inches, d=6 inches) 
but with thickness, f=0.1 inch. 

Substituting appropriately in equation 
10 and effecting computation as previ- 
ously, we have 


L=2.533 abhenries per centimeter of bus 
length (16) 


Thus, as the thickness is decreased from 
0.4.inch to 0.1 inch, the ‘“‘external’’ di- 
mensions and spacing of the channels be- 
ing held constant, the inductance de- 
creases slightly. Accordingly, it is tempt- 
ing to conjecture that further reduction in 
thickness from 0.1 inch to indefinitely 
thin (line-segment) conductors will result 
in a correspondingly slight decrease in 
the inductance. That decrease in the 
thickness of the channels to line-segment 


ul 
| 

hon 
pues’ . 


Figure 4. Cross section of rectangular strap 
bus comprised of two superimposed channels 


Le 


channels does not result in a correspond- 
ing decrease in inductance is evidenced by 
the following example. 


EXAMPLE 3 


To calculate the inductance of a bus 
comprised of line-segment channels hav- 
ing ‘‘external’’ dimensions and spacing as 
in examples 1 and 2 (y=12 inches, x=3 
inches, d=6 inches): 

Substituting appropriately in equation 
14 and effecting computation as before 
yield 


L,.=3.517 abhenries per centimer of bus 
length (17) 
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Figure 5. Cross sec- 
tion of bus com- 
prised of six infinitely- 
thin strap conductors 


This value is considerably larger than 
that of equation 16. 


Remarks on the Approximate 
Formula 


Noting that the inductance of the line- 
segment bus is considerably larger than 
that of the original bus of example 1 gives 
rise to a question regarding the best use 
of the approximate formula to calculate 
the inductance of busses of finite thick- 
ness such as actually occur in practice. 
Thus, the “external” dimensions and spac- 
ing of the bus of example 1 are used in 
example 3. But if the ‘“‘mean” or the 
“internal” dimensions and spacing were 
to be used, would not the resulting values 
of inductance be closer to those of ex- 
ample 1? To settle this point we calcu- 
late the inductances indicated. 


EXAMPLE 4 


To calculate the inductance of line- 
segment busses having (1) the ‘‘mean’”’ 
and (2) the ‘internal’ dimensions and 
spacing of example 1: 


1. x=2.8 inches; y=11.6 inches; 


d=6.4 inches 
2. x=2.6 inches; y=11.2 inches; 
d=6.8 inches 


Substituting appropriately in equation 
14 and effecting computation as before 
yield 


L=3.977 abhenries per centimeter of bus 
length (18) 


L,” =4.38, abhenries per centimeter of bus 
length (19) 


We find, therefore, that the best ap- 
proximation to the inductance of the bus 
of example 1 stems from use of the 
“‘external”’ dimensions and spacing. 

From analysis of these four examples 
we conclude: 


1. If the inductance of a bus is to be ap- 
proximated by use of equation 14, the best 
result will stem from use of the ‘‘external”’ 
dimensions and spacing as in example 3. 
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2. Comparatively large changes in the 
thickness of the channels apparently result 
in slight changes in the inductance. 


3. Though the approximate value will be 
somewhat larger than the actual inductance, 
it is yet of use in actual design. 


For example, in the course of deter- 
mining the best dimensions of a bus it is 
often necessary to determine whether or 
not the inductance of a number of pro- 
posed designs exceeds a certain allowed 
maximum—say that which specifies the 
maximum allowable voltage drop for a 
given load current. If of one or more of 
these designs it is found that the induct- 
ance calculated from the approximate 
equation is less than the allowed maxi- 
mum, the exact value is even more so: 
whence the lengthy exact computation 
need not be undertaken. 

Again, in much design work only an 
approximate knowledge of the inductance 
is needed; whence a value 20 or 30 per 
cent larger than the actual value is yet 
sufficiently accurate. 


Appendix | 


The geometric mean distances indicated 
in equation 8 follow from equation 3 by sub- 
stitution therein of the following values of 
the parameters Ay, Bp, these being obtained 
by inspection of Figure 2. 


Si? log Dy: At— Act A,=A,=0; 
B\=B3=s, B,=B,=0 
Si? log Ds: A; =d+2r, Ay =A,=d-7, 
A;=d; By, =B3=s, B,=B,=0 
So? log Dy: A,=A;3=r-t, A,=A,=0; 
B,=B;=s—2t, B,=B,=0 
So? log Do3: A,=d+2r, A,=A,=d+r+t, 
A;=d+21; B,=B;=s—2t, B,=B,=0 
SiS2 log Diz: Ap=r—t, A,=t, Az=r, As=0; 
B,=B3=s—-t, B,=B,=t 
S1S2 log Diz: A, =d+2r, Ap=d+r, As=d+t, 
A,=d+r-+t; B}=B;=s—t, B,=B,=t 
Substituting these parameters in equation 
3 yields: 


Si? log Du = — (25/12) Si?+ (1/24) [4r4+X 
log r+4s4 log s—2(r4—6r2s?-+-54) X 
log (7?+s?)+16rs3 tan7! r/s+ 
16r3s tan—! s/r] 
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Si? log Dyy= — (25/12) S1?+ (1/24) X 
{2d4 log d—4(d+r)4X 
log (d+r)+2(d+2r)*x 
log (d+2r) — (d4—6d?s?+ 54) X 
log (d2+s?)+2[(d+r)4—6(d-+r)2s?-++ 
s4] log [((d+r)?+s?]— [(d+2r)4— 
6(d+2r)?s?+s54] log [(d+2r)?+s5?]+ 
8ds* tan~! d/s+8d's tan~! s/d— 
16(d+r)s* tan~! (d+r)/s—16(d+ 
r)’s tan! s/(d+r)+8(d+2r)s?X 
tan~! (d+2r) /s+8(d+2r)%sx 
tan~} s/(d+2r) } 
So? log Dap = — (25/12) S»?+ (1/24) {4(r—1)4X 
log (r—t) +4(s—2t)4 log (s—2t) — 
2[(r—t)4*—6(7 —#)2(s —26)?+- 
(s—2t*] log [(r—#)?+(s—2t)?]+ 
16(7—t) (s—2t)8tan~!(r—t)/(s—2t) + 
16(r—#)*(s —2t) X 
tan-1 (s—2t)/(r—2)} 
S3? log Dos = — (25/12)S2?+ (1/24) {2(d+ 
2r)4 log (d+27r)+2(d+2t)4 log (d+ 
2t)—4(d+r+t)* log (d+r+t)— 
[(d+2r)4*—6(d+2r)?(s—2t)?+ 
(s—t)4] log [(d+2r)?+ (s—2t)?]— 
[(d+-2t)4*— 6 (d+ 2t)?(s—2t)?+ (s— 
2t)*] log [(d+2t)?+ (s—2¢)?]+ 
2[(d+r+t)*—6(d+r+t)?(s—2t)?+ 
(s—2t)*] log [(d+r+#)?+(s—2t)?]+ 
8(d+ 2r)(s—2t)?X tan7! (d+2r)+ 
(s—2t) +8(d+2r)3(s—2t) tan7! (s— 
2t) /(d+2r)+8(d+ 2b) (s—2t)?X 
tan~! (d+ 2t) /(s—2t)+8(d+2t)?x 
(s—2t) X tan~! (s—2t)/(d+2t) — 
16(d+7r+#)(s—2t)* tan—! (d+7r+t) + 
(s—2t) —16(d+r+t)3(s—2t) X 
tan~} (s—2t)/(d+r+1} 
SiSe log Dy= — (25/12) S1S2+ (1/24) x 
{4t4(r+ log 2)+6t4 log t+2(s—t)4*X 
log (s—t)+(r4—6r?t2+14) X 
log (r?-+-#?) — [r4—67?2(s—t)?+ 
(s—t)4] log [r?+(s—#)?]+ 
[(r—t)4—6(r—1) 222 +44] X 
logh(@—2)*-+-7 1+ [G=)4= 
6(s—#)77--14] log: ((s—b?-+8)|— 
[(r—t)4—6(r—1)?(s—t)?+(s—t)4]X 
log [(r—t)?+ (s—t)?]—8rt?X 
tan~! r/t—8r%t tan—! t/r—8(r—t)t?X 
tan! (r—t)/t—8(r—1t)3t tan-! t+ 
(r—t) —8(s—t)*t tan—! t/(s—t)— 
8(s—t)t? tan—! (s—t)/t+8r(s—t)3X 
tan~! r/(s—t)+8r3(s—t) tan7! (s— 
t)/r+8(r—t)(s—t)3 tan! (r—t) + 
(s—t)+8(r—1)3(s—#) tan—! (s—t) + 
(r—1)} 
SiS2 log Dis = — (25/12) SiS2+ (1/24) X 
{((d+#)*—6(d+4)?+¢4] log [(d+ 
t)?+#)— [(d+r)*—6(d+r)7?+t4]X 
log [((d+7r)?+#7]+ [(d+2r)*—6(d+ 
2r)?t?+-44] log [((d+2r)?2+2]— 
((d+r+t)4*—6(d+r+#)??+14] X 
log [((d-+r+#)?+27]— [(d+t)4— 
6(d+1#)?(s—t)?+ (s—t)4] log [(d+t)?+ 
(s—£)?]+ [(€+r)*—6(d+r)?X 
(s—t)?+(s—£)4] log [((d-+r)?+ 
(s—t)?]— [(d+2r)4—6(d+ 27) x 
(s—t)?+(s—#)*] log [(d+2r)?+ 
(s—£)?]+ [€+r+t)*—6(d+r+t)?X 
(s—£)?+(s—#)*] log [(d+r+4)?+ 
(s—t)?]—8(d+2)t3 tan—! (d+) /t— 
8(d+1#)*t tan~!t/(d +t) +8(d+r)t3X 
tan 1(d+r)/t+8(d+r)*t tan-1¢+ 
(d+r)— 
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8(d+2r)t? tan—} (d+2r) /t— 
8(d+2r)%t tan—! t/(d+2r)+ 
8(d+r+e)e2 tan~! (d+r+t) /t+ 
8(d+r+#)%t tan) t/(d+r+t) + 
8(d+2)(s—#)§ tan—! (d+4)/(s—t)+ 
8(d+#)3(s—t) tan~! (s—t)/(d+#) — 
8(d+r)(s—t)* tan~! (d+r)/(s—t) — 
8(d+r)3(s—t) tan~} (s—t)/(d+r) + 
8(d+2r)(s—t)3tan—!(d+2r)/(s—t)+ 
8(d+2r)3(s—t) tan~!(s—t) /(d+2r) — 
8(d+r+4)(s—t)* tan! (d+r+t) + 
(s—t) -—8(d+r+t)*(s—t) Xx 

tan7} (s—t)/(d+r+2} 


Appendix Il 


The geometric mean distances indicated 
in equation 11 follow from: equation 3 by 
substitution therein of the following values 
of the parameters Ay, By, these being ob- 
tained by inspection of Figure 3. 


SS}? log Du: A; =A3=r—t, Az=As,=0; 
B,=B;=t, By, =B,=0 
Se log Dy,3: A,=A;=r-t, A» — A=) 
Sis B,=B,=s—-t, B,=s—2t 
Si? log Diy: Ay=d+2r, Ap=A,=d+r+t, 
A;=d+2t; 1350 on B,=By=s—-t, 
B3=s—2t 
Si? log Dy: A,=d+2r, Ayg=As=d4+rt, 
A;=d+2t; Di b2=e B,=B,=0 
So? log Dy: Ania Ag—=Ag—=()- 
HSER, 5 — a0 
So? log Dos: A,=d+21, A,=A,=d+t, 
A3;=d; By=B3=s, 1 Vey AOV 
Si So log Dy: Asim Jyh, A3;=0, Ag=r-t; 
bis By=s-t, Bat Be=0 
SiS: log Dis: Av=d+r+t, As=d+r, 
A3;=d+t, A,=d+2t; By=s, 
B.=s—-t, B3=t, Bs=0 


Substituting these parameters in equation 
3 yields 


Si? log Du = — (25/12) S,?+ (1/24) {44x 
log ¢+4(r—t)4 log (r—t) —2[(r—t)4— 
6(r—t)2-+14] log [(r—t)?+-#]+ 
16(r—2)é3 tan—! (r—t)/t+16(7— 

£)5t3 tan—} t/(r—2)} 

Si? log Dis = — (25/12) Si2+ (1/24) {254% 
log s—4(s—t#)4 log (s—t)+2(s—2t)*x 
log (s—2t)— [(r—t)4—6(r—1)2x?+ 
s*] log [(r—#)?+s?]+2[(r—t)4— 
6(r—t)2(s—t)?+(s—2)4]log [(r—2+ 
(s—t)?]—[(r—t)4—-6(r7 —1)?(s — 28) 2+ 
(s—2t)4] log [(r—t)?+ (s—2#)?]+ 
8(r—2)s* tan“! (r—t)/s+8(r—1)3sX 
tan~!s/(r—t) —16(r—1t)(s—t)*X 
tan! (r—#)/(s—t)—16(r—t)3X 
(s—t) tan~! (s—#)/(r—t)+ 
8(r—t)(s—2t)3 tan—! (r—#£)/(s—28) + 

8(r—t)(s—2t) tan~! (s—2#)/(r—2)} 

Si? log Dis= — (25/12) S:2— (1/24) { (d+ 
2r)*—6(d+2r)?s?+ s4] log [(d+2r)2+ 
s?}'/?— [(d+2r)*—6(d+27)(s—1)?+ 
(s—t)4] log [(d+2r)?+(s—1)2] + 
[(d+2r)*— 6 (d+ 2r)?(s —2t) 4 
(s—2#)4]log [(d+2r)2+ (s—24)2]/24 
[((d+2t)*—6(d+28)2s2+54]X 
log [(d+2t)2+52]'/?— [(d+28)4— 


Schwantz, Higgins—Formulas for Calculating I. nductance 


6 (d+ 2t)?(s—t)?+ (s—t)4]X 
log [(d+2t)?+ (s—#)?]+ 
[((d+2t)4—6(d+2t)?(s—2t)?+ 
(s—2t)*] log [(d+2t)?+(s— 
2t)?]'/2— [(d+r+h)*—6(d+r+h?s?+ 
s4] log [(d+r+)2+5?]4+2[(d+ 
r+1)4—6(d+r+t)?(s—t)?+(s—141X 
log [((d+r+t)?+ (s—t)*J—[(d+r+ 
t)4—6(d+r+t)2(s—2t)?+ (s—2#) 4] X 
log [(d+1r+1)?+ (s—2t)?]—4(d+ 
2r)s3 tan—! (d+2r) /s—4(d+2r)8s X 
tan~! s/(d+2r)+8(d+2r)(s—t)?X 
tan~! (d+2r)/(s—t)+8(d+2r)*X 
(s—t) tan~! (s—#t)/(d+2r) —4(d+ 
2r)(s—2t)8 tan! (d+2r)/(s—2t) — 
4(d+2r)3(s—2t) tan—! (s—2t)/(d+ 
2r) —4(d+2t)s tan-! (d+2t)/s— 
4(d+2t)*s tan—! s/(d+2t) + 
8(d+2t)(s—t)*tan—! (d+2t)/(s—t)+ 
8(d+2t)3(s—t) tan—1 (s—t)/(d+2t) — 
4(d+2t)(s—2t)* tan~! (d+2t) + 
(s—2t) —4(d +24) 3(s —2t) X 
tan—! (s—2t)/(d+2t)+ 
8(d+r+2)s3 tan! (d+r+t)/s+ 
8(d+r+t)*s tan! s/(d+r+t) — 
16(d+r+t)(s—t)* tan—! (d+r+#) + 
(s—t) —16(d+r+t)3(s—t) X 
tan~! (s—t)/(d+r+t)+8(d+r-+t) X 
(s—2t)? tan—! (d+r+t)/(s—26)+ 
8(d+r+t)3(s—2t) tan~} (s—2t) + 
(d+r+t)} 
Si? log Dig= — (25/12).S1?+ (1/24) X 
{2(d+2r)4 log (d+2r) +2(d+2t)*x 
log (€+2t) —4(d+r7+1#)*X 
log (d+r+t) — [(d+2r)*— 
6(d+2r)*t2+#4] log [(d+2r)?+t?]— 
[(d+2t)4—6(d+ 2t)2t?+ t4] x 
log [(d+2t)?+#]+2[(d+r+t)i— 
6(d+r+2)2+X 
log [(d+7r+t)?+#] +8(d+2r)t? x 
tan! (d+2r) /t+8(d+27)*tx 
tan-! t/(d+2r)+8(d+ 2t)t? 
tan~! (d+2t) /t+8(d+2t)*tx 
tan~! ¢/(d+2t) —16(d+r+t)#X 
tan~! (d+r+t)/t—16(d+r+t)*tX 
tan7} t/(d+r+0} 
So? log Do = — (25/12) S22+ (1/24) {44x 
log s+4t* log t—2(st—6s%2+ #4) X 
log (s?+2?)+ 16st tan7} s/t+ 
16ts* tan! t/s} 
Sx? log Dos = — (25/12) S2?+ (1/24) { 24x 
log d—4(d++t)4 log (d+ #)+2(d+ 
2t)* log (d+2t) —(d*—d?s?+54) X 
log (d?+s?)+2[(d+t)4—6(d+4#)?s?+ 
s*] log [(d+#)?+s?]— [(d+28)4— 
6(d+2t)?s?+ s?] log [(d+2t)?+s?]+ 
8ds* tan~! d/s+8d's tan—! s/d— 
16(d+42)s3 tan~! (d+#) /s—16(d+ 
t)§s tan~! s/(d+t)+8(d+2t)s3X 
tan~1? (d+2t)/s+8(d+2t)s x 
tan7} s/(d+21) } 
SS log Di — (25/12) S,)Se+ (1/24) x 
{ 2t4(@r+ log 2)+r4 log r—s‘ log s+ 
2t* log t— (r—t)4 log (r—t) +- (s—1)4*X 
log (s—t) — (r4—6r?s2+ 54) X 
log (72 +5?) '/2— (7467272414) X 
log (r2+#2)'/2+ (st—6s22-+£4) X 
log (s?--#)'/2-+ 
[(e=1)*— 6 Gt) 52 sai x 
log [(r—#)?-+s2]'/2 
(7-4-6 —2) 24+ 4X 
log [(r—#)?-+22]"/*— [(s—2)4— 


AIEE TRANSACTIONS 


eet 


———— 


* 


6(s—1) +4] log [(s—1)2+02]'/24 

[r*—6r?(s—2t)2+(s—t)4]X 

log [r?-+(s—£)?]'/2— [(r—2)4— 

GSD AS— 1) 24 (SAX 

log [(r—2)?+(s—f)2]'/24 

4rs* tan7! r/s+4r3s tan-} s/r+ 

4rt? tan~! r/t+4r3t tan—! t/r— 

4st8 tan7! s/t—4s%t tan-! t/s— 

4(r—t)s* tan! (r—#t)/s—4(r—t)3sX 

tan7! s/(r—t) —4(r-H BX 

tan~! (r—#t)/t—4(r—b) tx 

tan! t/(r—t) +4(s—DHBX 

tan~! (s—t)/t+4(s—t)*tX 

tan! t/(s—t) —4r(s—t)®X 

tan~!7/(s—t)—4r3(s—t) X 

tan~! (s—#)/r+4(r—2#)(s—f)3X 

tan~! (y—#)/(s—t) +4(r—1)3X 

(s—#) tan™! (s—t)/(r—} 

SS log Dy= =. (25/12) S,S»— (1/24) x 

{(d+r)* log (d+r)—(d+t)*X 

log (d+t)+(d+2t)4 log (d+2t) — 

(d+t+r)* log (d+t+r) — 

[(d+r)4*—6(d+r)*s2+54]X 

log [(d+r)?+s?]}'— [(d+r)4*— 

6(d+r)#2+44] log [(d+r)2+e2]'/2+ 

[((d+t)*—6(d+#)??+t4]X 

log [(d+#)2+#2]'/?— [(d+2¢)‘— 

6(d+28)%2+t4] log [(d+2#)?+22]'/2+ 

[(d+t)4—6(d+4#)?s?+s4]X 

log [(d+#)?+s?]'/?— [(d+2#)*— 

6(d+28)2s2+-s4] log [(d+2#)2+52]'/2+ 

[(d+r)*—6(d+r)?(s—t)?+ (s—t)4]X 

log [(d+r)?+(s—2)2]'*— [(d+4)*— 

6(d+#)?(s—t)?+ (s—t)*]X 

log [(d+#)?+ (s—#)2]'/2+ [(d +2) *— 

6(d+2t)2(s—t)2+(s—t)4]X 

log [(d+-2t)?+ (s—2)2]'/2+ 

[(d-+r+t)*—6(d+r+t)%42+14] x 

log [(d-+r+t)2+22]}'/2+ [(d+r+t)i— 

6(d+r+t)?2s?+s4] log [((d+r+t)?+ 

s?]/2—[(d+r+2)4—6(d+r4+2)? 

(s—t)?+(s—2)*]X log [(d+ 

r+t)?+(s—t)2]/2+4(d+r)s3 

tan~1 (d+r)/s+4(d+r)*s xX 

tan! s/(d+r)+4(d+r)tX 

tan~! (d+r)/t+4(d+nr)3#*X 

tan—! t/(d+r) —4(d+H)8X 
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tan—! (d+t)/t—4(d+t)**x 

tan—1¢/(d+t) +4(d+21)8X 

tan~! (d+2t) /t+4(d+2t)%tx 

tan—1! t/(d+2t) —4(d+1t)s*X 

tan—! (d+t)/s—4(d+t)3s x 

tan—! s/(d+t)+4(d+2t)s*X 

tan~! (d+2t)/s—4(d+r) (s—t)*x 

tan~! (d+r)/(s—t) —4(d+r)?x 

(s—t) tan~! (s—#)/(d+r)+4(d+1) X 

(s—t)§ tan~! (d+2t)/(s—t)+ 

4(d+t)3(s—t) tan7! (s—t)+ 

(d+t)+4(d+2t)%s tan—! s/(d+2t) — 

4(d+2t)(s—t)* tan—! (d+2¢) + 

(s—t) —4(d+2t)3(s—t) X 

tan—! (s—t)/(d+2t) —4(d+r+2)8x 

tan-} (d+r+#) /t—4(d+r+t4x 

tan—! t/(d+r+t) —4(d+r+1)s*X 

tan—! (d+r-+#)/s—4(d+r+t)%sX 

tan—!s/(d+r+i)+4(d+r+t x 

(s—t)§ tan—! (d+r+t)/(s—t)+ 

4(d+r+t)3(s—t) tan~! (s—t) + 
(d+r+t)} 


Appendix III 


The geometric mean distances indicated 
in equation 12 are given by equations 11 and 
13 of reference 7. Appropriate substitution 
therein yields 


Sie log Dy =x? (log x—3/2) 
Si? log Diz = (x?— y?) log (x?+-y?)'/?+y?X 
log y+2xy tan7! «/y—3x?/2 
Si? log Dig =*/2[(€d+2x)?— y?] log [(d+2x)?+ 
gl (deen) —y) log 4-Fa)24- 
2+ [(d2—y?)/2] log (d+ y*)'/2+ 
(d+2x)y tan—! (d+2x) /y— 
2(d+x)y tan~! (d+x)/y+dyX 
tan7!1 d/y—3x?/2. 
Si? log Dis=1/2{ (d4+2x)? log (d+2x) — 
2(d+x)? log (d+x) +d? log d—3x?} 
S»? log Dn =y?(log y—3/2) 
S2? log Dos = (y?—d?) log (d?+y2)'/2+42X 
log d+2dy tan~! y/d—3y?/2 
SiSz log Diz=1/2{ xy log (x?+y”) +x? X 
tan~! y/x+y? tan7! x/y—3xy} 


Schwantz, Higgins—Formulas for Calculating Inductance 


SiS2 log Du=1/2{(d+x)y log [(d+x)?+ 
y?|—dy log (d?+y*) + (d+x)?X 
tan! y/(d+x)+y? tan~! (d+x)/y— 

d? tan—} y/d—y? tan} d/y—3xy} 
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Hydroelectric Generating Units on the 
2,000,000-Horsepower Saguenay System 
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MPUHE large number of similar high- 
capacity hydroelectric generating 
units in the power plants of the Saguenay 
system have afforded an unusual oppor- 
tunity to effect improvements in effi- 
ciency, reliability, and output of such 
units. Well organized operating records, 
thorough engineering studies and experi- 
mentation, and farsighted management 
all have contributed to this result. 
Following a brief review of the major 
features of the Saguenay system, criteria 
affecting rate of wastage of water-wheel- 
runner metal by pitting, and costs of re- 
pairs are discussed. The advantages of 
operating water wheels at best gate, and 
means of accomplishing this by gate posi- 
tion indicators, are noted. Increases in 
water-wheel efficiency and capacity ef- 
fected through model and prototype tests 
are set forth. Methods employed to en- 
sure maximum energy generation from 
available storage water are described. 
The effect of dirt on generator stator- 
winding temperature rise is investigated. 
Improved generator performance arising 
from better application of stator-winding 
insulation, superior stranding, trans- 
position of stator coils, use of high-silicon 
stator iron, and better ventilating sys- 
tems, is discussed at some length. 


The Saguenay System 


The Saguenay system, a 60-cycle sys- 
tem based on the Isle Maligne and Ship- 
shaw hydroelectric developments, has 
been built to a capacity of 2,000,000 horse- 
power during the last quarter century. 
The Isle Maligne plant, when placed in 
service, was possibly the largest water- 
power development completed in one step. 
Isle Maligne has an installed capacity of 
540,000 horsepower, and Shipshaw 1 
(Chute-a-Caron), 300,000 horsepower. 
Shipshaw 2 plant has a capacity of 1,200,- 
000 horsepower. 

The Saguenay system is located in the 
valley of the Saguenay River and the 
broad basin of Lake St. John lies at its 
head. The watershed tributary to the 
Saguenay (Figure 1) is about 30,000 


900 


square miles in extent, and is richly en- 
dowed with water-power resources. Use- 
ful storage in Lake St. John and two other 
storage reservoirs, one completely arti- 
ficial, now totals 400 billion cubic feet. 

Early power developments in the area 
were located on the smaller and more 
easily harnessed tributaries of Lake St. 
John and the Saguenay River, rather than 
on the Saguenay itself. These plants 
were built principally to supply mills of 
the pulp and paper industry. There were 
13 scattered plants with a total capacity 
of some 67,000 horsepower by 1925 when 
Isle Maligne was placed in service. It 
contains 12 45,000-horsepower units. 

The transmission network of the Sague- 
nay system came into being as the alu- 
minum, pulp, and paper industries were 
attracted to the area by the presence of 
cheap power and raw materials, with the 
construction of the Isle Maligne develop- 
ment. It was expanded with the addition 
of Shipshaw 1 in 1931 and brought to its 
present stage, as shown by Figure 2, with 
the completion of Shipshaw 2 in 1943. 

Although the complete Shipshaw power 
development had been planned when the 
river closure and spillways associated 
with Shipshaw 1 station were started, the 
depression of the ’30s precluded construc- 
tion, so it was not until the ever increasing 
need of aluminum for military aircraft had 
exhausted all quickly available power re- 
sources in Canada and the United States 
that actual construction of Shipshaw 2 
was put in hand. The first unit was 
placed in service November 23, 1942, just 
18 months and 8 days after the start of 
construction. Additional units were put 
into operation at a steady rate until De- 
cember 24, 1943, when the twelfth and 
last unit went into service. Shipshaw 2 is 
one of the greatest single hydroelectric 
powerhouse in the world, capable of gen- 
erating 1,200,000 horsepower at maxi- 
mum capacity. 

The addition of Shipshaw 2 to the 
Saguenay system necessitated careful 
planning to limit fault currents to values 
interruptible by available circuit breakers 
having a capacity of 2,500,000 kva at 
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seven to eight cycles interrupting time. 
A high degree of reliability was required 
on account of the large d-c aluminum re- 
duction load of 890,000 kw, and the neces- 
sity of maintaining synchronism with 
other power systems hundreds of miles 
away for power exchange for seasonal and 
daily load-factor equalization. A flexible 
system was also an imperative require- 
ment to facilitate obtaining optimum 
efficiency in conversion of storage water 
during the winter period of low river 
flow. 

A ring bus at generator voltage at Isle 
Maligne and a unit system at each Ship- 
shaw plant, whereby one generator feeds a 
154-kv transmission circuit with step-up 
and step-down transformers, directly 
supplying a block of the aluminum plant 
load substantially equal to its capacity, 
and with the surplus or deficiency handled 
over the 154-kv busses, provides reli- 
ability and flexibility. It also permits 
economy in usage of storage water. Fault 
currents are limited by splitting the 154- 
kv system into three subsystems which 
which can be paralleled through three 
90,000-kva transformer banks onto a 13.2- 
kv bus at Arvida substation, or through 
three 56,250-kva transformer banks onto 
a 13.2-kv bus at Shipshaw 1. 


Saguenay System Loads 


Loads on the Saguenay system are al- 
most entirely industrial, concentrated in 
large blocks, with very high daily load 
factors. Yearly system load factor was 
74.7 per cent in 1939 and 78.8 per cent in 
1945. 

The aluminum industry’s load in the 
Saguenay area reached 890,000 kw during 
the war, of which about 745,000 kw was 
converted to direct current by mercury- 
type rectifiers, most ignitrons, and an 
additional 88,000 kw was converted by 
synchronous converters. Local paper 
mills required 100,000 kw. At times, 
285,000 kw have been delivered to and 
204,000 kw received from a double-circuit 
line connecting the Saguenay system with 
the Shawinigan Water and Power Com- 
pany’s system in the St. Maurice Valley, 
200 miles away. 

During periods of high and normal flow 
in the Saguenay, and when aluminum pro- 
duction is below normal, secondary power 
is available for the generation of steam. 
Electric steam generators on the system 
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Figure 1. Map showing Saguenay system 


have a total capacity of 360,000 kw. 
Primary power and occasionally a con- 
siderable amount of surplus power, for 
water storage purposes and for steam 
generation, is applied to the Shawinigan 
system. 


Isle Maligne Generating Station 


Isle Maligne generating station,! the 
first hydroelectric development on the 
Saguenay River, is located about nine 
miles below the outlet of Lake St. John. 
Owned and operated by Saguenay Power 
Company, Ltd., it contains 12 vertical 
Francis water wheels, each rated 45,000 
horsepower, 112.5 rpm, 110 feet head, 
with direct-connected 35,000-kva 13.2-kv 
generators. A typical cross section of 
the plant is shown by Figure 3. 

The generators are ventilated by an 
open system, cool air being taken from 
over the tailrace, through the wheel pits 
and generators to the generator room, 
whence it is discharged to atmosphere 
through the generator room windows and 
roof ventilators. During cold weather, 
part may be recirculated back through 
the generators by way of generator floor 
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Nes 1/2, 3/4, » 7/8, 9/0, i/t2. 
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openings in order to maintain tem- 
peratures in the plant at comfortable 
levels. 


Water-Wheel-Runner Pitting and 
Repairs 


The water-wheel runners, measured at 
the middle of the guide case, have a di- 
ameter of 128 inches. A homologous 
runner, with 30.2 inch diameter, gave 93.3 
per cent efficiency on a Holyoke test. The 
specific speed is 67, which the specific- 
speed experience curve indicates is in ex- 
cess of the limiting value for freedom from 
pitting. Operating experience has con- 
firmed this, considerable pitting having 
occurred. 

The original runners were cast iron. 
Fatigue stresses in the vanes, where they 
join the crown plate, were increased by 
the removal of metal near the junction of 
the vanes and shroud ringthrough pitting. 
The net result was the gradual develop- 
ment of cracks in the vanes near the 
crown plate, starting from the discharge 
edges of the vanes and working outward. 
These cracks have been repaired by elec- 
tric welding and mechanical clamps. All 
but one of the original 12 cast-iron run- 
ners are still in service. However, four 
cast-steel runners have been purchased. 
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Three runners are always in the repair 
bay, which allows time for unhurried 
maintenance. Thirty-six hours’ time is. 
ample for exchanging runners. 

Careful operating and inspection rec- 
ords were kept from the inception of 
operation. These included 


1. Runner number. 
2. Water-wheel number in which installed. 
3. Date of inspection. 


4. Number of hours in operation since last 
idspection. 


5. Average operating load since last in- 
spection. 


6. Average operating gate opening since 
last inspection. 


7. Average operating gross head since last 
inspection. 


8. Average operating static draft head 
since last inspection. 


9. Average effective draft head since last 
inspection. 


10. Hours in operation with gate openings 
equal to or in excess of seven-tenths. 


11. Hours in operation with load equal to 
or in excess of 30,000 kw. 


12 eCracks: 


13. Extent of pitting, plotted on standard 
forms for each vane, with contours showing 
area and depth, see Figure 4. 


14. Cost of repairs. 
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The records show the wastage of metal 
due to pitting is closely proportional to 
hours of operation under either of two 
criteria during periods between repairs. 


Figure 3. Typical cross section through Isle 
Maligne power plant 


15. Cost of welding cracks and pitted areas. These are: 

16. Electrodes used for item 15, in pounds. Wout oretakcon ateste onchinsscver 
17. Cost of special work. seven-tenths. 

18. Electrodes used for item 17, in pounds. 2. Hours of operation over 30,000-kw load. 
19. Runner outage for repairs, in hours. There is a definite variation between 
20. Labor on repairs for item 14, in man- Tunners but for a given runner the fore- 
hours. going is true. 

21. Cost per pound of electrodes used for Figure 5, derived from 4.5 years opera- 


repairing pitting and cracks. tion of a cast-steel runner, otherwise 
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identical with the original cast-iron run- 
ners, illustrates the variation in wastage 
of metal due to pitting with gate open- 
ing. The wastage rapidly increases above 
seven-tenths gate. It may be noted 
seven-tenths gate is approximately best 
gate, at which maximum efficiency is 
obtained. 

Salient data from the Isle Maligne ex- 
perience on wastage of metal in water- 
wheel-runner vanes resulting from pitting, 
are embodied in Table I. During the 
period 1925 to 1938, inclusive, the group 
of cast-iron runners lost metal some 5.5 
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times as rapidly as the cast-steel group on 
a weight basis, or about six times as fast on 
a volume basis. There was a greater 
range of wastage in the cast-steel group 
than for the cast-iron group, but this was 
a result of the excellent performance of a 
cast-steel runner designed for minimum 
pitting. Average cost of welding repairs 
was $2.30 per pound of electrode used for 
the repairs to the cast-iron runners, 18 per 
cent more than for the cast-steel runners. 
During the period 1939-1944, inclusive, 
when the average static draft head was 
3.4 feet lower than during 1925-1938, 
inclusive, the same group of cast-iron run- 
ners lost weight three times as rapidly as 
the cast-steel runners, but only 36 per cent 
as quickly as previously, whereas the cast- 
steel runners lost weight at 67 per cent of 
the previous value during a given period. 
It is noteworthy that the spread between 
maximum and minimum pitting increases 
sharply with the lower static draft head. 

Also, pitting practically ceased on the 
cast-steel runner designed for minimum 
pitting. It is interesting to observe the 
decrease of over 30 per cent in welding 
repair costs associated with the less ex- 
tensive pitting of the 1939-1944 period. 


Water-Wheel Gate-Opening 
Position Indicators 


During the late fall and winter months, 
the generating stations of the Saguenay 
system operate on water released from 
storage. During extremely dry years, 
which occur about once in seven years, 
storage water may be required during 
about nine months. Efficient usage of 
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RUNNER NO. 
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Figure 4. Water-wheel-runner pitting inspec- 
tion form 


Typical pitting for cast-iron runner shown by 
contours 
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Table |. Water-Wheel Pitting Experience Data at Isle Maligne 


Wastage of Metal, Lb Per Year* 


i f Electrode 
Type of Period : Lb o 
Runner (Inclusive) Max Min Avg Used 
Casterongenacevirctacs: 1925-1938......:,.. CAA poe hes, cis 144 So gers Oe 2 Re ee $2.30 
Cast steel av me vremusactasis 1925=1938%.:1 execu OWA fascntney OAPREEE VW teers 1 is eran es Firt S $1.95 
Cast irOm conta cam ts 1989-194 hie eles ie tare We bODe eects sete. 61. ae hes ce PAG) o oe cere hed $1.59 
Cast:steel tira ciseets 19389-1944... 5... OT: i oth sievtiius L.SitAicetombeies DO) fice aber $1.33 


* 8,760 hours of operation at gate openings over seven-tenths. 


available water is particularly important 
during such storage drawdown periods. 
This necessitates operating hydroelectric 
units at their optimum efficiency, ordi- 
narily termed best gate. 

As previously noted, pitting damage on 
the Isle Maligne runners increases rapidly 
with time, during which the units are 
operated at gate openings in excess of the 
best gate. Consequently, normal operat- 
ing procedure provides for operating the 
units at the gate openings corresponding 
to best gate for each unit. 

To facilitate this, a water-wheel gate- 
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TURBINE GATE OPENING IN TENTHS 


) Piya 6 8 10) aie meta 
CUBIC INCHES OF PITTING 
PER VANE PER MONTH 
Figure 5. Effect of gate opening on wastage 
of water-wheel-runner metal caused by pitting 


A—Average gate opening during operating 
time with Sunday and holiday light load 
periods deducted 
B—Average gate opening during total opera- 
ting time 


opening position indicator was devised. 
This consists of a Selsyn transmitter 
mechanically actuated by a rack on the 
water-wheel servomotor crosshead. A 
movement of the crosshead imparts a 
motion of rotation to the transmitter 
directly proportional to the guide-vane 
opening. This rotation of the trans- 
mitter causes unequal voltages to be 
set up in the circuit linking the trans- 
mitter and receiver, so that the receiver 
rotor moves to a position matching the 
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KILOWATTS PER CUBIC FOOT PER SECOND 


) 2 4 6 8 10 
GATE OPENING IN TENTHS 
Figure 6. Relationship between kilowatts per 
cubic foot per second water usage and water- 
wheel gate opening for various heads 


transmitter rotor, indicating on the 
scale the exact gate opening with a 
maximum error of plus or minus one per 
cent. The receiving indicator for each 
unit is mounted in the control room in 
full view of the operators. The point of 
best gate for each unit is marked on the 
dial of the indicator for that unit and any 
deviation may be detected instantly. 

A Gibson efficiency test on one unit 
and careful index tests on the other units 
provided the necessary information from 
which curves similar to Figure 6 could be 
worked out for each unit. These, used 
in conjunction with the gate-opening 
position indicators, afford an effective 
means of securing maximum energy from 
storage water and minimizing pitting 
damage because actual generation per 
shift can be compared with anticipated 
generation as derived from head and unit 
gate-opening records. These daily rec- 
ords are worked out by the shift opera- 
tors and instill a spirit of competition, 
thus securing best results. 


Effect of Dirt on Generator 
Temperature Rise 


Hydroelectric generators with open 


ventilating systems, even though operat- 
ing in a clean atmosphere, pick up an 
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Figure 7 (left). 
Dirt deposits at 
locations 1 and 2 
on the stator of a 
30,000-kva water- 
wheel generator 
operated for 5.67 
years between 
thorough cleanings 


Figure 8 (right). 
Dirt deposits at 
locations 3 and 4 
on the stator of the 
same 30,000-kva 
water-wheel gen- 
erator as shown in 


amazing amount of dirt which is de- 
posited in the ventilating ducts and to a 
lesser extent on exposed portions of the 
windings. Combined with a slight 
amount of oil vapor which escapes from 
the guide bearings even with the most 
perfect seals, these deposits have sufficient 
coherence to adhere tightly and cannot 
be removed satisfactorily or completely 
with compressed air. These deposits 
interfere with the transfer of heat and 
reduce the amount of ventilating air. 
Cleaning practices vary but the most 
satisfactory appears to be about as 
follows. 

When windings are dry and dusty, 
they can be blown out with dry com- 
pressed air and wiped down. The dirt 
in the ventilating ducts can be loosened 
up with rectangular-shaped pieces of 
fiber or suitable brushes and blown out. 
For moderately dirty windings with 
some oil, the coils can be wiped off with 
cloths dampened with varsol and dried 
by natural air currents. When windings 
are excessively dirty, with oil, they can 
be sprayed and flushed down with 
varsol, after which they can be blown 
out and wiped down. In such cases, 
the winding should be placed on dry out 
until the insulation resistance to ground 
returns to normal, as indicated by ohm- 
meter readings. 

At Isle Maligne, it was found that the 
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Figure 7 


most satisfactory cleaning could be done 
when a unit was taken down for an ex- 
change of runners. In one instance, a 
unit was operated 5.67 years between 
thorough cleanings of the stator ventilat- 
ing ducts and winding. During this 
period, dirt deposits in the stator ducts 
built up as illustrated by Figure 7 and 
Figure 8. 

In order to ascertain the effect of such 
deposits on the volume of cooling air pass- 
ing through the ventilating ducts, a 
cylinder 36 inches long was fitted care- 
fully over a typical area on the air gap 
side of the stator. At the end remote 
from the stator, dry compressed air under 
close control was admitted in a direction 
at right angles to the longitudinal axis 
of the cylinder, from an air receiver. 
Pressures were measured in a plane 2°/s 
inches away from the air gap face of the 
stator iron by a suitable probe and draft 
gauge. On the opposite side of the 
stator iron, and covering the same rela- 
tive area, the air passing through the 
ducts was measured by a 4-inch diameter 
vane anemometer fitted in a 9'/,-inch 
long cylinder. Suitable shoes and gaskets 
on the cylinders precluded any loss of air. 

Tests at the four locations, indicated 
in Figures 7 and 8, gave closely similar 
results. Figure 9 is a plot of the varia- 
tion in volume of air passing through the 
ducts in one square foot of stator surface, 
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with respect to static pressure on the air 
gap face. The effect of the dirt deposits 
is readily apparent. 

Careful anemometric tests, before and 
after thoroughly cleaning the generator, 
showed a reduction of 22.5 per cent in 
the total volume of cooling air passing 
through the generator, as a result of the 
5.67 years’ accumulation of dirt deposits. 

The effect of these dirt deposits on the 
stator winding and iron temperatures is 
plotted in Figure 10, from which it will 
be noted the capacity of the generator 
was reduced by 


1. 3,450 kva, or 11.5 per cent of the original 
30,000 kva rating, for the same maximum 
winding temperature rise. 


2. 5,800 kva or 19.3 per cent for the same 
average winding temperature rise. 


Extensive studies on all elements of 
the generator ventilating circuit were 
made for the Isle Maligne units as a re- 
sult of which worthwhile improvements 
were effected in the rotor baffling, as 
well as externally. This latter consisted 
of doubling the entry areas for the cooling 
air taken from over the tailrace by en- 
larging the turbine floor windows. 


Generator Insulation 


The original Isle Maligne generator 
windings are illustrated by the typical 
section in Figure 11. Winding failures 
began to occur after about five years 


ON AIR-GAP FACE OF STATOR IRON 


STATIC PRESSURE IN INCHES OF WATER 


10) 100 200 300 400 500 
RELATIVE VOLUME OF AIR IN CUBIC FEET 
PER MIN THROUGH AIR DUCTS IN ONE 
SQUARE FOOT OF STATOR IRON SURFACE 


Figure 9. Variation in relative volumes of 
cooling air passing through stator ventilating 
ducts with static pressure on air gap face 


Measured at locations 1, 2, 3, and 4 of 
Figures 7 and 8 
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i Table Il. Water-Wheel Performance at Shipshaw 2 Generating Station 
kK 
~ — 
elite = 
hee Unit 9, With 
hie Unit 8, With Unit 10, With Runner Cut Back 
a Ove Original Design Runner Cut Back on Inlet and 
ORS Item of Runner on Inlet Edges Discharge Edges 
A) 
(e) 
Panis 
Zoe Output at best gate, horsepower... 356... 2. 2 se ee © 82,000 88,000's.425 Weta! 86,000 
2a a Output. at.full gate. Horsepower 5 o0.,; os) i mite < eiee 96,700 101336005. 2 ee ae 105,160 
22°. Efficiency at bestigate; per Cente mtrat> > sur alesse oa sie aie BRS eae os 94 Ais Renee 94.5 
& Efficiericy atifulll gate, per Cetty.1.suekus ras «onan, | O4sa dues ieemeeene 85. Bie ee ene 86.4 
io) 20 40 60 80 100 Water usage at best gate, cubic feet per second... 72... 0327.0). sue 33953; erat 3,859 
TEMPERATURE RISE — C Water usage at full gate, cubic feet per second......... 4844.0... ees 5,089). amis eee 5,164 


Figure 10. Effect of 5.67 years’ accumulation 
of dirt deposits on stator iron and winding 
temperature rises of 30,000-kva generator 


A—Average stator iron after cleaning 
B—Maximum stator iron after cleaning 
C—Average stator iron before cleaning 
D—Maximum stator iron before cleaning 
E—Average stator coil after cleaning 
F—Maximum stator coil after cleaning 
G—Average stator coil before cleaning 
H—Maximum stator coil before cleaning 


service and with increasing frequency. 
Cause of failures was found as follows: 


1. Cotton and paper tape used to bind 
together the five turns which comprised a 
coil, before the application of the class B 
insulating jacket shrank and became brittle 
as a result of 


2. High temperature accelerated by corona 
on the coils near the machine terminals 
where the voltage to ground was in excess 
of 7,000 rms volts. 


3. Vibration, always potentially present, 
began to take place in the space provided by 


the shrinkage and the displacement of the 
embrittled insulation. 


4. Eventually the mica strip between two 
turns was worn through or a strand worked 
around the edge of the strip, causing a 
short circuit of a turn, which heated the 
copper to the melting point. The insulating 
jacket next failed as a result of the heat 
and pressure of the molten copper. 


An improved design of coil was worked 
out which almost eliminated the cellulose 
tape binding beneath the insulating 
jacket. It also contained 15 per cent 
more copper than the original coil with 
the same over-all thickness of insulation. 
This was accomplished by the use of 


Figure 11. Typical section through slot por- 
tions of original and new Isle Maligne genera- 
tor stator windings 


The whole coil is impregnated with asphalt 
compound (crude oil specially processed, 
practically a synthetic asphalt) 


New design Old design 
ONE LAYER OF 0.015’BUTT 0.950' 32" BAKELITE STRIP. 
WOUND ASBESTOS TAPE, a 
IMPREGNATED WITH BLACK FISH PAPER 0.008 
+ AIR DRYING VARNISH AND THICK. 
+ STEAM PRESSED. AFTER 


less cellulosic carrier for the mica and a 
denser application, eliminating voids. 
Superior transposition of the winding 
was effected by the use of new series 
connectors. The new coil design, shown 
in Figure 11, also gave corona protection 
in the form of an Aquadag-treated as- 
bestos outer wrapper. This design of sta- 
tor winding was installed in all units and 
has given every indication of superior life. 


Isle Maligne Generator Losses _ 
Together with an efficiency test by the 

Gibson method on the last water wheel 

installed, efficiency tests were made on 


1. A generator with the original stator iron 
(2.2 silicon) and the original stator winding. 
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Generator 5—Original iron and stator wind- 
ing 5 
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Figure 13. Typical cross section 
through Shipshaw 1 power plant 


2. <A generator with the original stator iron 
(2.2 silicon) and the new stator winding. 


3. A generator with 4.4 silicon stator iron 
and the new stator winding. 


Figure 12 indicates the core losses and 
stray-load losses ascertained. The no- 
table improvement in core loss due to the 
use of the 4.4 silicon iron and in stray- 
load loss as a result of the new design of 
stator winding is significant of the im- 
provements which frequently can be ob- 
tained with existing units by taking ad- 
vantage of new materials, manufacturing 
technique, and design. The new wind- 
ings and improved ventilation at Isle 
Maligne increased the output of each 
of the generators by 5,000 kva for the 
same temperature rise. 


Shipshaw 1 Generating Station 


Shipshaw 1 generating station, fre- 
quently called Chute-a-Caron, is located 
on the Saguenay River 20 miles below 
Isle Maligne. The first stage of the 
complete Shipshaw power development, 
owned by the Aluminum Company of 
Canada, Ltd., it contains four ver- 
tical Francis water-wheel units develop- 
ing about 75,000 horsepower each, under 
155 feet head, with 60,000-kva 13.2-kv 
120-rpm generators. These geuerators 
have an open ventilating system, with 
cooling air being taken in from above 
the tailrace, as indicated by Figure 
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13, and have been rewound with im- 
proved coils similar to the new windings 
used at Isle Maligne. 

Prior to the completion of the Ship- 
shaw development by the construction of 
Shipshaw 2, the discharge from Isle 
Maligne plant was about 50 per cent in 
excess of the requirements at Shipshaw 1. 
Although the specific speed of 56 for the 
water wheels at the original rating of 
65,000 horsepower was in excess of the 
value indicated by the experience curve 
for pitting, no pitting of any importance 
was encountered in operation. Also, it 
was known from test that the generators 
and transformers could carry safely at 
least 15 per cent overload. 

Consequently, model tests were carried 
out to develop a runner capable of de- 
veloping maximum output rather than 
maximum efficiency. These tests dis- 
closed that a runner identical with the 
original design but with the diameter at 


the center line of the guide case reduced | 


from 155 inches to 144.7 inches, could 
develop safely an additional 10,000 
horsepower. New runners of the im- 
proved design were installed in all units, 
between November 1940 and October 
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1941, and operated with little pitting 
and efficiencies at wide gate openings 
better than the original runners. 


Shipshaw 2 Generating Station 


The Shipshaw 2 generating station, 
taking water from the same forebay as 
Shipshaw 1, is located about 1.5 miles 
down the Saguenay River from Ship- 
shaw 1, as shown by the aerial view of 
Figure 14. Six 30-foot diameter shafts 
and tunnels each supply two single- 
runner, vertical, Francis-type water 
wheels originally specified to have 85,000 
horsepower capacity at or near best 
gate, operating at 128.6 rpm. Eight 
units of one make are rated at 100,000 
horsepower each and four of another 
make are rated at 85,000 horsepower 
each. Each turbine is directly connected 
to a three-phase generator having a 
specified capacity of 75,000 kva at 80-per 
cent power factor, 60-degree-centigrade 
maximum temperature rise, except two, 
which had been temporarily installed in 
an extension to Shipshaw 1 station, re- 
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Figure 14. Aerial view of Shipshaw power 

development, showing Shipshaw 2 plant in 

foreground and Shipshaw 1 plant (Chute-a- 
Caron) in left background 


tained their 65,000 kva rating when re- 
located. Figure 15, a typical cross sec- 
tion through the headblock, water pas- 
sages, and powerhouse, illustrates the 
general arrangement of the plant. 

The scroll cases of the Shipshaw 2 
water wheels,” including the connections 
to the cast-steel flanges of the speed 
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rings, were welded completely. Com- 
plete application of welding to the scroll 
cases, with an inlet diameter of 16 feet 
and a maximum outside diameter of 49 
feet 8 inches, resulted in greatly expedit- 
ing field construction and very smooth 
casing outlines. All welding was done 
under extensometer and test-bar con- 
trol. The former provided control of 
locked up stresses and eliminated the 
necessity of stress-relieving by controlled 
peening. The latter was taken care of 
by impact testing of sections cut daily 
from the actual welds of every operator. 
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Table Ill. Weights of Component Parts of 
75,000-Kva Generators at Shipsaw 2 


Generator A, Generator B, 


Lb Lb 

Exciter armature... o>... - 12,800.... 11,500 
Exciter'statotsn.. canteen 19,900.... 15,000 
Air casing, louvres.. 35,000 . 35,000 
Upper guide bearing ‘and 

bracket... athe ee 96,450 . 105,000 
Lower guide ‘pearing and 

bracketiinvs,. ceetse on tae aie 18,600.... 35,000 
Shaft, 35 in. diameter....... 76,000.... 63,000 
Rotor, spider, .:...-..-++ +. 121,850... -. 60,000) 
Rotor, poles and coils....... 200,500... .173,000 
Rotor;.copper::; 5,.)fenrce- oo 96,700.... 53,000 
ROtOP; Nets. «seine ee eae 766,300... .623,000 
Statorcoppetac ace: outer 33,500.... 39,000 
Stator laminations..........144,000....125,000 


The general requirement was 30 foot- 
pounds (Charpy). The smooth casing 
lines with flush joints undoubtedly con- 


tributed substantially to the high effi- 


ciencies secured on field test, as noted 
later. 


Shipshaw 2 Water-Wheel 
Performance 


Field tests on the first unit particularly 
were gratifying, there being so little 
vibration, resonance, and other indica- 
tions of overstressing, that the manu- 
facturer of eight of the water wheels 
offered to increase the maximum capac- 
ity of the water wheels still under manu- 
facture by opening up the runners. It 
was estimated that the full-gate capacity 
could be increased about 5,000 horsepower 
by cutting back the inlet edges of the 
runner vanes and a further 3,000 horse- 
power by cutting back on the discharge 
edges. It also was anticipated this in- 


Figure 15. Typical cross section through 
Shipshaw 2 power plant 
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crease in full-gate capacity would not be 
detrimental to the best-gate efficiency. 
No definite assurance could be given as 
to the effect on pitting, vibration, and 
resonance, but since the demand for 
more power was paramount, the runner 
of one unit was cut back on the inlet 
edges and that for a second unit was cut 
back on the inlet and discharge edges. 
After these were installed, efficiency tests 
using the Gibson method were made, 


Isle Maligne and Shipshaw 1, and partly 
because the low temperature of the cool- 
ing medium, water from the forebay, 
would permit maximum utilization of 
the generator capacity at all seasons of 
the year. Moreover, the use of the closed 
ventilating system eliminated the neces- 
sity for otherwise lengthening the turbine 
shafts about 8 feet and providing an 
additional reinforced concrete floor over 
the space occupied by the main units to 
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with the results shown in Table II, from 
which it will be noted the expected in- 
crease in capacity was obtained. Follow- 
ing that, eight runners were trimmed on 
the inlet and discharge edges of the 
buckets. To date, after two years serv- 
ice, pitting has been very mild and ef- 
ficiencies excellent. 

The relative efficiency of the Shipshaw 
and other outstanding water wheels in 
North America, all determined by the 
Gibson method, is illustrated by Figure 
16. Note the striking correspondence 
between the actual field performance at 
Shipshaw and the model tests on a 14- 
inch 100-horsepower runner under a head 
of about 100 feet. 


Generator Ventilation 


In order to maintain the extremely close 
schedule under which Shipshaw 2 was 
built, it was necessary to utilize the manu- 
facturing facilities of the only two 
Canadian manufacturers capable of build- 
ing the generators. The order was di- 
vided equally, on the understanding all 
differences in electrical design and char- 
acteristics would be ironed out satisfac- 
torily and that all units would be identi- 
cal in outline and exterior dimensions. 

A closed ventilating system was de- 
cided on, partly because of experience 
with the open ventilating systems at 
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furnish necessary duct capacity. Actu- 
ally, the whole structural layout was 
simplified and the cost decreased ap- 
preciably. Moreover, the lower, con- 
trollable ambient temperature permitted 
an actual increase of about 100;000 kva 
capacity for the station for the guaranteed 
temperature rise of 60 degrees centigrade. 

The air housings for the generators*® 
are arranged so that two doors at each 
corner can be opened, closing off the ad- 
jacent coolers and deflecting the hot air 
to the generator room for heating in cold 
weather. In the United States, it is 
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usual practice to seal off the generator, 
but at Shipshaw this is accomplished by 
doors in the entrances to the wheel pits. 
The air from the generator rotor and 
stator is circulated through the water- 
cooled heat exchangers, whence it is dis- 
charged to the water-wheel pit and 
through the rotor to the stator. 

The advantage of this method is the 
ease of access to the lower end turns of the 
stator winding, or the rotor guide bear- 
ing, without having to remove the sealing 
pans normally fixed to the generator 
lower bracket. In the case of the gen- 
erators built by manufacturer B, the 
lower end turns are readily accessible in 
event of fire, without having to remove 
the baffles. Under actual conditions, 
the units built by manufacturer A take 
135,000 cubic feet of cooling air per 
minute, whereas the others take 200,000 
cubic feet per minute. These units have 
excess thermal capacity, and in all prob- 
ability about 150,000 cubic feet of air 
per minute would have met requirements. 

The rotating parts of the generator 
and turbine are carried on a single 
thrust bearing with one turbine and two 
generator guide bearings. Two types 
of thrust bearings are used, Kingsbury 
bearings and spring-thrust bearings. All 
thrust bearings, except one, are tin-base 
babbitt. On one thrust bearing, owing 


Figure 17. Stator of. 75,000-kva generator 
built by manufacturer B for Shipshaw 2 


Note the curved ribs or spacer plates 


to the difficulty in obtaining tin, it was 
decided to try an arsenical lead babbitt 
which so far has proved satisfactory. 
Manutacturer A used the conventional 
generator design with spider-type upper 
bracket and semidepressed oil pot around 
which the air casing was built and the 
coolers installed. The rotor is of stand- 
ard design with cast-spider and conven- 
tional baffles. Manufacturer B em- 
ployed a stator design which resulted in 
an open machine providing free circula- 
tion of air, and by shaping the spacer 
plates tended to control the direction of 
air flow towards the coolers. Note Figure 
17. He used a depressed bridge-type 
girder upper-bracket arrangement with 
fully depressed thrust-bearing oil pot. 
A totally fabricated rotor was used, 
with the sections built up by welding 
steel plate. By means of specially de- 
signed slot wedges in the stator and 
special fan blades on the rotor, air flow 
through the stator is controlled without 
the use of baffles, leaving a very open 
machine on which the end turns, both 
upper and lower, are readily accessible. 
See Figure 18. This illustration shows 
the coolers at the corners of the housing. 
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Figure 18. View of 
rotor and stator of 
75,000-kva generator 
built by manufacturer 


B 


The air coolers can be 
seen at the corners of 
the housing 


The two different designs resulted in 
considerable difference in weight of 
materials, as shown in Table III. Table 
IV illustrates the comparative perform- 
ance of the two types of generators. 

In the generators built by manufac- 
turer B, the greater part of the cooling 
air is supplied to the stator ducts through 
ducts in the rim of the rotor feeding the 
interpolar spaces, and then directly into 


Table IV. Comparison of Shipshaw 2 A 
and B Generators Operating Under Full Load 
at Unity Power Factor 


Generator A Generator B 


Kilovolt-amperes or 


kilowatts cco. cmunwaeene 75,000 =~... ... 75,000 
Stator current, amperes... 3,280 3,280 
Field current, amperes... 740 .... 855 
Stator J?R, kilewatts.... ° 244°" 2... 199 
Field I?R, kilowatts..... TOW Fane 125 
Open-circuit: core loss, 

kilowatts: gusane eno 290.* 7). ae 465 
Short-circuit core loss, 

kilowatts ont neree 190; cntaevee veo 20 
Windage and friction, 

icilowattsnne eee 320% ee DO: 
Total losses, kilowatts... 1,159 1,564 
Output, kilowatts........ 75,000 75,000 
Input, kilowatts.........76,159 76,564 
Efficiency, per cent...... 98.48 97.98 
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the stator ducts, instead of the conven- 
tional manner wherein fans on the ends 
of the rotor blow air into the spaces be- 
tween the poles. Thus the air entering 
the stator ducts is at the same tempera- 
ture throughout the core, resulting in 
maximum and average temperatures 
closely alike. Scoop-type fans at the 
ends of the rotor ventilate the end turns 
and prevent recirculation of air. Ac- 
tually, about 50 per cent more air than 
required to limit its temperature rise to 
the 18-degree-centigrade value desired, 
was circulated through the machine. 
This obviously resulted in a greater 
windage loss than otherwise would have 
been the case. 

After a year of service, during the 
completion of construction of the plant, 
about 6.5 cubic feet of dirt were deposited 
on the inside of the rotor rim, but the 
stator ducts and duct entrances remained 
clean. 

The B machines are designed for a 
different method of replacement of a few 
stator coils than the conventional method 
of dismantling the unit and removing the 
rotor. 

The field coils and poles are arranged so 
they can be disconnected readily at the 
top. The pole keys are pulled out by the 
crane, and the rotor poles lifted out by 
the same means. The stator coil, or 
coils, are then removed by heating the 
adjacent group of coils electrically to 
soften the insulation, removing the slot 
wedges, and pulling the group out into 
the gap left by the withdrawn poles, 
and then lifting out the damaged coil or 
coils. New coils are installed by re- 
versing this process. The working time 
required to make the replacement of a 
coil which failed was approximately 56 
hours. 
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Synopsis: Some recent developments have 
emphasized the need for information con- 
cerning the temperature at which dielectrics 
can be operated without electrical break- 
down. This paper deals primarily with por- 
celain, but some data are included on the 
performance of steatite. glass, and zircon 
compositions. Data are presented on the 
variation in resistivity of the materials with 
varying temperature and also with varying 
voltage gradient. From the temperature— 
resistivity curves a method is developed for 
approximating the combination of tempera- 
ture and voltage gradient which will result 
in electrical failure. Supporting data in the 
form of breakdown tests, made at various 
temperatures, are included. 
include practical insulator forms as well as 
prepared test specimens. 


T IS WELL KNOWN that the elec- 

trical resistance of most of the com- 
monly used insulating materials dimin- 
ishes with increasing temperature. The 
actual performance of ceramic insulating 
materials at temperatures above the 
normal atmospheric level, and the factors 
affecting the ultimate breakdown at these 
temperatures, have not been the subject 
of much investigation. Recent require- 
ments for insulators to operate at high 
temperatures and high voltages have in- 
dicated the need for such information. 

There have been several insulator 
failures in precipitator applications which 
are directly attributable to the combina- 
tion of high voltage and high temperature 
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operation. Perhaps even more important 
is the development of certain new indus- 
trial processes which require that insula- 
tors be used at high temperatures. This 
investigation was undertaken for the pur- 
pose of obtaining fundamental design 
information on the high temperature elec- 
trical performance of ceramic materials 
and to develop suitable special materials 
for such applications. 


Apparatus and Method 


It was necessary to provide a suitable 
test chamber in which the specimens 
could be mounted and held at any desired 
temperature while voltage was applied. 
Accordingly, a thermally insulated box or 
furnace was built. The electrical heating 
elements in the back of the box were sepa- 
rated from the test chamber by a l-inch 
thick thermally insulating partition in or- 
der to prevent direct heating of the speci- 
mens by radiant heat. The heated air 
was circulated by means of a fan through 
ports at each end of the test chamber. 
The fan also served to maintain air turbu- 
lence in the test chamber and thus pre- 
vent stratification. Temperature meas- 
urements were made by commercial gas 
thermometer, and automatic controls 
were provided for holding any desired 
temperature between minus 100 and plus 
1,000 degrees Fahrenheit. With this ar- 
rangement temperatures could be held 


Figure 1. Testcham- 
ber and operating 
panel with specimen 
mounted in position 
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within five degrees Fahrenheit of the de- 
sired level. Provision also was made for 
removing the heating elements from the 
back of the box and substituting racks of 
dry ice in order to obtain low tempera- 
tures. 

Most of the tests were made with direct 
voltage in order to eliminate the difficulty 
of separating conduction currents from 
charging currents. The voltage source 
was a full-wave high-voltage kenetron 
rectifier with suitable capacitors for the 
elimination of the 60-cycle pulse. 

The direct voltages were measured by 
means of a suitable known resistance con- 
nected in series with a microammeter. 

Most of the test specimens were pre- 
pared in the form of plates of various 
thicknesses. Some specimens were made 
from standard suspension insulator shells 
using the head section, ground down to 
the desired thickness, as the test area. 

Electrodes of circular shapes were ap- 
plied to the opposite sides of each test 
specimen. Guard rings also were pro- 
vided to eliminate the. effect of surface 
leakage and corona and to preserve a more 
nearly uniform field through the test zone. 
The electrodes and guard rings were of 
silver ceramicly bonded to the surface of 
the dielectric to avoid entrapped air be- 
tween the dielectric and its electrode. 

Resistance measurements were made by 
connecting one electrode to the voltage 
source and grounding the opposite elec- 
trode through a microammeter or milli- 
ammeter of proper scale range for the cur- 
rent involved. Suitable selector switches 
were provided for switching quickly from 
one instrument to another. The guard 
ring connections were shunted around the 
ammeters to ground. Resistance was de- 
termined from the ratio of voltage to cur- 
rent. 

Before each measurement was made, 
the specimen was allowed to stand in the 
test chamber at zero voltage and constant 
temperature for a sufficient length of time 
to be sure that it was heated uniformly 
throughout its volume. 


Materials 


The greater part of this investigation is 
concerned with porcelain, although some 
data have been obtained on two kinds of 
glass, a steatite composition and a zircon 
composition. 


Paper 46-117, recommended by the AIEE commit- 
tee on power transmission and distribution for pres- 
entation at the AIEE summer convention, De- 
troit, Mich., June 24-28, 1946. Manuscript sub- 
mitted March 5, 1946; made available for printing 
May 8, 1946. 


H. A. Frey and J. M. JesaTKo are both with the 
Locke Insulator Corporation, Baltimore, Md. 
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Figure 2. Temperature versus resistivity, wet 
process electrical porcelain 


Voltage gradient 40 volts per mil direct cur- 
rent, thickness 0.8 inch, electrode area 30 
square inches 


These are all generic names, and there 
is considerable latitude in composition and 
in physical structure within each cate- 
gory. 

The porcelain specimens involved all 
were made of wet process feldspathic 
porcelain of the type commonly known 
as electrical porcelain. Samples of such 
porcelain as made by three different 
manufacturers were used. 

The steatite specimens were a magne- 
sia-alumina-silicate composition maturing 
at a firing temperature of about 2,250 de- 
grees Fahrenheit. The zircon specimens 
were composed basically of zirconia sili- 
cate with a calcium-zirconium-silicate 
flux compounded to mature at 2,250 de- 
grees Fahrenheit. This composition was 
developed particularly for high tempera- 
ture applications. 

Two types of glass specimens were in- 
cluded: a borosilicate glass of the type 
used in the manufacture of high voltage 
insulators, and a lead glass also sometimes 
used in certain classes of insulators. 


Discussion of Data—Porcelain 


Many measurements were made on a 
variety of specimens of varying shapes 
and thicknesses, at temperatures ranging 
from minus 70 to plus 900 degrees Fahr- 
enheit and at voltage gradients up to 
700 volts per mil. A gratifying degree of 
consistency in results was obtained. Typi- 
cal data illustrating the results obtained 
are presented herein. As an example, the 
curve shown in Figure 2 is typical of the 
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measurement made to determine the 
variation of resistivity with temperature 
and to determine the temperature at 
which final breakdown would occur. In 
plotting the curve, the measured total 
resistances have been reduced to resistiv- 
ity in megohms per inch cube. It should 
be noted that as the temperature was in- 
creased the resistivity steadily declined 
but remained stable (within the limits of 
measurement) at each point up to 250 de- 
grees Fahrenheit. At 250 degrees Fahr- 
enheit, on this particular specimen, it 
was found that with constant voltage the 
resistivity declined slowly with time, fi- 
nally becoming stable at a lower level after 
about 45 minutes. This change in re- 
sistivity with time is indicated in Figure 2 
by superimposing a time axis on the curve. 
The variation in resistivity with time, 
for a constant ambient temperature cor- 
responding to that at zero time, is indi- 
cated by a broken line. This decline in 
resistance with time undoubtedly is 
caused by the internal heating of the speci- 
men above the surrounding air because 
of the J?R loss. It represents an average 
internal temperature rise of about 20 to 
25 degrees Fahrenheit. 

When the test chamber temperature 
was raised to 300 degrees Fahrenheit and 
held constant, the resistivity, with con- 
stant applied voltage, diminished with 
increasing rapidity until after 12 minutes 
the specimen no longer would support 
voltage and, for all practical purposes, had 
failed electrically. At this point voltage 
was removed, but the test chamber still 
was held at a constant temperature of 300 
degrees Fahrenheit. At intervals of five 
minutes the same voltage was reapplied 
momentarily, and readings quickly were 
taken. It should be noted that as the 
specimen cooled internally the resistivity 
recovered along a typical cooling curve. 

The test chamber temperature then 
was raised to 325 degrees Fahrenheit and 
the same voltage reapplied. The resistiv- 
ity again declined still more rapidly 
with time, and within five minutes 
reached the point where voltage could not 
be supported. Voltage then was re- 
moved, and the piece again was allowed to 
recover. The test chamber temperature 
was raised to 350 degrees Fahrenheit and 
a momentary reading taken as indicated 
on the curve. The test chamber was 
allowed to cool back to room temperature, 
and the resistivity again was measured 
checking the value determined at the 
start of the test. 

On this particular specimen, voltage 
was removed in each case as soon as a 
runaway condition was observed as indi- 
cated by current increasing more and 
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Figure 3. Woltage gradient versus resistivity, 
wet process electrical porcelain 


Thickness 0.8 inch, electrode area 30 square 
inches 


more rapidly. On some other specimens, 
voltage was not removed promptly, and 
power was delivered to the piece for sev- 
eral seconds after the runaway phenome- 
non was observed. In such cases the di- 
electric was cracked or a fused path de- 
veloped through it resulting in a perma- 
nent failure. 

The curve shown in Figure 2 illustrates 
the variation of resistivity with tempera- 
ture for one particular porcelain speci- 
men at a constant voltage gradient. At 
any temperature level, the resistivity may 
vary also with changing voltage gradient. 
This effect was studied on a number of 
porcelain specimens, and Figure 3 shows 
a typical plot of the data obtained on one 
particular specimen—the same specimen 
appearing in Figure 2. It should be noted 
that at the lower temperatures resistivity 
diminishes rather rapidly with increasing 
voltage gradient, but at temperatures 
above 250 degrees Fahrenheit the resis- 
tivity becomes nearly independent of 
voltage gradient. 

The results of all measurements made 
on porcelain to determine the variation 
of resistivity with temperature were 
plotted on one composite curve (Figure 
4). Atthe higher temperature it was nec- 
essary to make all tests at relatively low 
voltage gradients in order to obtain sta- 
ble measurements. Thus at 900 degrees 


Fahrenheit the measurements were made 


on a specimen approximately 0.8 inch 
thick with voltage applied from a 45-volt 
battery equivalent to about 0.05 volt per 
mil. At these higher temperatures the 
resistivity changes but little with chang- 
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ing voltage gradient so this limitation does 
not impair the usefulness of the informa- 
tion contained in Figure 4. 

An examination of Figure 4 shows that 
data conform with reasonable accuracy 
to a single curve for all temperatures 
above about 250 or 300 degrees Fahren- 
heit. At lower temperatures the compos- 
ite data spread widely as indicated by the 
envelope shown. This spread of the data 
at the lower temperatures is caused pri- 
marily by two factors: 


1. The influence of voltage gradient on 
resistivity at lower temperature. 


2. The influence of specimen thickness. 


The influence of voltage gradient al- 
ready has been illustrated. In testing 
specimens of different thicknesses, it was 
observed that at low temperatures the 
apparent resistivity was lower for thick 
specimens than for thin ones. The in- 
fluence of thickness on resistivity dimin- 
ished with increasing temperature so 
that for temperatures above about 250 or 
300 degrees Fahrenheit the apparent re- 
sistivity was relatively independent of 
thickness. The apparent effect of thick- 
ness on resistivity is believed to be caused 
by the variation of the true voltage gra- 
dient from the average voltage gradient. 
As the specimen thickness is increased it 
becomes more and more difficult to main- 
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Figure 4. Composite curve, temperature 


versus resistivity of wet process electrical 
porcelain 
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tain a truly uniform voltage gradient 
through it. 

It has been pointed out that porcelain 
made by three different manufacturers 
was used in the investigation. No signifi- 
cant difference was found among the 
three porcelains. Figure 5 shows a typi- 
cal comparison of dimensionally identical 
pieces as made by two manufacturers. 
These two pieces were tested simultane- 
ously. The change in resistivity with 
time (because of internal heating and 
cooling) is shown on the curve in the 
same manner as in Figure 2. At 300 de- 
grees Fahrenheit, voltage was applied for 
ten minutes at which time the resistivity 
had become stable. Voltage then was re- 
moved and the specimen allowed to cool 
back to the test chamber temperature. 
Voltage then was reapplied, and a dupli- 
cate heating curve was obtained. At 
325 degrees both specimens drifted to- 
ward breakdown. Specimen B actually 
refused to support voltage, but specimen 
A was well on the way to the same condi- 
tion and doubtless would have failed in 
another minute or two had the test been 
continued. It should be noted that at 
325 degrees both of the resistivity drift 
curves pass through a definite flex point 
where the shape of the drift curve changes 
from concave upward to concave down- 
ward. After the breakdown at 325 de- 
rees, the pieces were allowed to cool, and 
the test chamber temperature was raised 
to 350 degrees. At this level both speci- 
mens drifted rapidly to breakdown in 
about three minutes. 


EFFECT OF GLAZE 


All data which have been discussed up 
to this point have been obtained on un- 
glazed specimens. In order to determine 
the effect of glaze on the high temperature 
performance of porcelain, two cylinders 
were prepared 11/s inches in diameter 
and 2!/, inches long. One of these cylin- 
ders was glazed with a standard glaze of 
the type normally applied to high voltage 
insulators. The other cylinder was left 
unglazed. Silver electrodes were applied 
and ceramicly bonded to each end of each 
cylinder. The silver coatings were car- 
ried over the ends and extended down the 
side walls on each end for a distance of 
5/1,inch, This was done in order to place 
the highest voltage gradient along the 
outer glazed surface. Figure 6 shows the 
results of a simultaneous test made on 
these two pieces. The resistance of the 
two was practically the same throughout 
the test, and both pieces drifted to failure 
at 410 degrees Fahrenheit. Note that 
this curve is plotted with total resistance 
and not resistivity as ordinates. 
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SOME PRACTICAL INSULATORS 


In addition to prepared test specimens, 
a number of tests have been made on 
practical insulators of various types and 
forms. Figure 7 shows the results of two 
such tests made on a standard 23-kv 
heavy duty 2-shell outdoor switch insu- 
lator. The insulator was tested with its 
regular metallic parts cemented in place in 
theusualmanner. A direct correct voltage 
of 14 kv was applied between cap and pin; 
this voltage is numerically the same as the 
rms normal service voltage to ground. 
Note that in Figure 7 the total resistance 
to ground is plotted as a function of tem- 
perature. In this insulator the conduction 
path from top to bottom metallic elements 
passes through three layers of portland 
cement and two layers of porcelain. It 
should be noted that the initial measure- 
ment made at 80 degrees Fahrenheit is 
considerably below the curve as drawn 
and also is lower than the second point at 
150 degrees. This peculiar performance 
is believed to be caused by the variation 
in resistance of the cement. Portland 
cement is quite hygroscopic and when 
slightly moist is a fairly low resistance 
conductor. As the water is driven off, 
however, its resistance increases so that 
at elevated temperatures it adds in some 
measure to the total resistance of the 
insulator. The high temperature end of 
the curve is 2-pronged, representing the 
results from two separate tests. Note 
that drift curves became tneasurable on 
one curve at 350 degrees and on the other 
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Figure 5. Temperature versus resistivity, 
comparison of two manufacturers of wet process 
electrical porcelain 


Voltage gradient 20 volts per mil, specimen 
thickness 0.55 inch 
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Figure 6. Temperature versus resistance, com- 
parison of glazed and unglazed wet process 
electrical porcelain 


Total voltage applied 5,000 volts direct 
current 


at 400 degrees, reaching stability in each 
case after about 40 minutes. At 450 de- 
grees the insulators drifted to failure in 
20 and 30 minutes, respectively. 

A similar insulator was subjected to 
test at 14 kv rms 60 cycles. This test was 
made by raising the temperature in 50- 
degree steps and holding the voltage and 
temperature constant for one hour at each 
step. Because of the difficulties of sepa- 
rating conduction from charging cur- 
rents, no resistance measurements were 
made. The unit failed after 54 minutes 
at 400 degrees Fahrenheit. A number of 
other a-c tests have been made on other 
porcelain samples, the results of which 
will be discussed later. 


Discussion of Data—Glass 


In Figure 8 are plotted the measure- 
ments of the resistivity of borosilicate 
glass as a function of temperature. This 
particular glass specimen was the glass 
element only of a suspension insulator. 
Silver electrodes with guard ring were ap- 
plied to the head area. At 85 volts per 
mil and 350 degrees Fahrenheit, the speci- 
men drifted to breakdown in about three 
minutes. At the instant of failure the 
specimen was shattered by the forces of 
differential expansion. 

In Figure 9 the variation of resistivity 
of the same specimen is shown as a func- 
tion of voltage gradient. 

Similarly, Figures 10 and 11 show the 
performance of a specimen made of a lead 
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glass. This specimen drifted toward fail- 
ure at 40 volts per mil and 600 degrees 
Fahrenheit after about three minutes, but 
upon cooling recovered and was not per- 
manently injured. At 650 degrees and 20 
volts per mil, the same specimen showed a 
definite downward drift in resistivity be- 
cause of internal heating but stabilized 
after about ten minutes. At 650 degrees 
and 30 volts per mil, the piece drifted to 
failure in about eight minutes. In this 
case power was not removed quickly 
enough, and a permanent failure occurred 
taking the form of a fused path through 
the glass. 


Discussion of Data—Steatite 


The results of testsontwosteatitespeci- 
mens are shown in Figure 12. Note that 
for two voltage gradients, 20 and 40 volts 
per mil, the curves virtually coincide. 
Both specimens initially drifted toward 
failure after 15 and 17 minutes, respec- 
tively, at 700 degrees Fahrenheit and 40 
volts per mil. The pieces were cooled 
back to test chamber temperature and 
recovered. At 750 degrees, both speci- 
mens failed at 20 volts per mil after nine 
and ten minutes, respectively. 

There are not sufficient data to plot the 
variation in resistivity of this steatite 
composition as a function of voltage for 
various temperature levels. In Figure 
13 such data are plotted for one tem- 
perature, only. 


Discussion of Data—Zircon 


Several zircon compositions were inves- 
tigated, and it was found that the high 
temperature electrical characteristics of 
the several compositions varied radically. 
The particular zircon composition in- 
cluded in this paper is the one having the 
best characteristics of the group tried. 
Figure 14 gives the variation in resistance 
as a function of temperature with a volt- 
age gradient of 40 volts per mil. Figure 
15 shows the variation in resistance as a 
function of voltage gradient for various 
temperture. 

There are two characteristics of this 
material which are worthy of particular 
note, 


1. It is observed that in certain ranges in- 
creasing voltage gradient results in slight 
increases in the measured resistance. Such 
a condition was not observed on any of the 
other materials, nor even on the other zircon 
specimens having slightly different composi- 
tion, 


2. It was observed that, at any fixed tem- 
perature above about 400 degrees Fahren- 
heit when a constant voltage was applied, 
an initial current was measured which di- 
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Figure 7. Temperature versus resistance of 
23-kv NEMA standard outdoor switch and 


bus insulator 


Total voltage applied 14 ky direct current 


minished with time, finally stabilizing at a 
value lower than the initial. In other words 
the measured resistance increased with time. 
This is exactly opposite to the performance 
of the other materials. At the lower tem- 
peratures, around 500 degrees, this upward 
drift of resistance reached stability in about 
one minute with a rise in resistance of about 
three to four per cent. At higher tempera- 
tures, about 800 degrees, the upward drift 
of resistance reached stability in several 
minutes with rise in resistance of about 30 
per cent. At 800 degrees and at higher volt- 
age gradients, 60 volts per mil, stability was 
reached only after 20 minutes with a rise of 
more than 100 per cent of the initial value. 
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This characteristic continued up to 900 de- 
grees, the upper limit of the test, and no 
breakdowns were obtained. 


These two unusual characteristics of 
this material are believed to be caused by 
dielectric polarization. The curves shown 
in Figures 14 and 15 are plotted to show 
the resistance at each level for the polar- 
ized or stable condition. 


Theoretical Considerations 


From an engineering standpoint, it is 
most important that one be able to de- 
termine the temperature and voltage 
at which a particular insulator may be 
operated safely without failure. To ac- 
complish this with some reasonable 
knowledge of the margin of safety, the end 
point conditions should be predictable. 
Therefore, some theoretical discussion of 
the mechanism of breakdown is in order. 

From the data it seems reasonably con- 
clusive that, at least at elevated tempera- 
tures (250 degrees Fahrenheit and 
above), breakdown is a thermal phenome- 
non. When voltage is applied to a dielec- 
tric, a leakage or conduction current 
flows through the material and the J*?R 
loss results in internal heating above the 
ambient temperature. This increase in 
internal temperature results in a reduc- 
tion of resistivity with consequent in- 
crease in internal heating, if a constant 
applied voltage is maintained. As the 
internal temperature rises above the am- 
bient, heat is dissipated from the stressed 
volume. In most practical applications 
thermal conduction is the principal means 
of heat dissipation from the stressed vol- 
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Figure 9. Voltage gradient versus resistivity, 
borosilicate glass 


Thickness 0.36 inch 
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ume. The power dissipated as heat from 
any point in the stressed volume is there- 
fore a function of the internal temperature 
rise. If the power dissipated as heat in- 
creases more rapidly as the temperature 
rises than does the power input, the time 
rate of temperature rise will diminish 
and a condition of stability will be ob- 
tained. If the reverse condition occurs, 
the temperature will rise with increasing 
rapidity until the dielectric fuses or is 
is cracked by differential expansion 
stresses. 

Consider the elemental cube (Figure 16) 
in the dielectric body. Let the volume of 
this cube be AV and the edge dimensions 
be AX, AY, and AZ. Let the direction 
of voltage gradient be parallel to the Y 
axis through the elemental cube. If the 
voltage gradient through the cube in 
volts per inch is & and if the resulting cur- 
rent density is J amperes per square inch, 
then P7, the total power input to the 
cube, is 


Pm =(EAY)(IAX AZ) = EIAV 


If the resistivity of the material is 7 
ohms per inch cube, 


EF? 
i Mid ae AV 
if 
The power input per unit volume is 


Py= a 1 
7 AVF (1) 

If the total power output from the cube 
in the form of heat is P72, then 


Pre J ENT nde 
where 


T=the temperature rise of the cube above 
the ambient temperature 

VT=the temperature gradient outward 
from the cube 

do=any element of surface of the cube 

n=a unit vector normal to that element of 
surface 

K=the thermal conductivity of the mate- 
rial 


The power output per unit volume is 
Pr 

AV 

IG 
he S.V T-ndo 


Taking the limit as AV approaches zero 
Pe=KVT (2) 


The term KV*T cannot be evaluated 
exactly from theoretical considerations 
alone. However, this term merely repre- 
sents the power output in the form of 
heat from a small element in the stressed 
volume. In any practical insulator, as 


Frey, Jesatko—Ceramic Dielectrics 


OLTS PER MIL 
MS q 


ey 
Oo 
ee 


400 
TEMPERATURE ~ DEG F 


500 700 


Figure 10. Temperature versus resistivity, lead 
glass specimen 


Thickness 0.50 inch 


soon as a voltage is applied some element 
within the stressed volume begins to heat 
slightly faster than its immediate sur- 
roundings. This may be because the ele- 
ment is at the center of the volume where 
heat loss is the slowest, because of varia- 
tions in voltage gradient, or because of 
variations in the homogeneity of the 
material. As soon as the element in ques- 
tion begins to rise in temperature above 
that of the surrounding stressed volume, 
its resistivity diminishes and consequently 
its rate of heating is increased further. A 
“hot spot”, therefore, is established 
quickly, and it is this hot spot which is of 
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ptimary concern. Equation 2 may be 
applied to represent the heat loss from 
the critical element and by making certain 
reasonable assumptions may be reduced 
to a more useful form. Since the surface 
area of any practical insulator is relatively 
large and since the thermal conductivity 
of the material under consideration is rela- 
tively small, it may be assumed that the 
rate of heat loss from the critical volume 
is directly proportional to the temperature 
rise above the ambient. For these as- 
sumptions equation 2 may be written 


P.=KaT (3) 
where 


T =the temperature rise of the element 
a=the factor of proportionality 


At any point of stability P, must equal 
ee 

When voltage is first applied, T=0, 
and consequently P,=0. As T increases, 
P, and P; both increase. If, with increas- 
ing temperature T, P, continuously in- 
creases faster than P», stability can never 
be reached, and the temperature will con- 
tinue to rise until failure occurs, Con- 
versely, if P, continuously increases faster 
than P;, a condition of equilibrium will 
ultimately be reached where P.= P,. 

The rate of increase of P; with respect 

to temperature T is 


Since, for the materials under consider- 
ation, Or/OT is negative, this shows a 
sy E? Or 

positive value for the product — OT 
The rate of increase of P, with respect 
to temperature is 


oP, |, X(V27) 
ae oT 


Aka (4) 


The conditions leading to ultimate 
breakdown are illustrated in Figure 17. 
The power input when voltage first is ap- 
plied at ambient temperature T) is repre- 
sented by P;. As the internal tempera- 
ture rises, the power input increases as 
shown. The power output is initially 
zero but increases as internal temperature 
rises. If the P. curve intersects the P; 
curve, stability is reached. If the P, 
curve fails to intersect the P, curve, runa- 
way and breakdown ultimately occur. 

If the power input (P;) curve is concave 
upwards, the critical point will be reached 
when the starting temperature Ty is such 
as to make the P2 curve reach the P, 
curve at a point of tangency. This oc- 
curs at some critical temperature T, and 
with power input P,”, as illustrated in 
Figure 17. 
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At this point 
OP; OP, 


OTMeOr 
or 


SOT 
72 Tas ©) 

The initial ambient temperature T 
necessary ultimately to reach the critical 
condition is lower than T, by an amount 
equal to P," divided by Ka. 

If the power input curve P, is concave 
downward, the P2 curve always will in- 
tersect it at some point and with some 
theoretical finite temperature rise above 
the ambient. Whether or not failure oc- 
curs then depends upon whether the tem- 
perature at this point of intersection is 
within the range which the dielectric can 
stand without fusing, cracking, or char- 
ring. It is perfectly possible that the 
power input curve may be in some zones 
concave upward and in other zones con- 
cave downward with a flex point as il- 
lustrated by the broken line in Figure 17. 

Equation 5, therefore, may be applied 
only when the second derivative of power 
input with respect to temperature is posi- 
tive at the critical point. 
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Figure 12. Temperature versus resistivity, wet 
process steatite 


Voltage gradient 20 and 40 volts per mil, 
specimen thickness 0.188 inch and 0.203 inch 


Figure 13 (right). Voltage gradient versus re- 
sistivity, wet process steatite 


Temperature 84 degrees Fahrenheit, specimen 
thickness 0.188 inch and 0.203 inch 
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The values of 7 and of the first and 
second partial derivatives can be deter- 
mined physically from the temperature- 
resistivity curve of any material. For 
porcelain, the steatite composition, and 
the two glasses equation 6 is satisfied 
within the range investigated. For zircon 
the second derivative of r with respect to: 
T is negative up to about 350 degrees. 
Fahrenheit. Above 350 degrees equation 
6 is satisfied up to about 700 degrees. 
Above 700 degrees, the power input 
curve is concave downward, and stability 
always can be reached theoretically at 
some temperature rise. In this respect 
above 700 degrees zircon will behave more 
like a very high resistance conductor than 
an insulator. 

Hence equation 5 can be applied to por- 
celain, the two glasses, and the steatite 
composition within the range for which 
data exist. It also can be applied to the 
zircon up to 700 degrees Fahrenheit. 
The values of thermal conductivity K for 
these materials are given approximately 
in Table I. 

For most of these materials, the thermal 
conductivity increases somewhat with 
increasing temperature. By neglecting 
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Figure 14. Temperature versus resistivity, 
zircon 


40 volts per mil, 2-square-inch electrode 
©.489 inch thick and 1-square-inch electrode 
0.196 inch thick 


this change using the values given in 
Table I throughout, conservative results 
will be obtained. 

In order to evaluate equation 5 numeri- 
cally, the value of the factor a must be 
determined. The points of ultimate fail- 
ure with direct voltage for all porcelain 
test specimens are listed in Table II. The 
theoretical values for es On are shown 

r? OT 
for each case. It again should be noted 
that the data in Table II were obtained by 
applying constant voltage and raising the 
ambient temperature in steps. In many 
cases failure probably would have oc- 
curred at some lower temperature if 
smaller steps had been used, For this 
reason those tests have been discounted 
on which failure occurred in less than 
three minutes. For the remaining tests, 
FE? Or’, 

the average value of the term reer Si 
0.067 with a range from 0.0189 to 0.124. 
The last column in Table II shows a word 
symbol indicating whether or not the 
drift curve to failure passed through a flex 
point. Those tests marked “‘flex’’ showed 
a definite flex point in the drift curve. 
For those points marked “‘no’’, the drift 
curve continued with increasing accelera- 
tion to failure with no flex point. For 
cases where no flex point occurred in the 
drift curve, the starting temperature must 
have been at some point above T,. For 
those tests where a flex point appeared, 
the starting temperature must have been 

E?0r 


t T,and7T,. Theval ee 
between Ty) and 7, evalues o 2 OT 
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for those tests which passed through a flex 
point range from 0.0189 to 0.0925, with 
an average value of 0.0398. For those 
tests which did not show a flex point on 


f2 
the drift curve, the value of ares Oe 

r? OT 
ranged from a high of 0.124 to a low of 
0.023, with an average of 0.0725. By in- 


spection it appears that the value of the 


F?0 
function are should be about 0.06 at 
7 


OT 

the flex point. If 0.06 is taken as the ap- 
proximate numerical value of the func- 
tion at the flex point, then this may be 
substituted in equation 5, and the factor a 
may be evaluated as approximately three 
for porcelain. This evaluation is not 
very precise, but it should be noted that 
an error of even three to one in the value 
of a produces an error of only about 50 
degrees Fahrenheit in the theoretical end 
point temperature. 

For porcelain the resistivity varies but 
little with voltage gradient for tempera- 
ture above 250 degrees Fahrenheit. A 
reasonably accurate general solution, 
therefore, can be obtained for tempera- 
tures above 250 degrees. For tempera- 
tures below 250 degrees, some confusion 
exists probably because of the variation 
of resistivity with voltage gradient, and 
sufficient data are not available for an ac- 
curate analysis. As a matter of interest, 
equation 5 has been evaluated for porce- 
lain below 250 degrees using the two ex- 


Table |. Thermal Conductivity 

Watts 

Per Sq In. 
Per In. 

Material Per Deg F 
POLee ain oot ato sch eter cocaine ae 0.0203 
SUCStILE te oh etn ae hac anes Ce ee re aes 0.0285 
BOrOsmicate Class lw clin ay Meese 0.0182 
ead glass rey site cass eae oc cie sree cee ata 0.0182 

LAE COMM ACK Cen eee RE es Bee he te ME 0.031 


tremes of the resistivity curve shown in 
Figure 4. 

This yields the theoretical internal 
temperature T, at which runaway actually 
starts for any particular voltage gradient. 
In Figure 18 the values of T, have been 
plotted against voltage gradient. The 
starting ambient temperature 7, from 
which the critical internal temperature T, 
ultimately may be reached, also has been 
plotted in Figure 18 taking 


watts per cubic inch input at 7; 
Ka 


Any point to the left of the Zo curve 
should be safe for continuous operation. 
Points to the right of the T) curve should 
result in failure if given sufficient time. 

In Table III the actual breakdown 
points for several practical insulators are 
shown. These values also have been 
plotted on Figure 18. 

For the materials other than porcelain, 
there are not sufficient data to make a 
determination of a by the method used 
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Table Il. Breakdown Points of Porcelain Test Specimens, Direct Voltage 
Elec- Volts Temperature Resistivity at Time ‘E? or 
trode Specimen Per at Beginning Beginning of Required r? oT Character- 
Area, Thickness, Mil of Failure, Failure, Megohms for Failure, Watts Per Cu istic of 
Sq In. In. D-C Deg F Per In. Cube Min In. Per Deg F_ Drift Curve 
1 OLB Tete: ont hyn hens oar ee Approximately. . 5 eek ol OZ Sracennsn ayes No 
200,000 
1 CsO 122 a ALO ey TOOK eae Approximately. . 4 cine O O94 Pare lete cncnets No 
50,000 
1 ops OOO Site <a EO ad Ow rots 200 i cheieine Approximately. .Less than 0.02....0.087 ......... No 
58,000 
1 AUREL E aS MBG ostc 2504.25 oe 5,000 28.5 nae tO OO2Z5 crtoisccrsrs-ote Flex 
1 tO ZEB ype hd. eevstars oie 250) acces Approximately. . 275 Sta OS2 8 lansictea east No 
3,000 
1 . 0.605. 495 15 Set OS OR Tee ee eee No 
1 ..0.609. 870 15 bi OS O44 2 rere ere No 
30 7OFSl 1,630 12 se OVOZ3 on maya at No 
1 Osan 2,150 Vaca ee iO OSAEe stores No 
1 ~ OL 172 2,150 7.5+ SOM 084° seers No 
il UAT he 892 16 Ki WOO43\ 5. ork Sener Flex 
2 . 0.590. 516 19 Ace ONOLSO Hah. ae Flex 
2 . 0.528. 348 19 ra ONOZ82o aoe es Flex 
OF 7.85n OO d ns 193 3+ B30) 9 O82 eee No 
0.785..0.98 . 183 3+ Se OR A A ewes Acces ee No 
1 ORO ky. 405 44 ee ONO222/ Senn ereait Flex 
0.44 ..0.282. 285 4 ee OOO SS kee oe No 
0.44 ..0.282. 285 4+ Bh 0 L097 Bo cca No 
1 ee OL keen 335 6 Ct OF LOA yore No 
il SAW sles 335 6+ eA RID Pea ee 8 2 No 
il pO 60 62 Me OMOSE, Sancek ene Flex 
0.785. .0.97 66 15.5 tee OR0386x0. oe No 
0.785. .0.98 . LSe/ 115).5 Bo, OM OSS site cere No 
0.785. .0.975. 47 io PURSES. eee eg No 
0.785. .0.980. AT 2.5+ ate ORS GP srcie <asheacuers No 
Frey, Jesatko—Ceramic Dielectrics 917 


Table Ill. Breakdown Points of Practical Porcelain Insulator Shapes, Alternating and Continuous 
Voltage 
Alternating 
Continuous Voltage Voltage 
Cylindrical Standard i) eLube Standard 
Smooth Cylindrical 23-Kv Heavy 23/sby13/sby 3-Unit 23-Kv Heavy 
Walled Corrugated Duty Outdoor 20 In. Long, 53/4 by 10 In. Duty Outdoor 
Standoff Standoff Switch and Smooth Suspension Switch and 
Insulator Insulator Bus Insulator Walled Insulator Bus Insulator 
Total porcelain 
Phickness vite ea acy mele Ootirer ers 5.12 1,25 Pawal DOG. oreae CEA qc kn eat) 
Total voltage ap- 
plied VoltsAtee cere «ic SOOO ee 40,000... . 14,000 eye on, AOLOOO ono RE: 46,000. ...14,000 rms 
Average volts per 
SMITE Pe coesteh Sunse, enenecis 9.25 (Genclon. 224 11.2 Qe Ohne mrt QOBreen Le arms 
Temperature at be- 
ginning of failure, 
ORS a) ees a geet OS ALO seasick 400. 405 B50. idore 350....400 
Total resistance at 
beginning of fail- ; 
ure, megohms....... TO a $25 4.564 1326-52 Bae oP as 82.2....Approximately 
2.7, 
Approximate aver- 
age resistivity at 
beginning of fail- 
ure, megohms per 
IM NCUDE: 5 aaa. seers AS. cccxcns,* DOG Bs sb 81-128 4.36...... 461....Approximately 
66 
Time required for 
failtire s11itl.,..2 sucely sc Qa sore AGE ae 17-35 AO) tus vere 112.....54 
E? or . 
— — watts per cu in, 
r? OT 
Petedes Nays ete cles s OR03GRa 0).025.....0.0254-0..0162. ....0'0205....2.- 0.0237....0.032 
Characteristics of 
drift curve........... ex ap eite Flex No JCS iy A Flex — 


for porcelain. It is difficult to see why 
the value of a should differ materially 
from that for porcelain. If we assume 
that a is the same for the steatite, glass, 
and zircon compositions as for porcelain, 
then theoretical breakdown curves can 
be plotted for these materials. Such 
curves for the four other materials are 
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Figure 15. Voltage gradient versus resistivity, 
zircon 


1-square-inch electrode, specimen thickness 
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plotted in Figure 18 within the range 
of the existing data. For borosilicate 
glass no data area vailable above 350 de- 
grees Fahrenheit, and for temperatures 
below 250 degrees the resistivity varies 
greatly with voltage as indicated in 
Figures 8 and 9. The curve for borosili- 
cate glass, therefore, can be generalized 
from this data over only a short range. 
In Figure 18 the borosilicate glass curve 
is shown in broken lines so that it may 
be distinguished from the porcelain curve. 

Examination of Figures 10 and 11 will 
show that the lead glass curve can be gen- 
eralized from existing data only within 
the temperature range from 350 to 650 
degrees Fahrenheit and for voltage below 
40 volts per mil. 

No data are available on the steatite 
composition to show the variation of re- 
sistivity with voltage at the higher tem- 
peratures. There is every indication, 
however, that, like porcelain, the resistiv- 
ity of steatite becomes essentially inde- 
pendent of voltage at temperatures above 
250 degrees Fahrenheit. The plot for ste- 
atite in Figure 18 is based on this assump- 
tion. 

For the zircon composition, it appears 
that above about 140 volts per mil resis- 
tivity will vary considerably with voltage. 
Also, above 700 degrees stability, theo- 
retically, always can be reached. The 
generalized zircon plot is therefore quite 
short but does indicate adequately the 
relative position of this material. Above 
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700 degrees there is some question as to 
whether at any particular voltage gradient 
the material will stabilize before the in- 
ternal temperature rise becomes excessive. 
The experimental evidence indicates that 
for d-c gradients up to 40 volts per mil the 
zircon composition can be operated suc- 
cessfully at 900 degrees and possibly 
higher. 

Asa practical check on these theoretical 
predictions, Tables II, III, IV, and V give 
the actual measured breakdown points 
for a number of specimens. The indi- 
vidual points from these tables have been 
plotted on the curves in Figure 18 for 
direct comparison. As would be expected, 
all actual breakdown points fall to the 
right of the theoretical curve. 

Some actual breakdown points for por- 
celain are included for temperatures below 
250 degrees Fahrenheit. It has been 
pointed out that at these lower tempera- 
tures the generalized curves are of doubt- 
ful value. It is interesting to note, how- 
ever, that the actual low temperature 
breakdown points are at least of the 
proper order relative to the theoretical 
curves. Some breakdown points obtained 
with alternating voltages also are in- 
cluded in Tables III and IV, and are 
plotted on the curve in Figure 18. In 
each case these have been listed and 
plotted in rms rather than crest volts, 
since the heating effect is a function of the 
former. These seem to fit the curves 
equally as well as do the d-c points, but 
the amount of a-c data available are 
relatively small. No actual resistance 
measurements were made with alternat- 
ing current and the resistivities listed in 
Table IV are taken from Figure 4. 

Despite the fact that the temperature— 
resistivity curves were obtained from 
test specimens with relatively uniform — 
voltage gradients, the theoretical break- 
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down curve for porcelain applies with 
reasonable accuracy to practical insulator 
shapes at the higher temperatures. This 
is shown by the actual breakdown tests 
on practical insulators as listed in Table 
1O0& 

It seems probable that at temperatures 
above 250 degrees the reduction in resis- 
tivity of the porcelain results in more 
nearly uniform voltage gradients in the 
practical insulators. 

No actual breakdowns were obtained 
on the zircon composition even though 


temperatures were carried up to 900 de- 
grees at 40 volts per mil direct current. 
The tendency of the zircon to increase in 
resistivity with time at constant ambient 
temperature and voltage is believed to be 
caused by dielectric polarization. At any 
constant temperature and voltage, the 
more mobile negative ions (or possibly 
electrons) drift away from the negative 
electrode, leaving a super abundance of 
the less mobile positive ions in this area. 
This results in an apparent increase in the 
resistivity of the material. When such 
polarization occurs to a marked degree, it 
would be expected that the breakdown 
temperature with alternating current 
would be lower than with direct current. 


Conclusions 


The electrical resistivity of all of the 
ceramic insulating materials tested dimin- 
ishes not only with increasing tempera- 
ture but also, at the lower temperatures, 
with increasing voltage gradient. The 
rate of change of resistivity with voltage 
appears to diminish with increasing 
temperature so that for porcelain above 
250 degrees the resistivity is nearly inde- 
pendent of voltage. 

From the shape and level of the tempera- 
ture resistivity curves, it is possible to 
predict the temperature at which an in- 
sulator will fail under any particular volt- 
age gradient. While these predictions 
are based primarily on high temperature 
measurements, it appears as though the 
thermal effect may be a major factor in 


Table IV. Breakdown Points of Porcelain Test Specimens With Alternating Voltage 
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Figure 18. Temperature versus voltage gradi- 
ent for breakdown 


insulator breakdowns even at low tempera- 
tures. The existing data do not permit 
definite determination at low tempera- 
ture, however. 

The breakdown curves shown in Figure 
18 are believed to be applicable for 60- 
cycle alternating as well as direct voltage 
for all of the materials except zircon. For 
zircon the a-c breakdown temperatures 
may be somewhat lower. 

There is also some question as to 
whether these curvesare applicable to high 
frequency alternating voltages. At high 
frequencies other forms of dielectric loss 
may become of important magnitude, so 
that failure may occur at lower tempera- 
ture levels. This has not been investi- 
gated. 

There seems to be no appreciable dif- 
ference in the high temperature electrical 
performance of wet process electrical por- 
celain as made by several well-known 
United States manufacturers. 

The presence of glaze on porcelain does 
not seem to affect the high temperature 
performance. 

The high temperature performance of 
glasses, steatite, and zircons may be 
expected to vary widely with different 
compositions. The one zircon composi- 
tion which thus far appears to be best can 
be operated at 900 degrees Fahrenheit at 
40 volts per mil direct current without 
failure, 
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Tennessee Valley Authority Hydro- 


electric Stations—Electrical and 


Mechanical Design 
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Synopsis: Design policies have been de- 
veloped and established during the building 
and operating of 14 major hydroelectric 
generating stations since 1934. Turbines, 
governors, generators, transformers, switch- 
gear, and other major equipment have been 
selected generally in accordance with normal 
manufacturers’ designs except in specific 
cases where operating experience has indi- 
cated a definite need for improvement. 
Many of the improvements subsequently 
have become standardized by the manu- 
facturers. Switching, bussing, control, 
relaying, wiring, piping, auxiliary equip- 
ment, and other station features have been 
developed by the Tennessee Valley Au- 
thority, using manufacturers’ standard 
components as far as possible. The bases 
for selection of equipment and for develop- 
ment of station designs undoubtedly are 
applicable to other hydroelectric projects. 


REPORT was made in December 
19411 on the electrical design of the 
Tennessee Valley Authority’s new hy- 
droelectric generating stations after six 
of the new stations were in operation. 
Today with 14 new stations operating, 
this supplemental report brings the rec- 
ord up to date, adds the mechanical de- 
sign features, and outlines the funda- 
mental electrical and mechanical design 
practices which have controlled the new 
generating station designs. 

The Tennessee River system drains 
an area of 40,910 square miles, lying in 
the states of Tennessee, Virginia, North 
Carolina, Georgia, Alabama, Mississippi, 
and Kentucky. From the highest head- 
water in the mountains of North Carolina 
to the lowest tailwater in the western 


H. J. PETERSEN 
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corner of Kentucky there is a total fall of 
3,188 feet in 714 river miles. Mean 
annual rainfall on the watershed aver- 
ages 52 inches and run-off averages 44 per 
cent. The unregulated stream flow at 
Kentucky Dam, the dam nearest the 
mouth of the Tennessee River, ranged 
from a minimum of 4,500 cubic feet per 
second to a probable flood of 960,000 
cubic feet per second. 

The Tennessee Valley Authority now 
owns and operates 26 hydroelectric plants 
with 89 units aggregating 1,777,580 kw, 
and 12 fuel plants with 37 units aggregat- 
ing 430,400 kw. By agreement with the 
Aluminum Company of America, the 
authority dispatches the water and the 
power at eight Alcoa dams with a total 
installed capacity of 311,120 kw of hy- 
droelectric power, and by agreement with 
Memphis Power and Light Company, it 
leases 20,000 kw of steam power, thus 
bringing the total installed capacity 
now controlled by the Authority to 
2,539,100 kw of which 82.3 per cent is 
hydroelectric. 

The principal transmission lines, be- 
tween generating stations and large load 
centers (Figure 1), consist of about 2,000 
circuit miles of 154-kv lines and 1,000 
circuit miles of 110-kv lines. Although 
the generation and the load are scattered 
fairly well over the entire area, the hy- 
droelectric generation in the eastern por- 
tion of the system is mostly of a storage 
nature, while that in the central and west- 
ern portion is generally run-of-river. 
This condition causes a considerable 
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transmission of energy eastward during 
the storage season and westward during 
release and requires rather heavy east- 
west lines. These heavy lines, together 
with several interconnections with ad- 
jacent power systems, result in unusu- 
ally economical generation and distri- 
bution of energy, not only within the 
Authority’s system but also in the ad- 
joining systems. Many of the turbines 
are either set above tailwater or are pro- 
vided with compressed air facilities to de- 
press tailwater so they can be motored 
as synchronous condensers when not 
needed for energy or when reservoirs 
are being filled. This provides potential 
sources of synchronous capacity widely 
scattered over the entire system. When 
a unit is motored, the controls are set to 
pick up load immediately upon sudden 
demand. 

Load has grown steadily along with the 
development of generating facilities and 
much of the time has grown faster than 
generation could be provided. During 
the fiscal year ended June 30, 1945, the 
Authority-controlled plants generated 
11,935,000,000 net kilowatt-hours of 
energy, of which 85.4 per cent was from 
the hydroelectric station. The maxi- 
mum hourly demand was 1,933,000 kilo- 
watts. 


Generating Stations 


The 14 new hydroelectric stations and 


the six new units at existing Wilson Dam 


are listed with their principal character- 
istics in Table I. With their variations 
in flow, head, storage, ratings, topog- 
raphy, and transmission connections 
these developments represent three gen- 
eral types of development and several 
plant arrangements. 

Enclosed conventional generator rooms 
with indoor cranes (Figures 2 and 3) are 
provided at eight of the 15 plants At 
Wheeler, where the tailwater is especially 
low, the generators are outdoors in 
weatherproof housings, and an outdoor 
gantry crane serves the main units after 
removing the housings and serves the 
erection bays through removable hatch 
covers. At the remaining six plants an 
open-deck design (Figure 4) is used with 
an outdoor gantry crane serving the 
generating units and erection bays 
through removable hatch covers.? 

Transformers are located alongside the 


a a 
‘Paper 46-108, recommended by the AIEE com- 


mittee on power generation for presentation at the 
AIEE summer convention, Detroit, Mich., June 
24-28, 1946. Manuscript submitted March 29, 
1946; made available for printing May 1, 1946. 


R. A. Hopxins and H. J. PETERSEN are head 
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generator room at three plants and ad- 
jacent to the switching structures at 12 
plants. The control room is preferably 
located between the powerhouse equip- 
ment and the switchyard equipment to 
minimize the lengths of control circuits 
and to reduce the radius of operation. 
At 11 of the plants the control room is 
located in the end or corner of the power- 
house nearest the switchyard. At Apa- 
lachia the control room is located along- 
side the generator room and the governor 
cabinets are located within the control 
room, thereby reducing manpower re- 
quirements. 

At Watts Bar an unusual topography 
presented a steep rocky bluff at the shore 
end of the powerhouse (Figure 5). The 
transformers, the switchyard, and a 
separate control house are all located 126 
feet above the generator floor. The con- 
trol house is connected to the powerhouse 
by means of a vertical shaft with eleva- 
tors and a horizontal corridor at the 
powerhouse level. This switchyard and 
control room handle also the output of 
the 240,000-kw Watts Bar Steam Plant 
located 3,500 feet downstream. 

The 30,000-kva single-unit Ocoee 3 
Hydroelectric Plant with remote super- 
visory control by cable* was added to the 
system in 1943. Operation has proved 
entirely satisfactory, and three other 
generating units of similar size for other 
plants on the system are now under de- 
sign also for supervisory control. Two 
will be controlled by cable and one by 
carrier. 

The Authority has made every effort to 
specify for all of its generating and aux- 
iliary equipment, characteristics and 
construction which are fairly well stand- 
ardized by all the manufacturers so as 
not to demand special features. This 
policy which was established early in the 
program demonstrated its value very 


forcibly during the war when at one time 
as many as 20 major hydroelectric units 
were in manufacture and erection, and 
practically all the standard practices 
previously developed were successfully 
maintained. 


Turbines 


Kaplan-type movable-blade propeller 
turbines are used in the main-river plants 
except at Wheeler, where the small varia- 
tions in headwater and tailwater eleva- 
tions made a fixed-blade propeller tur- 
bine more desirable, and at Wilson where 
the relatively higher head dictated 
Francis turbines. Francis turbines are 
used at all the tributary storage plants 
and at the tunnel and surge-tank plants 
because of their high heads. 

Specific speed, peripheral coefficient, 
and critical sigma for cavitation are fac- 
tors in determining the sizes, speeds, and 
settings of all turbines.4 In some plants 
which operate over extreme ranges of 
head, a specific speed was selected which 
would be mechanically safe for the runner 
when operating at the highest head. 
Turbines are usually rated at full gate, 
normal head. 

In the main-river plants where pro- 
peller-type turbines are used, it was 
necessary in order to prevent excessive 
cavitation to set the runners below nor- 
mal tailwater, thus obtaining a negative 
static draft head. Draft tube water-de- 
pressing systems are installed on certain 
units to lower the tailwater below the run- 
ner to reduce the power losses when these 
units are operated as synchronous con- 
densers. 

Runners are cast steel. The high 
first cost of cast-steel runners over cast- 
iron runners is more than offset by their 
greater resistance to cracking or disin- 
tegrating after years of operation under 


\ 


fluctuating loads. Cast steel has the 
further advantage that cavitation can be 
retarded and can be repaired with com- 
parative ease by welding, while welding 
on cast-iron runners is a very expensive 
and unsatisfactory operation. To retard 
cavitation, areas on runners which ex- 
perience has proved to be subject to ex- 
cessive cavitation are prewelded at the 
factory with a one-eighth-inch layer of 
stainless steel. 

Guide vanes are steel castings. In the 
high-head plants during off-peak hours 
and during storage periods, it is desirable 
to operate one or more units as syn- 
chronous condensers. During this opera- 
tion, with the guide vanes closed and full 
headwater in the scroll case, the leakage 
past the tops and bottoms of the guide 
vanes has been found to cause some 
erosion similar to a scouring action. To 
minimize this erosion in the later plants, 
strips of stainless steel were welded to 
the guide vanes at this point. 

Scroll cases at the main-river plants 
are concrete. In the high-head tributary 
and surge-tank plants the higher pres- 
sures dictated the use of steel scroll 
cases. Throat rings are rolled steel, as 
this material has proved more resistant to 
pitting than cast steel. 

Water-lubricated main bearings are 
used in the low-head main-river plants 
which have relatively high tailwater con- 
ditions. Both lignum vitae and rubber 
wearing surfaces were used in some of the 
earlier plants, but Insurock has been used 
in the majority. The shafts are fitted 
with stainless steel sleeves where they 
pass through these bearings. The high- 
head units have smaller wheels operat- 
ing at higher speeds, and their main 
bearings are oil-lubricated, babbitt-lined, 
and bear directly on the polished steel of 
the shafts. 

Shafts are open-hearth, carbon or alloy 


Table |. Generating Station Statistics 
Number of 
Number Number Generators 
Useful Rated of Units of Units Turbine Generator Per Trans- Switch- 
; Average Storage, Head, at Pres- Ulti- Rating, Speed, Rating, former Transmission Powerhouse yard 
Station Flow, CFS Acre-Ft Ft ent mately Hp Type Rpm Kw Bank Voltages, Kv Type Type 
Main-River Developments 
Chickamauga..... SO, 4OL ee o20j400 tne uoO vane DO iencavtare AIS oy 36, O00 waplane | 7 Olesemot O00. ae lee ee 154,110,44...Enclosed..... Low 
Fort Loudoun. ...14,300... 109,300.... 65..... Dye a Ct ee 44000)... .scaplanye.1 05) Sin... 23000 ree eo meee 154,110 ...Open-deck....Low 
Guntersyille...... 41,400... 162,900.... 36..... aeal vga 34,000....Kaplan... 69.2... .24,300 it. 8 154, 110,44 ... Enclosed... . . Low 
Kentucky........63,620...4,010,800,... 48... eA Be dee 44,000....Kaplan... 78.3....32,000.....1,2..... 154;66) 2 (Opemdeck.. ©. Low 
Pickwick:........55,000../ 418,400... 43..... Aas 6a 48,000. ..:Kaplan.., 81.8....36,000..... 1..-... 154,110 ...Enclosed...., High 
Watts Bar....... 26.400 4\,.6837,60000M S25a".. 6.12 5 a a 42,000....Kaplan... 94.7... .30,000..... Fe 154 ..Open-deck.. . . Low 
Wheeler..........50,000... 348,900... 48... rig see $8 45,000: 2)Fixed:ie © 85.075. 088.400... 0). Stee eee 154 ~.Outdoor......High 
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* New units in existing plant. 


922 


Hopkins, Petersen—Hydroelectric Stations 


AIEE TRANSACTIONS 


> 
~. 


steel forgings, heat-treated, and machine- 
finished. They have renewable sleeves 
where they pass through the water- 
lubricated guide bearings and the stuffing 
boxes in the head covers. They are all 
hollow-bored to allow for internal in- 
spection. The upper ends of the shafts 
for Kaplan wheels are belled out to re- 
ceive the blade-tilting servomotors. 


Governors 


The governing system for each turbine 
is of the hydraulic relay valve actuator 
type, with motor-driven governor head, 
auxiliary control mechanism, restoring 
mechanism, oil-pressure system, pipe, 
and, in the case of the Kaplan units, the 
control valve for runner blade adjust- 
ment. The governing mechanism and 
pumping units are mounted in a cabinet 
(Figure 6), the lower part of which forms 
the oil sump and the front face of which is 
the turbine instrument and _ control 
board. Governors for either one or two 
units are mounted in one single or one 
double cabinet as the powerhouse ar- 
rangement dictates. 


The governors are designed for a 
normal maximum operating oil pressure of 
300 pounds per square inch. Each 
governor is provided with a separate 
vertical cylindrical oil storage tank, 
with sufficient compressed air space 
above the oil to operate the turbine 
wicket gates through one complete cycle. 
Oil-pressure systems are interconnected, 
and sufficient spare pumps are provided 
to permit operation of all governors in 
the plant during outage of one of the 
pumping units. 

Gate operating time, as controlled by 
the governor, is adjusted from a minimum 
of six seconds to a maximum of ten 
seconds at the various plants. Speed- 
level controls are provided to control the 
speed of the turbine from 85 per cent of 
rated speed at no load and zero speed 
droop to 105 per cent of rated speed at 
full load and maximum speed droop. 
Speed droop adjustment is from zero to 
six per cent. 


Generators 


Generator characteristics and con- 
struction were developed at the beginning 
of the program in consultation with the 
engineers of the manufacturers on the 
basis of meeting system requirements 
and at the same time keeping within the 
manufacturers’ normal designs and prac- 
tices as far as possible. A few com- 
promises were necessary on both sides, 
and over the years a few improvements 
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have been developed mutually. Prin- 
cipal features which are practically uni- 
form for nearly all the 44 generators in- 
stalled to date are: 


Power factor, 0.9. 
Short circuit ratio, 1.1. 
Condenser capacity, 55 per cent. 


Line-charging capacity, 80 per cent. 


Sa eres CIN IS 


. Noncontinuous damper windings giving 
reactance ratio, 1.35. 


6. Flywheel effect based on 30 per cent 
speed rise with full-load rejection and gate 
closure in five seconds resulting in 120 to 
180 per cent of normal flywheel effect. 


7. Excitation voltage, 250. 
8. Ceiling, 325. 
9. Response ratio, 1. 


10. Direct-connected main and pilot ex- 
citers partially telescoped. 


11. Thrust bearing below the rotor and 
usually one guide bearing also below the 
rotor. 


12. Shaft flanged at top to rest on thrust 
bearing and to support the rotor. 


An important shop test required by the 
authority consists of assembling the 
generator and turbine shafts and their 
bearing surfaces and checking the com- 
plete assembly in a lathe. It is specified 
that the running surface of the thrust 
bearing runner shall be perpendicular to 
the axis of the generator and turbine 
guide bearing journals within a tolerance 
of 0.0005 inch at every point. After 
erection in the powerhouse, each generat- 
ing unit is given a mechanical rotation 
check to ensure that the thrust bearing 
surface is perpendicular to the axis of the 
generator and turbine guide bearings 
within the tolerance allowed in the shop 
test and that the shaft is plumb to within 
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Fontana Dam 


Figure 2. 


Enclosed generator room 


a tolerance of 0.001 inch in about five 
feet. 

Carbon - dioxide fire - extinguishing 
equipment for the enclosed generators 
has been improved through the years. 
Spare cylinders originally were kept on 
hand to renew an exhausted bank. 
These cylinders now are racked and piped 
to form a reserve bank always ready for 
instant use. A systematic test procedure 
has been developed wherein a few 
cylinders are released and the carbon- 
dioxide concentration is measured over a 
period of 30 minutes with the generator 
running. This provides a basis of judg- 
ing the airtightness of the generator 
housing and for adjusting the time inter- 
vals at which the delayed discharges 
should be released. The tests also have 
demonstrated that with a reasonably 
tight housing fewer cylinders are re- 
quired in both the initial and the delayed 
banks than were considered necessary 
on the earlier units before these tests 
were developed. 


Transformers 


Fundamental features originally se- 
lected have been carried through to date 
with minor improvements in keeping 
with the advances in manufacturing 


practice. 
Three-winding transformers with load- 
ratio control from the switchboard 


(Figure 7) have been installed at Ocoee 3 
and Kentucky in addition to those pre- 
viously reported. It has become general 
practice to provide spare transformers 
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only for important ties and system in- 
terconnections where outage would cause 
loss of load, but not for generation step- 
up. 

Fire protection for transformers has 
not been installed except at Wheeler, 
Pickwick, and Wilson, where the trans- 
formers are located adjacent to the power- 
house structures. These three systems 
employ fixed fog nozzles arranged to en- 
velop the transformers. Flow of water 
is initiated manually by remote control 
or automatically by thermostats and 
differential relay operation depending 
on local. conditions. 


Main Electrical Connections 


Operation to date has indicated the 
general adequacy of the bussing and 
switching scheme established at the be- 
ginning of the power program. While 
no fundamental changes have been 
necessary, a number of minor improve- 
ments have become possible as the power 
system has grown. 

At Watts Bar the connection of the 
four new 60,000-kw steam turbine gen- 
erators to the hydro bus increased the 
generation in the Watts Bar area to the 
point where it no longer was felt necessary 
to provide separate 154-kv switching for 
each of the five 30,000-kw generators. 
Furthermore, space was required in the 
154-kv yard for more 154-ky lines than 
originally had been anticipated. Conse- 
quently hydroelectric units 1 and 2, 
which were already installed, with their 
individual 3-phase transformers, were 
paralleled solidly on the high-voltage 
side and switched as a 60,000-kw unit to 
the 154-kv bus. Units 4 and 5, installed 
later, similarly were connected and 
switched. This provides six 60,000-kw 
and one 30,000-kw generator circuits on 
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Figure 3 (left). 


the 154-kv bus with six existing lines and 
space for two future lines. Synchronizing 
breakers were installed between hydro- 
electric generators 1, 2, 4, and 5 and their 
transformers. The retaining of the in- 
dividual 3-phase transformers provides 
flexibility and uniformity, while the 
group switching to the 154-kv bus con- 
serves breakers and switchyard space. 

At Guntersville, where an additional 
line was needed urgently during war-time 
restrictions, generators 1 and 2 with 
their 3-phase transformers, which were 
already in operation, also were paralleled 
on the high-voltage side and switched as a 
48,600-kw unit to the 154-kv bus. Syn- 
chronizing breakers were added between 
the generators and their transformers. 
While this conservation of steel struc- 
tures, high-voltage breakers, and equip- 
ment was particularly desirable during 
the war, the power system had grown to 
the point where the common switching 
of the two generating units could be 
justified as a permanent arrangement. 

In a few cases it has been found that 
system operation does not require as 
many 154-kv bus-sectionalizing discon- 
nects as originally planned, and fewer 
disconnects have been provided, par- 
ticularly in the transfer busses. 

The ring-bus arrangement has been 
used successfully in the initial 154-kv in- 
stallations at several plants, including 
Kentucky, Fort Loudoun, Fontana, 
Douglas, and Cherokee. As pointed out 
in the previous report, the standard 
switchyard design provides for a ring-bus 
arrangement for three or four circuits, 
and the construction is such that the 
ring bus is converted readily to a main- 
and-transfer-bus arrangement when more 
circuits are added. This conversion has 
been made in a number of cases. 

At Fontana a departure was necessary 
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Figure 4 (above). 
Open-deck station with double-trolley gantry crane 


Kentucky Dam 


Chickamauga enclosed generator room 


from the established policy of avoiding 
local distribution at generator voltage. 
Since there were no nearby power lines 
of a voltage lower than 154 ky, and since 
there was a demand of some 3,000 kw in 
village load, it was considered expedient 
to avoid excessive stepdown transforma- 
tion by taking the village service from 
the 13.8-kv delta busses of the two stepup 
transformer banks of generators 1 and 2. 
A 13.8-12.5-kv transformer bank and a 
step-type regulator in the village feeder, 
together with station-type arresters, 
guard the generator circuits against 
voltage surges from lightning. 


Generator-Voltage Switchgear 
and Connections 


Air blast circuit breakers have been 
given consideration during recent years, 
but up to the present time conventional 
oil circuit breakers have been used ex- 
clusively. The conventional top-con- 
nected breakers are well adapted struc- 
turally to the Authority’s standard 
switchgear designs, and because of the 
small number of indoor breakers required, 
never more than two per generator, the 
oil fire hazard is not considered serious. 

Cables from generators to switching 
cubicles for many of the later installations 
have been insulated with varnished- 
cambric tape instead of corona-resisting 
rubber compound. They are shielded 
with copper tape. The ducts generally 
are drained and ventilated and in this 
case the cables are provided with an 
outer cover of tape and braid. In any 
case where moisture may be expected, 
the cables are covered with Neoprene 
jackets. Creepage terminals are formed 
in much the same way as with rubber in- 
sulation except that particular attention 
is given to the excluding of all moisture 
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by finishing the exposed insulation with 
several coats of Glyptol varnish and by 
filling the end of the stranded conductor 
with solder. The cables are designed 
for operation at a conductor temperature 
not exceeding 78 degrees centigrade. 


Cables from switching cubicles to 
transformers are in most cases paper-in- 
sulated and lead-covered, as previously 
reported, but two exceptions will be 
noted. At Watts Bar Dam, where a 
126-foot difference in elevation exists be- 
tween the two ends of the circuits, 
varnished-cambric insulation with non- 
migrating compound is used instead of 
oil-impregnated paper insulation. At 
Wilson Dam and at Kentucky Dam, 
where distances up to 1,475 feet were re- 
quired and where the circuits were carried 
through areas where conventional duct 
lines would have congested available 
space, Oilostatic cable circuits were in- 
stalled. The Oilostatic circuit, which 
consists of paper-insulated cables with 
the three phases installed in a steel pipe 
filled with oil, used about 75 per cent of 
the copper and 50 per cent of the space 
which would have been required for con- 
ventional duct lines. 


Bare structural shapes have been used 
to advantage in three recent installations 
where rather heavy circuits were re- 
quired between the switching cubicles 
and the transformers. At Apalachia, one 
2'/.-inch iron-pipe-size copper tube per 
phase was used for the 1,927-ampere cir- 
cuits outdoors. At Fort Loudoun, two 
21/2- by-21/2- by-3/16-inch copper angles 
per phase forming a square with vertical 
ventilation were used for the 3,420-ampere 
circuits on the ceilings of concrete tunnels 
with Transite barriers and bottom covers 
and with forced ventilation at full load. 
At Fontana two 31/2 by-31/2- by-1/4- 
inch copper angles per phase forming a 
square with vertical ventilation were 
used for the 3,610-ampere circuits on the 
side walls of concrete tunnels with Tran- 
site barriers and front covers and with 
natural ventilation. These three in- 
stallations represent copper economies of 
1,220, 1,950, and 1,100 amperes per 
square inch, respectively. 


Transmission-Voltage Switchgear 
and Connections 


Oil circuit breaker ratings on the 154- 
kv system have been improved at many 
of the older stations from 2,500,000 kva, 
8-cycle opening, 35-cycle reclosing, to 
3,500,000 kva, 5-cycle opening, 20-cycle 
reclosing, with pneumatic operators; and 
recently all new breakers have been pur- 
chased with the higher ratings. Like- 
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wise, the few 1,500,000-kva_ breakers 
originally installed at certain earlier 
stations have been improved to 2,500,000 
kva. 

Air blast breakers have been given 
considerable study, but during war re- 
strictions it was necessary to use the con- 
ventional oil breakers, and so far they 
have been able to meet all essential re- 
quirements. 

Automatic reclosing at 20 cycles with- 
out synchronism check now is being used 
on some of the 154-ky tie lines. 

Currents in excess of 600 amperes have 
developed on certain 154-kv heavy tie 
lines and busses, requiring the continued 
use of 1,200-ampere breakers, the rein- 
forcing of certain disconnecting switches, 
and the changing of some of the steel 
pipe conductors to copper tubing. 


Lightning Protection 
The arresters located at the terminals 


of the stepup transformers now are 
rated 145 kv for the 154-kv system, 121 


ky for the 110-kv system, and 73 kv for 
the 66-kv system. At Apalachia, the 
154-kv switchyard where the lines termi- 
nate is approximately 1,000 circuit feet 
from the arresters at the transformers, 
and consequently station-type arresters 
are provided also in the switchyard. 
These arresters are rated 169 kv, which is 
considered adequate for the protection 
of the switchgear. 


Relaying 


Generator protection against faults to 
ground, particularly near the neutral 
ends of the stator windings, has been im- 
proved in some of the later stations by 
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use of a low-energy short-time overcurrent 
relay connected as a differential ground 
relay to compare the residual current in 
the generator main leads with the current 
in the generator neutral lead. This relay 
is now used in place of the ground backup 
relay with low-current long-time setting 
previously used. 

Most of the 154-kv lines now are pro- 
vided with distance phase relays and 
directional overcurrent relays controlled 
by carrier pilot relays. The directional 
overcurrent ground backup relays also 
are used as originally. The recent type 
GCY and HZM relays are being used on 
the longer lines. 


Annunciation 


The operation recorder previously 
mentioned now has become standard 
equipment at all new generating stations. 
It records on a strip chart the important 
manual and switching operations and all 
abnormal conditions usually annunciated. 
One or two recorders, depending on the 


Watts Bar project 


Figure 5. 


Two elevations 


station requirements, are located on the 
operator’s desk alongside the telephone 
turret (Figure 8). With the recorder 
equipment, it is no longer necessary to 
provide the large array of annunciator 
windows along the top of the instrument 
board as installed at a few of the earlier 
plants. The particular annunciations 
which require immediate attention of the 
switchboard operator are arranged in 
small windows on the recorder housing on 
the operator’s desk, and those requiring 
immediate attention of the turbine opera- 


925 


tor are arranged in windows on the gov- 
ernor actuator panels. 


Communication 


Power line carrier telephone channels 
now provide direct communication be- 
tween all generating stations and the dis- 
patcher’s office. Most of the stations are 
also connected to the dispatcher’s office 
by telephone lines which are owned or 
leased by the authority. These tele- 
phone lines carry both voice and carrier 
channels. 

Telemetering by power line carrier 
recently has been installed for trans- 
mitting the load on each tie connection 
with other utilities from the point of in- 
terconnection to the dispatcher’s office in 
Chattanooga. Here the loads are re- 
corded, totalized, and retransmitted to 
the dispatcher of one of the neighboring 
utilities or are used to control auto- 
matically the impulses of a master system 
load controller. These impulses are 
broadcast over the entire Tennessee 
Valley Authority system by a frequency- 
shift type carrier equipment and can be 
received at all of the larger hydroelectric 
stations for regulating the governors of 
local generators in response to load 
changes on a distant tie-line interconnec- 
tion. The total generation at the major 
stations also is transmitted to the dis- 
patcher’s office by means of the carrier 
telemetering channels. Equipment is 
being installed at the two largest gen- 
erating stations, Wilson and Watts Bar, 
to enable these two stations to carry a 
definite proportion of the regulating 
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load when operating in parallel under the 
control of the master controller. These 
stations then will share the load in the 
same manner as the generators within a 
station share the load when operating 
under proportionate load control. 

Carrier-current equipment now is be- 
ing located generally in the air-condi- 
tioned telephone rooms, although earlier 
carrier relay sets were located in the 
switchyard. The inspection and serv- 
icing of this type of equipment are 
facilitated greatly by having the equip- 
ment indoors. 


Switchboards and Controls 


Within the control room the general 
arrangement of boards, panels, and 
equipment, as previously described, has 
become standardized with few excep- 
tions. At Apalachia, a 2-unit particularly 
compact station, and at Ocoee 3, a 1-unit 
unattended station, the controls and in- 
struments are mounted on a common 
vertical board, and a bench is not re- 
quired. 

Switchboards in the more recent sta- 
tions (Figure 9) instead of being black are 
finished in generally light colors blending 
with the finish of the control room, while 
all equipment has contrasting standard 
black finish. This combination presents 
a very pleasing appearance and improves 
vision. Draw-out type relays with built- 
in test facilities are becoming standard. 

Wiring of the switchboards constantly 
is becoming simpler and more accessible. 
In most of the later stations, except 
the largest ones, terminal blocks have 
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been mounted very successfully on wing 
panels extending back from main panel 
intersections, and the control cables are 
carried through rectangular steel ducts to 
asbestos trays in the room below. This 
eliminates the 3-story arrangement, with 
terminal cabinets on the intermediate 
floor, which is used at the larger plants. 
At the plants where the terminal blocks 
and other devices are located in cabinets 
on the floor below the switchboard, the 
wiring was made continuous from the 
terminals on the switchboard equipment 
to the terminal blocks and was therefore 
installed by the Authority. With the 
terminal blocks on the wing panels, the 
wiring can be installed either at the fac- 
tory or in the field. In cases where time 
has been available to get all wiring re- 
quirements into the hands of the manu- 
facturer in time for him to do the wiring, 
it has been done in the factory; but in 
many cases of extreme urgency, time has 
been gained by having the boards shipped 
unwired and installing the wiring in the 
field. Control cables recently have been 
insulated with oil-base compound con- 
taining Buna S and have been jacketed 
with Neoprene. 

Automatic oscillographs have proved 
very useful in analyzing line faults, and 
in stations having a large number of 
lines, two 6-element oscillographs have 
been installed. 


Station Auxiliaries 


Indoor overhead cranes of capacities 
up to 300 tons are provided in all stations 
having conventional enclosed generator 
rooms for erection, dismantling, and 
maintenance of the generating units. 
They also are used for handling trans- 
formers in those stations where the trans- 
formers can be rolled into the generator 
room for untanking. Most of these cranes 
have two trolleys, each with a main hoist 
and an auxiliary hoist. A lifting beam 
on the two main hooks is used to handle 
the heavier loads. Bridge drive is by 
two motors mounted near the center of 
the bridge and connected through in- 
dividual cross-craneway shafts to at 
least 50 per cent of the wheels on each 
rail. One drive is provided with a hy- 
draulic-operated service brake and the 
other with a time-delay thrustor-released 
spring brake. Trolley drive is by one 
motor mounted on the trolley connected 
to one wheel at each side of the trolley 
and provided with a solenoid-operated 


Figure 6. Double governor cabinet at Watts 
Bar 
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brake. The main and auxiliary hoists 
have individual motors which are identi- 
cal and interchangeable and are provided 
with thrustor-released spring brakes. 
All motors are 440-volt 3-phase ball or 
roller bearing cranetype. Allare wound- 
rotor type except the trolley drive 
motors which are squirrel-cage type. 
Controls of bridge travel, trolley travel, 
and hoisting are arranged for independ- 
ent control of these three motions and 
to permit only one motion at a time. 
Acceleration is by adjustable definite- 
time automatic control. The control 
provides for movements from rest of less 
than 1/16 inch for the main and auxiliary 
hoists and less than 1/4 inch for the 
bridge and trolley travels. The con- 
trols are of magnetic type with master 
switches in the operator’s cab. Power 
supply for the crane is at 440 volts, 3- 
phase, by steel or copper angles in the 
runway and sliding shoes on the crane. 
Power and control connections to the 
trolleys are by steel angle conductors on 
the bridge girders and sliding shoes on the 
trolleys. 

Light overhead single-beam cranes, of 
capacities up to five tons, operated from 
the floor by cord switches are provided 
in several of the erection bays and ma- 
chine shops. 

Unloading cranes and derricks are 
provided at a number of the plants for 
receiving materials coming in by river. 

Outdoor double-trolley gantry cranes 
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Figure 7. Three-winding transformers and 
low-type switchyard at Chickamauga 


(Figure 4) of capacities up to 275 tons 
are provided over the generator rooms 
and erection bays at Wheeler and at all 
stations of the open-deck design for 
erection, dismantling, and maintenance of 
the generating units. These cranes also 
are used for handling transformers in 
those stations where the transformers 
can be rolled under the gantry crane and 
lowered into the erection bay for un- 
tanking. These gantries are in most 
cases provided with overhanging bridges 
or with boom hoists to permit handling 
of tail gates. Each of the two trolleys 
has a main hoist and an auxiliary hoist. 
Gantry drive is by means of four motors, 
one at each corner of the gantry and oper- 
ated through a common control. Trolley 
drive is by one motor mounted on each 
trolley and connected to one wheel on 
each side of the trolley. Each of the 
four hoists has an individual motor, all 
four motors being identical. The motors, 
brakes, and controls are essentially the 
same as for the indoor overhead cranes. 
Power supply for the gantry is by flexible 
cable and motor-driven cable reel from 
polarized receptacles installed along the 
runway except at Kentucky, where col- 
lector angles are used. Power and con- 
trol connections to the trolley are by 
steel angle conductors on the gantry and 
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All ma- 


sliding shoes on the trolleys. 
chinery is protected from the weather by 
a steel housing, and particular attention 
was given to the streamlining of the 
crane structures and the housings, since 
the large gantry is one of the prominent 
features at each site. 

Outdoor single-trolley gantry cranes of 
capacities up to 100 tons are provided at 
most of the stations for handling spillway 
gates, intake gates, stop logs, emergency 
bulkheads, trash gates, and trashracks. 
An important design practice at most of 
the stations is to build the deck at the 
same elevation across the spillway and 
intake sections so that the cranes can 
operate over both these sections. The 
trolley has a short travel over the two 
slots of a gate. It is provided with a 
hoist and with latching attachments 
for handling the gates. Drive motors, 
brakes, and controls are essentially the 
same as for the double-trolley gantry, 
and the machinery is covered. Power 
supply to the gantry is normally by means 
of conductors under deck and collector 
shoes on the crane. In emergency, 
power is supplied by flexible cable and 
motor-driven reel from polarized re- 
ceptacles installed along the runway. 
Power and control connections to the 
trolley are by flexible cable looped be- 
tween a terminal box on the gantry and 
one on the trolley. 

Spillway gates’ at Watts Bar, Fort 
Loudoun, Cherokee, and Douglas are of 
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Figure 8. Control desk with operation re- 
corders and telephone turret at Chickamauga 


Figure 9 (right). Control room with asym- 
metrical indirect lighting and colored switch- 
boards at Fort Loudoun 


the radial type and are raised and lowered 
by means of two traveling hoists (Figure 
5) running on rails on the deck for the full 
length of the spillway. Each hoist con- 
sists essentially of two chain drums driven 
by a single motor, the whole mounted on 
a 4-wheeled carriage. The hoist motor 
is squirrel-cage type, and the control 
makes use of regeneration while lowering. 
A separate squirrel-cage motor is pro- 
vided for driving the carriage. The 
equipment is enclosed in a streamlined 
housing. Power supply is by flexible 
cable and motor-driven reel from polar- 
ized receptacles installed along the run- 
way. At Apalachia Dam, where radial 
spillway gates also were used, individual 
fixed hoists were installed in order to 
provide remote control at a later date. 

Intake gates at high-head plants are of 
the roller type and are operated by 
fixed hoists located in chambers near the 
tops of the dams. They are controlled 
by local push buttons, and emergency 
close buttons are provided at the governor 
control boards. 

Compressed air® at 100 pounds per 
square inch is provided in all stations for 
tools, generator brakes, various pneu- 
matic controls in the ventilating system, 
and turbine grease lubrication. The 
usual practice is to install one stationary 
105 - cubic - foot - per - minute compressor 
and one portable 100-cubic-foot-per- 
minute compressor in each plant. Sev- 
eral plants are provided with additional 
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air compressor capacity to depress the 
tailwater below the turbine runners while 
motoring the units and in one plant to 
prevent the formation of ice on the spill- 


way gates. Black steel uninsulated pipe 
with welded or screwed fittings is used 
for all air lines. 

One kind of lubricating oil is used both 
for the governor pressure system and 
for bearing lubrication. It has a viscosity 
of 300 Saybolt-second units at 100 de- 
grees Fahrenheit. The oil is purified by 
a 350-gallon-per-hour centrifuge pro- 
vided in each plant. Two tanks are 
provided, one for clean oil and one for 
dirty oil. When space permits, these 
tanks are located in the powerhouse ad- 
jacent to the  oil-purification 
Where no such space is available, the 
tanks are buried in the fill outside the 
powerhouse wall. One clean-oil pump 
and one dirty-oil pump are furnished to 
handle the oil between the purifier, the 
tanks, and the generating units. The 
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room, ° 


pumps are standard positive-displace- 
ment type with built-in relief valves, 
and each is rated 30 gallons per minute 
when pumping oil at a temperature of 
50 degrees Fahrenheit. Black steel un- 
insulated pipe with welded joints is used 
for the oil lines. 


One kind of insulating oil is used for 
transformers and circuit breakers, but 
oil once used in a breaker is never used 
in a transformer. The insulating oil is 
purified and handled (Figure 10) by a 
separate system in each plant similar to 
the lubricating-oil system. The purifier 
is a 900-gallon-per-hour combination 
centrifuge and filter press with electric 
heater, and the pumps are 100 gallons 
per minute each. The supply and return 
lines are not connected permanently to 


the transformers and breakers, but a 
valve is located in each line near the 
equipment, and flexible hose is used when 
filling, draining, or circulating. 

Runner hub oil is required for lu- 
bricating the runner blade operating 
mechanisms in the Kaplan _ turbines. 
This oil has a viscosity of approximately 
1,700 Saybolt-second units at 100 degrees 
Fahrenheit. Each hub contains about 
1,500 gallons of oil. Whenever the run- 
ner is dismantled for inspection or re- 
pair, it is necessary to remove this oil, 
and it is salvaged for reuse. 

Portable pumping facilities and tanks 
are provided to handle and transport 
this oil, but no purification equipment is 
installed. 

Raw water is used in coolers for the 
main generators, the air compressors, 
and the air-conditioning equipment. In 
some plants it is used for fire protection, 
lubricating the turbine guide bearings, 
and as makeup for the treated-water 
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Insulating oil piping diagram at Fontana 


Figure 10. 


Operating Possibilities 


Draining transformers or oil circuit breakers into the appropriate dirty-oil tank, 


Filling transformers or oil circuit breakers from clean tank, using clean-oil pump. 
6. Purifying oil in a transformer or oil circuit breaker by circulating through purifier. 


2. Purifying oil from dirty tanks and transferring to clean tank, using purifier pumps. 
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system. In the low-head plants, water 
is taken from the scroll case in each unit 
and pumped through a multiple basket 
strainer, having 3/16-inch openings, to a 
header leading to the station system. 
The pumps are horizontally split double- 
suction single-stage volute-type centrifu- 
gal units. Specifications require en- 
closed bronze impellers with wearing 
rings, bronze shaft sleeves through the 
stuffing box, water seal piping, and deep 
stuffing boxes. Experience has proved 
that this type of pump will give years of 
service with little maintenance except 
occasional repacking and lubrication of 
the bearings. For the high-head plants, a 
separate intake from each unit penstock 
is connected to a central manifold from 
which the individual systems are supplied 
through pressure-reducing valves as re- 
quired. An air cushion chamber is in- 
stalled on the manifold to absorb any 
water hammer caused by the operation 
of the system. 


Treated water is used in the various 
hydroelectric plants for all sanitary serv- 
ices and in some plants for fire protec- 
tion. Wherever possible, treated water 
is obtained from a nearby community, 
even at the expense of laying a mile or 
two of pipe line. Where this is not pos- 
sible, filter plants are installed. At 
projects requiring considerable water 
to supply an operators’ village as well as 
the hydroelectric station, a conventional- 
type rapid sand gravity filter plant with 
mixing chamber, coagulation basin, dry 
chemical feeders, and chlorinators is usu- 
ally provided. At projects where the 
demand is light, pressure-filter plants 
are installed. System pressure often is 
obtained by use of elevated storage tanks 
which usually are left standing from the 
construction activities at the project. 


The station sumps in most plants are 
unwatered by two 300-gallon-per-minute 
float-controlled deep-well-type vertical- 
shaft turbine pumps operating in echelon. 
This type of pump keeps the motor above 
the wet conditions of an open sump and 
prevents possibility of flooding out 
caused by high tailwater conditions. 
Very little sand or abrasive matter is 
present in the water, so enclosed or semi- 
enclosed impellers are specified. The 
pumps are bronze-mounted and are oil- 
lubricated automatically by a solenoid 
valve energized with the motor circuit. 
In plants where sufficient head is avail- 
able from the reservoir, water jet educ- 
tors are usually installed in lieu of 
pumps. Since the pressure water for 
operation of eductors comes from the 
unit penstocks and since it is possible for 
the penstocks to be empty, drainage 
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eductors are usually supplemented by 
one motor-driven sump pump, 

Each draft tube is connected to the 
station sump with a large size line 
containing a sectionalizing valve. Most 
plants have two deep-well-type vertical 
unwatering pumps which range in capac- 
ity from 2,500 to 5,000 gallons per minute 
according to the volume of the draft tube. 
They are operated manually and can 
augment the station sump pumps in an 
emergency. In high-head plants, water 
jet eductors are usually provided for 
unwatering. 

Fire protection uses raw water at all 
plants where the minimum lake level 
provides sufficient pressure. A pressure 
of 40 pounds per square inch at the hose 
nozzle has been adopted as the minimum 
for this service, but a pressure of 60 to 70 
pounds per square inch is preferred and is 
used when obtainable. In plants where 
the minimum pressure is not obtainable 
from the lake, fire protection is obtained 
from the treated-water system or by 
means of a hydropneumatic system em- 
ploying a raw-water booster pump. 
Valves and hydrants with hose racks are 
provided at strategic points in the power- 
house and in the switchyard. Fog-type 
hose nozzles which produce a_ highly 
atomized spray are provided for use 
around electrical hazards. 

Portable carbon-dioxide extinguishers 
of 4 to 15 pounds are provided in the 
powerhouse, and wheeled truck extin- 
guishers of 200-pound capacity are pro- 
vided in the switchyards. Fixed auto- 
matic carbon dioxide systems, with 
banks of cylinders similar to those pro- 
vided for the generators, are installed 
for the protection of oil-treating rooms, 
oil-storage rooms, and the gas-engine 
generator rooms. 

Heating to 72 degrees Fahrenheit is 
provided only for those areas where at- 
tendance is required. Other spaces are 
heated only as required for relief of damp- 
ness and excessive chill. All heating is 
by electric resistance heaters except for 
the air-conditioned areas. Heaters in 
general are thermostat-controlled fan- 
type 440-volt 3-phase units with aux- 
iliary on-off-auto-manual switches. The 
ventilation is provided in several areas of 
each plant according to the need for hu- 
man comfort, dissipation of heat from 
equipment, dissipation of solar radiation, 
and relief of dampness. 

Air conditioning is provided in certain 
spaces of each powerhouse for the pro- 
tection of delicate electrical equipment 
and for human comfort. The general 
areas served by air conditioning include 
the control room and its related spaces, 
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the office area, the public areas including 
the lobby and entrance vestibules, the 
telephone room, the laboratory, the as- 
sembly room, and the first-aid station. 
Electric blast heaters are used for heat- 
ing, and their operation is thermostati- 
cally regulated. Humidification is pro- 
vided by discharge of live steam generated 
by an electric immersion heater in an 
open pan in the plenum of each system. 
Cooling is by finned surface coolers using 
chilled water in the coils. In the high- 
head plants where reservoir water is 
available at 55 degrees Fahrenheit or 
less, it is used. In other plants, water is 
chilled by mechanical refrigeration. 

A permanent machine shop is provided 
at each plant, usually located just off 
the erection area on the generator floor. 
The size of the machine shop and the 
amount of equipment are chosen in ac- 
cordance with the proximity of outside 
repair service. Even in the isolated 
plants which have maximum complement 
of machine tools, it is not intended that 
they shall be able to make all major re- 
pairs. A central repair shop capable of 
handling a great variety of work, includ- 
ing large water-wheel repairs and trans- 
former rewinding, is maintained at Wilson 
Dam. 

Elevators are provided at most of the 
plants where considerable differences 
exist in elevation between operating 
areas. In several projects separate eleva- 
tors are provided for employees and for 
the public. Elevators are traction type 
usually with d-c drive and motor-genera- 
tor supply. Automatic control and self- 
leveling features are provided. 

Motors driving station auxiliaries 
are general-purpose National Electrical 
Manufacturers Association standard, with 
class A insulation. Motors driving 
constant-speed equipment, such as pumps, 
compressors, and ventilating fans, are 
squirrel-cage induction type with normal 
torque and starting current; those for 
variable speed and torque, such as cranes 
and hoists, are wound-rotor slip-ring 
type. A few auxiliaries, such as emer- 
gency turbine guide bearing lubricating 
oil pumps and important valves, are 
provided with 250-volt d-c motors oper- 
ated from the station-control battery. 
Motors in locations where windings might 
become damaged by water or oil are pro- 
vided with moistureproof insulation and 
splashproof or dripproof frames. In very 
damp locations it has been found neces- 
sary to apply strip-type heaters or to cir- 
culate a small amount of current through 
the motor coils when idle. 


Controls are centralized on auxiliary 
power switchboards for groups of related 
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equipment. Each motor circuit con- 
tains a manually operated disconnecting 
switch, a set of fuses as protection against 
short circuit, and a magnetic contactor 
for full-voltage starting and thermal 
overload protection. Push-button sta- 
tions for manual control generally are 
located at or near the motors. Motors 
under automatic control also have push- 
button stations which provide manual 
control for inspection. 


Auxiliary Power Supply 


The sources, switching, and distribu- 
tion of power for station auxiliaries have 
been standardized as previously de- 
scribed and illustrated. 

Wiring, principally on account of loss 
of rubber during the war, has undergone 
an evolution. As an outcome, the aux- 
iliary power wiring in most of the recent 
plants has been insulated with oil-base 
compound containing Buna S and has 
been jacketed with Neoprene. 


Lighting and Heating 


The normal lighting and heating 
sources and distribution, as previously de- 
scribed, have become standard. Unique 
illumination carefully co-ordinated with 
the architecture has been provided 
to assist operation to the utmost and to 
enhance the general appearance. Ap- 
pearance has always been considered 
important, since these are publicly 
owned plants and are inspected critically 
by the public. During 1941, the last 
year before war restrictions, the number 
of visitors varied from 26,000 to 1,300,000 
at individual plants and totaled 2,700,000 
at ten of the new plants. 

The emergency lighting system has 
undergone some revision, partially due to 
the war. As previously discussed, the 
emergency lighting load was carried 
normally by the motor-generator sets 
which charge the control battery, and it 
was supported by the battery in case of 
loss of a-c input to the motor-generators. 
This eliminated all throw-over switches 
but required that the lamps must have a 
voltage rating as high as possible, since 
the battery floats normally at about 258 
volts and many of the emergency lamps 
burn continuously. With 260-volt lamps 
the lamp life was acceptable, but when 
the 250-volt lamps became the highest 
rating available, they required such fre- 
quent replacement that it was necessary 
to install automatic throw-over switches. 
The emergency lamps now operate nor- 
mally at 230 volts alternating current and 
only rarely at 258 volts direct current. 
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Aircraft Models 
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HE TESTING of airplane scale mod- 

els in wind tunnels has brought about 
a demand for variable frequency a-c 
power for controlling the speed of power 
model motors used to drive the propellers 
of the plane models. To obtain aerody- 
namic data on the plane model which are 
equivalent to the expected performance of 
the actual plane, it is necessary to drive 
the model propellers at speeds greatly in 
excess of propeller speeds of the actual 
plane. During tests in the wind tunnel, 
it must be possible to control propeller 
speed and to measure accurately the 
speed as well as power input into the pro- 
peller. 

Squirrel cage induction motors, capable 
of speeds up to 80,000 rpm at 1,330 cycles, 
have been developed. To start and con- 
trol the speed of such motors, it is neces- 
sary to have available a power supply 
system the frequency of which can be 
varied and regulated. To permit model 
motors of various sizes and manufactures 
to be used, the a-c output voltage of the 
system must be adjustable. When using a 
motor over a wide frequency range, the 
ratio of voltage to frequency (volts per 
cycle) must be held constant to obtain 
constant air gap flux. Thus it is necessary 
that the volts per cycle of the power 
supply system be regulated. 

The frequency and voltage supply sys- 
tem must be fast in response, unvarying 
in frequency and voltage at the test point, 
and flexible for maximum variety of tests 
to be made. Such a system frees the 
operator to concentrate on the various 
other quantities to be held constant dur- 
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ing the course of the test, such as air 
velocity, air temperature, and many 
others. 

The aircraft designer is interested in 
speed and torque input into the propeller. 
Torque may be measured directly on the 
model, or it may be deduced from the 
electric input data by calibrating the 
model motors. A set of calibration curves 
for each motoristhentakenonadynamom- 


View of United Aircraft wind tun- 


Figure 1. 
nel in East Hartford, Conn., at which power 
model testing equipment is installed 


eter or torque stand, correlating input 
watts from the variable frequency system 
and output torque at various speeds. 

Use of variable frequency a-c power 
systems is not restricted to plane model 
testing. Research work on propellers, 
either inside or outside of a wind tunnel, 
superchargers, gas turbines are but a few 
examples of applications which require 


high speed motors with a wide range of 
speed control. 


Scope 


It is the object of this paper to describe 
a frequency converter installation at the 
United Aircraft Corporation wind tunnel 
laboratory operated by the Research De- 
partment at East Hartford, Conn. Vari- 
able frequency power is utilized for model 
testing in the wind tunnel, for propeller 
testing inside and outside the tunnel, and 
for testing work in the thermodynamics 
laboratory. Electronic regulators are 
used for the following control purposes: 


1. To adjust and regulate frequency. 


2. To adjust and regulate volts per cycle. 


3. To maintain parallel operation of two 
converter sets. 


4. To maintain current limit during ac- 
celeration and deceleration. 


5. To limit alternating voltage available 
at high volts per cycle settings. 


Power Conversion Equipment 


Figure 3 is a l1-line diagram of the 
power circuits of the system. Variable 
frequency power is supplied to the utiliza- 
tion network by two frequency converter 
sets A and B, each consisting of : 


One 300-kw 24-pole 1,700-rpm wound rotor 
converter, 440-volt 3-phase 60-cycle pri- 
mary, 720-volt 3-phase 400-cycle secondary. 


One 400-horsepower, 1,700-rpm 250-volt d-c 
adjustable speed shunt wound motor. 
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Two sets are used so that two independent 
tests can be run when the combined out- 
put of the system is not required. 

Output frequency of the converters is 
varied between 65 and 400 cycles by vary- 
ing the speed of the d-c driving motors be- 


tween 25 and 1,700 rpm. Variable volt- 
age control of motor speed is employed. 
Operation at standstill, or 60-cycle out- 
put, is prevented by the control in order to 
avoid burning of the slip rings. The rotor 
of each converter contains the primary 
windings, and the stator the secondary 
windings. The stator windings have two 
circuits per phase, the total volts per 
cycle range is 0.5 to 4. With parallel con- 
nection of the circuits of each phase, a 
range of 0.5 to 2 volts per cycle is ob- 
tained; with series connection, the range 
is one to four volts per cycle. The range 
selection is made by manual knife 
switches, to suit the rating of model 
motors under test. 

To supply power to and control the con- 
verter sets, a 6-unit constant speed motor 
generator set is used, consisting of : 


One 800-horsepower 1,200-rpm 2,300-volt 
3-phase 60-cycle synchronous driving motor. 


Two 250-kw 250-volt shunt-wound d-c 
generators to supply variable armature volt- 
age to the d-c motors of sets A and B. 


Two 156-kva 440-volt 3-phase 60-cycle 
alternators to supply excitation to the fre- 
quency converters. 


One 20-kw 125/125 volt compound wound 
d-c exciter to supply a constant voltage con- 
trol bus. 


Synchronous motor and d-c motor 
fields are energized from the constant 
voltage d-c exciter bus. The field excita- 
tion of the d-c generators is supplied by 
thyratron rectifiers from the 60-cycle 
power system. The field strength, which 
determines the speed and output fre- 
quency of the converters, is controlled by 
electronic regulators. Similarly, the field 
excitation of the alternators is obtained 
from thyratron rectifiers with electronic 
regulators, providing control of the volts 
per cycle of the converter output. In- 
cluded in Figure 3 is a block diagram of 
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Figure 2. Two 375- 
horsepower dual 
rotation model mo- 
tors mounted on 
torque stand in cali- 
bration room 


the principal electronic field control cir- 
cuits. 


Power Distribution System 


Output power from the frequency con- 
verters is fed through a distribution sys- 
tem to various points of utilization. From 
each converter power flows through a line 
switch and a transfer switch to either the 
wind tunnel or the thermodynamics 
laboratory. In the wind tunnel labora- 
tory, each converter bus (A and B) is split 
into three channels. Thus six channels 
are available in the tunnel for testing a 
model having six propellers. One channel 
off each bus can be connected to the cali- 
bration room, and another pair of chan- 
nels can be routed to a small pilot tunnel 
for preliminary test work. Knife switches 
are used to select the channels. 

For tests requiring the combined output 
of both converter sets, the two converter 
busses can be paralleled through a par- 
alleling contactor. During parallel opera- 
tion, voltage and frequency of the system 
is determined by the control of set A 
which acts as the master. Set B then 
automatically matches set A and acts as 
the follower. 


Overcurrent Protection 


As the impedance of the converters and 
the distribution system is comparatively 
high, the short-circuit capacity of the 
system is low, and contactors are ade- 
quate for interrupting short-circuit cur- 
rent. The short-circuit current flowing 
in the secondary winding of either fre- 
quency converter reflects itself in the 
primary winding in inverse ratio of coil 
turns. Instantaneous overload relays, 
connected in the primary side of the con- 
verters, trip out line contactors 1MA and 


1MB. This removes excitation from the 


converters and reduces their secondary 
voltage to zero. 

Excess power output in the secondary 
circuit of either converter results in a high 
current in the loop circuit of the corre- 
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sponding d-c machines. Therefore, in- 
stantaneous overload relays in the loop 
circuits trip d-c line contactors 2MA and 
2MB. 

Protection against sustained overloads 
is obtained by thermal relays with re- 
sistance type heaters in each of the six 
channels. Each relay is connected in the 
secondary side of a current transformer. 
Since the heaters carry only a small 
amount of current, they are wound of fine 
wire. The effect of frequency within the 
system working range on the relay trip- 
ping current is negligible. These relays 
protect the system, and, by proper selec- 
tion of heater sizes, also protect the model 
motors. 


Metering 


In order to obtain an accurate record of 
the power input into the model motors, 
precision wattmeters are provided which 
permit measuring power with an accuracy 
of repetition of 0.10 per cent. Because of 
the wide range in current and voltage 
measured, the wide range in frequency, 
and the high accuracy required, multitap 
current and potential transformers are 
used. 

As it is not necessary to meter all chan- 
nels simultaneously, a separate metering 
channel may be connected to each bus in 
series with any one of the three channels. 
For instance, if contactor 1A is closed, 
channel 1 is connected directly to bus A. 
If contactors 1B and 1C are closed and 
contactor 1A is open, channel 1 is con- 
nected through the metering channel. 
Control is so interlocked that only one 
channel can be connected to either meter- 
ing channel at one time. 

In addition to the precision watt- 
meters, switchboard type voltmeters and 
ammeters are connected to the instru- 
ment transformers. At the beginning of a 
test, the precision instruments are discon- 
nected, and the operator selects the in- 
strument transformer ratio so that the 
pilot instruments are within proper read- 
ingrange. Pilot wattmeters, connected to 
each metering channel through their own 
sets of instrument transformers, give the 
tester a direct indication of power. 

Precision tachometers, actuated by 
tachometer generators built into the 
model motors, are used to read model 
motor speed during a test. As these in- 
struments are apart from the power sys- 
tem, their details will not be discussed in 
this paper.! Frequency of the system is 
indicated by switchboard type d-c volt- 
meters, calibrated in cycles and con- 
nected to tachometer generators which 
are coupled to the converter sets. 


AIEE TRANSACTIONS 


a ae 


Volts per cycle is measured by a volts 
per cycle meter which can be connected to 
either converter. This instrument is an 
ammeter which measures the current flow- 
ing through an inductance, the impedance 
of which is proportional to frequency. 
Switchboard type ammeters indicate the 
load on either converter. 


Electronic Control 


Of first importance in the testing of a 
model motor is the frequency and voltage 
applied to the motor. These quantities 
are adjusted and held constant during a 
giventest by comparing each quantity toa 
reference voltage and maintaining the dif- 


ence as small as possible. For example, in 
the case of frequency control, a d-c ta- 
chometer generator directly connected to 
the converter produces a direct voltage 
which is a function of frequency. This 
voltage is matched against a reference 
voltage in the electronic circuit to hold 
frequency constant as long as the refer- 
ence voltage is unchanged. 

Each d-c generator field and each al- 
ternator field is excited by a pair of thyra- 
tron tubes in a biphase half-wave circuit 
in which the thyratron firing angle is con- 
trolled by resistance variable inductance 


Figure 3. One-line diagram of power model 


bridge circuits. The inductance of the 
bridge is in the form of a saturable reactor 
whose d-c winding is supplied from a 
regulated d-c source and controlled by a 
high vacuum tube. This is shown in Fig- 
ures 4, 5, 6, 7, and 8, which are simplified 
diagrams of the various control circuits. 
Each of the quantities to be adjusted or 
held constant is controlled by a closed 
loop regulating system. 


Frequency Control Circuit 


In Figure 4a the essential elements of 
the frequency regulators are shown. The 
tachometer generator produces a direct 
voltage of 50 volts per 1,000 rpm of the 
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Frequency control circuit for one 
converter set 


Figure 4. 


voltage, therefore, is a function of fre- 
quency. The 24-pole converter produces 
a frequency 


f =60+24n/120 (1) 
=60+n/5 


where 7 is the speed of the converter in 
revolutions per minute. Since the ta- 
chometer generator voltage follows the 
formula 


V7 =(50/1,000)n (2) 
=n/20 


where V7 is the tachometer generator 
voltage, then 


Vr =5(f—60) /20 (3) 
=f/4—15 


This is shown graphically in Figure 4c. 
By comparing V7 with an adjustable 
reference voltage, the value of which is 
set by the position of the motor operated 
potentiometer, a signal is obtained which 
governs the amount of generator field 
excitation. This controls the motor speed 
which in turn determines frequency. 
Figure 4b is described best by following 
the circuit as it would operate under typi- 
cal conditions. Assume that the converter 
is running at 100 cycles and it is desired to 
increase frequency to 150 cycles. The 
operator throws the frequency control 
switch to the raise position which starts 
the motor operated potentiometer turning 
in such a direction as to increase the refer- 
ence voltage. This action causes the po- 
tential of point 16, and consequently 
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Figure 5 (below). Current limit control circuit 
for one converter set 
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4105 VOLTS 


point 13 to become more negative with 
respect to the cathode of tube F, which 
decreases the plate current of this tube. 
Neglecting for the moment the resistor 
capacitor circuits in phantom and assum- 
ing the potential of point 11 to be held 
constant at approximately 40 volts posi- 
tive with respect to bus 4, decreasing the 
plate current of tube F raises the potential 
of point 10, and likewise the potential of 
point 12 with respect to bus 3 and cathode 
of tube EZ. As the plate current of tube Z 
increases, the reactor becomes more 
saturated and the thyratron firing angle is 
advanced. As the generator field excita- 
tion is thus increased, the converter set 
accelerates to a new speed. This speed is 
determined by the amount the tachometer 
generator voltage must increase to offset 
the increase in reference voltage. When 
the tachometer generator voltage has in- 
creased to its new value, points 16, 13A, 
and 13 will have returned to within a 
fraction of a volt of their original values. 
Likewise, the tube currents and the po- 
tentials of points 10 and 12 will be very 
near their original values. These differ- 
ences are those required to hold the fre- 
quency at the value of 150 cycles. The 
phantom lines represent feedback circuits 
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a 
which assure stable operation at all times 
and maximum speed of response with 
minimum overshoot under transient 
changes of load or frequency, 


Current Limit Control Circuit 


In any system consisting of a d-c motor 
energized from a d-c generator very high 
current may flow in the loop circuit be- 
tween the generator and motor armatures. 
Although instantaneous overcurrent pro- 
tection is provided to shut down the 
motor in the event of high overcurrents 
it is sometimes desirable to prevent the 
existence of currents above a chosen 
value. Figure 5a presents the method of 
regulating current at the current limit 
value. An JR drop proportional to loop 
current is compared with two adjustable 
reference voltages in the control circuit. 
When power flow is from generator to 
motor, point 24 is positive with respect to 
point 4, and tube G (Figure 5b) becomes 
the amplifier for the current signal. When 
point 24 rises in potential, as the loop 
current increases, to a point approxi- 
mately one volt negative with respect to 
the cathode of tube G, whose potential is 
determined by the current limit adjust- 
ment 5PT, the plate current of tube G in- 
creases, and the potential of point 10 de- 
creases. Since the potential of point 11 is 
fixed by the tube H which is turned full on 
except at current limit motoring, the de- 
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crease in potential of point 10, and con- 
sequently of point 12 with respect to bus 
3, will decrease the plate current of tube 
& thus reducing the generator field excita- 
tion as described under the foregoing 
heading. If the generating current limit 
action is brought about by rapid motor 
acceleration, the effect of reducing the 
generator field by the current limit con- 
trol circuit is to retard the rate of accelera- 
tion of the motor. 

If the motor is running at a given speed 
and the frequency reference voltage is 
suddenly reduced, the generator field volt- 
age will be decreased, and the motor act- 
ing as a generator will supply power to the 
generator acting as a motor. Under this 
condition the potential of point 24 be- 
comes negative with respect to point 4, 
and the current limit motoring control 
circuit begins to function. As point 24 be- 
comes negative with respect to the 
cathode of tube H, the plate current of 
tube H will decrease, and points 11 and 12 
will rise in potential. This action in- 
creases the plate current of tube E, which 
increases the generator field excitation to 
a value sufficient to hold the loop current 
at the preset current limit value. 


Figure 6. Volts per cycle and voltage limit 
control circuit for one converter set 
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Volts Per Cycle Control Circuit 


The volts per cycle ratio is controlled by 
comparing the converter output voltage 
to the tachometer generator voltage 
which is a function of frequency. In this 
case the tachometer generator voltage is 
the reference determined by the frequency 
control setting. Figure 6a shows a 1-line 
diagram of this circuit, and Figure 6b the 
control circuit. Since the frequency is 
proportional to the tachometer generator 
voltage, plus a constant, some means 
must be provided to add a constant direct 
voltage to the tachometer generator volt- 
age. By connecting the grid of tube M/ to 
a point sufficiently negative with respect 
to bus 4, the cathode of tube M will be 
negative in the control range. This has 
the desired effect of adding a constant 
voltage to the tachometer generator cir- 
cuit. The constancy of volts per cycle 
over the complete frequency range is de- 
termined by the setting of the bias ad- 
justment. The range adjustment pro- 
vides a means of varying simultaneously 
the maximum and minimum volts per 
cycle ratios obtainable. 

Tube N in Figure 6b limits the maxi- 
mum voltage available from the converter 
regardless of frequency. As the converter 
voltage increases, the cathode of tube NV 
becomes less positive with respect to the 
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grid, until the tube begins to pass current 
which restrains the alternator field, thus 
limiting the converter voltage to a prede- 
termined value. 

Figure 6c presents the range of volts per 
cycle obtainable at each frequency. The 
curved portion indicates the maximum 
volts per cycle obtainable at the higher 
frequencies because of limitations im- 
posed by the maximum converter voltage 
rating of 720 volts. For the single delta 
connection, maximum volts per cycle is 
4.0 up to 180 cycles and 720/f above 180 
cycles. For the double delta connection, 
maximum volts per cycle is 2.0 up to 360 
cycles and 720/f above 360 cycles. 


Parallel Operation 


Figure 7 shows the method of comparing 
IR drops in the d-c generator motor loop 
circuits to balance the currents in these 
circuits during parallel operation of the 
converters. The d-c JR drop is a true 
measure of converter load, since at a 
given frequency the division of power be- 
tween the d-c motor and the alternator, 
neglecting losses, is fixed in accordance 
with the formulas: 


D-c motor power fc—fa 


fe 


Converter power 


Alternator power fa 


Converter power fc 
where 


fa=frequency of alternator, which is 60 
cycles 
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fe=frequency of converter, which may be 
65 to 400 cycles 


For example, when the converter is run- 
ning at 150 cycles and supplying 75 kw to 
a load, the alternator load is 


60 
— X75=30 k 
150° 0 kw 


and the d-c motor load is 


Bulle Tet oe 
150 cis ek 


Thus, since the ratio of d-c motor load to 
total converter load is fixed, by the con- 
verter frequency, the d-c loop current, 
which is a function of d-c motor load, is a 
measure of total converter load. When 
the two converters are running in parallel, 
the load on converter B is made equal to 
the load on converter A by making the d-c 
loop current of set B equal to the d-c loop 
current of set A. 

Figure 7b indicates an adjustment in- 
cluded to balance the two loop currents. 
This adjustment also provides a means of 
introducing a small direct voltage to com- 
pensate for the grid to cathode voltage of 
tube F in the control range. 


Power Factor Balance— 
Parallel Operation 


When the two converters are running in 
parallel, the d-c current balance circuit in- 
sures the equal division of actual load 
between the two sets. In addition, for 
highest efficiency, equalization of heating 
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and maximum pull out torque, some 
means must be provided to balance the 
power factor of the two converters. There 
are several methods of accomplishing 
power factor balance. Possible methods 
are as follows: 


1. Balance total load current of one con- 
verter against the other. 


2. Balance reactive component of load cur- 
rent of one converter against the other. 


3. Balance total current of one alternator 
against the other. 


4, Balance the reactive component of load 
current of one alternator against the other. 


5. Balance the d-c field current of one al- 
ternator against the other. 


During parallel operation with equal- 
ized power and power factor, all of the 
foregoing currents will be balanced, how- 
ever, the last mentioned proved to be 
most satisfactory from the standpoint 
of stability and circuit simplicity. This is 
shown in Figure 8. 

Figure 8b gives the method of measur- 
ing field current by using the voltage drop 
across a resistor in series with the alter- 
nator field. The strength of alternator A 
field is determined by the volts per cycle 
setting, and the control circuit of set B 
acts to amplify the difference between the 
two alternator field currents and to con- 
trol alternator B field in such a direction 
as to reduce the difference to zero. Po- 
tentiometer 12PT provides the grid bias 
voltage for tube M and a means for ad- 
justing the field current of alternator B 
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Figure 7. D-e balance control circuit for parallel operation of both converter sets 
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Figure 8. A-c% balance control circuit for 
parallel operation of both converter sets 
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with respect to the field current of alter- 
nator A. 


Stabilizing Circuits 


The complete system uses six regulators 
to control the d-c generator and alter- 
nator fields. These are the following: 


1. Frequencyregulator (tachometer genera- 
tor signal compared to an adjustable refer- 
ence voltage). 


2. Current limit regulator (a voltage pro- 
portional to d-c loop circuit current com- 
pared to an adjustable reference voltage). 


3. Volts per cycle regulator (a direct volt- 
age proportional to converter voltage com- 
pared to tachometer generator voltage). 


4, Maximum converter voltage (a direct 
voltage proportional to converter voltage 
compared to an adjustable reference volt- 


age). 

5. D-c balance-parallel operation (d-c 
loop circuit current of set B compared to 
d-c loop circuit current of set A). 


6. A-c balance-parallel operation (field 
current of alternator B compared to field 
current of alternator A). 


As in many regulators, these circuits 
tend to have a regular hunting frequency 
under normal running conditions. Thus 
it is necessary to introduce stabilizing cir- 
cuits to eliminate oscillations under 
steady state operating conditions. These 
circuits are chosen to give fast response to 
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transient changes as well as optimum 
stability under steady state conditions. 

The dotted portion of Figure 4b repre- 
sents the stabilizing elements for the fre- 
quency control circuit. A capacitor and 
resistor connected from plate to grid of 
tube F feeds a signal back to the grid of 
the tube, which is leading in phase angle 
with respect to any steady oscillating 
voltage from plate to cathode of the 
tube. Such a circuit reduces the gain 
of the amplifier with respect to the a-c 
hunting component of grid voltage 
without sacrificing d-c or steady state 
sensitivity. The circuit also has the 
characteristic of attenuating any high 
frequency ripple voltage on tube F grid 
caused by tachometer generator ripple or 
stray voltages induced in the leads. In 
general, the practical effect of the plate to 
grid stabilizing circuit is to slow down the 
transient response of the system. To off- 
set this, a resistor capacitor feedback 
from the positive d-c generator lead to the 
tube F grid is used. Once a suitable com- 
bination of resistance and capacitance for 
plate feedback is found by trial, a genera- 
tor voltage feedback circuit can be found 
which will eliminate steady state oscilla- 
tions and provide the transient response 
desired. 

The current limit circuit is sufficiently 
stable without the use of stabilizing cir- 
cuits. The current limit amplifier has a 
much lower gain than the amplifier of 
other circuits, which accounts for the in- 
herent stability of this circuit. 
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In Figure 6b, four stabilizing circuits 
are shown, two for the volts per cycle 
regulator and two for the maximum cou- 
verter voltage regulator. In each case the 
plate-to-grid circuit is combined with the 
alternator field voltage feedback circuit to 
produce maximum speed of response and 
stability. In this case, since the alternator 
field is energized from a controlled thyra- 
tron rectifier, a resistor capacitor filter is 
used to produce a smooth d-c voltage for 
use as a feedback signal. 

It is to be noted that the stabilizing cir- 
cuits have little or no effect on the ac- 
curacy of the system. Under normal run- 
ning conditions, the various voltages in 
the vacuum tube circuits are d-c voltages; 
hence the stabilizing capacitors charge up 
to the voltage impressed on them and re- 
main at that charge until the voltage 
changes. Thus the gain of each circuit 
and the established adjustments are un- 
affected by the stabilizing circuits. 


Control Panels and Console 


Contactors, relays, electronic regula- 
tors, knife switches, and transformers, re- 
quired to control the power system, are 
mounted on two enclosed dead front 
switchboards located in the machinery 
room with the converter sets (see Figure 
9). Switchboard A contains the starter 
for the synchronous motor and all other 
controls for the constant speed and the 
converter sets, including the electronic 
regulators (see Figttre 10). Switchboard 
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B controls the output circuits from the 
converters and includes all devices used in 
conjunction with the utilization and 
metering channels. 

Pilot control switches, indicating lights, 
and instruments, which the operators re- 
quire to control the system, are arranged 
on the console which is located in the con- 
trol room above the machinery room, level 
with the wind tunnel test chamber (see 
Figure 11). The console is of semicircular 
design with an elongated center section. 
The right half controls the wind tunnel 
itself, and the left half controls the power 
model testing equipment (see Figure 12). 

The console is so arranged that the 
operator in charge of power model testing 
can read all instruments and operate all 
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Figure 9 (left). General view of motor gen- 
erator set room with switchboard A in back- 
ground and switchboard B on left side 


Figure 11 (right). Control room with operators 
seated at console, tunnel test chamber visible 
through window in background 


control switches from one position. In- 
struments are mounted on a raised in- 
clined section. Control switches and indi- 
cating lights are mounted on the hori- 
zontal section, which also provides writing 
space for keeping test records. The back 
is sufficiently low so that the operator can 
observe the wind tunnel test chamber 
through a window. 


Figure 10 (left). 
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Operation 


Before a power model test is started, the 
operator closes the knife switches to the 
channels to which power model motors 
are connected; he closes the converter 
range switches in the position for proper 
volts per cycle. Then he starts the con- 
stant speed motor generator set from the 
machinery room. When the “ready” 
light on the console glows, indicating that 
the thyratron tube filaments are at oper- 
ating temperature, full voltage is applied 
to the d-c motor fields, the alternator and 
d-c generator field circuits to the elec- 
tronic regulators are closed. The operator 
then takes over from the console and goes 
through the following steps: 


1. With the motor operated speed rheostat. 
in the position for minimum converter speed, 
and the volts per cycle rheostat in the 
minimum voltage position, the operator 
closes the bus energizing switches, thereby 
closing the a-c line contactors and the d-c 


Section of switchboard A containing electronic 


control equipment 


Figure 12 (below). Left section of control console containing instru- 
ments and control switches for power model testing equipment 
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loop circuit contactors, and thus starting 
the converter sets. The converter sets 
turn at minimum speed. 


2. Volts per cycle is adjusted by turning 
the rheostat up, until volts per cycle cor- 
responds to the rating of the model under 
test. 


3. When model motors are tested from 
standstill, the operator now closes control 
switches, which in turn control contactors 
(1A to 6A) connecting the selected channels 
to their bus. When model motors are tested 
in the tunnel and their propellers are wind- 
milling, the operator first raises the fre- 
quency to a value corresponding to the wind- 
milling speed, so that power is applied to the 
motors at a low slip. 


4. Model motor speed then is adjusted to 
the desired value by adjusting the system 
frequency. A control switch permits rais- 
ing and lowering the motor operated rheo- 
stat, and a manually operated rheostat 
serves as a vernier adjustment. 


5. In order to meter any channel, the 
operator closes the metering switch of that 
channel. ‘ This causes the B and C contac- 
tors of that channel to close and the A con- 
tactor to open. Next, the operator turns 
the transformer ratio selector switches until 
the pilot voltmeter and ammeter are read- 
ingupscale. Closing a test switch connects 
the precision wattmeter in the metering 
circuit. 


6. Any or all channels are de-energized by 
tripping out the busses, since the channel 
contactors cannot interrupt power. If an 
individual channel is to be dropped during 
a test, a push button may be pressed which 
reduces volts per cycle to zero. The chan- 
nel contactor then cana be tripped, and, when 
the push button is released, voltage returns 
to the previously set value. 


When the two converter sets are to be 
operated in parallel, the paralleling con- 
tactor is closed from the console with the 
converter sets at standstill. The secon- 
daries of the converter sets are con- 
nected in parallel. When starting the 
converter sets, the operator momentarily 
raises volts per cycle, and the two con- 
verter sets lock in step. Frequency and 
volts per cycle controls for set A control 
both sets during parallel operation. 


‘Conclusions 


The control system described in this 
paper realizes the following operating 
advantages: 


1. Accurate control of system frequency 
permits accurate adjustment of model motor 
speed. 


2. Accurate volts per cycle control over the 
frequency range prevents damage to model 
motors on account of voltage drift during a 
test. 


3. Current limit and maximum voltage 
controls prevent damage to the rotating ma- 
chines. 


4. Splitting the system into two sections 
provides flexibility, as either two tests with 
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Modern Excitation Systems for Large 


Synchronous Machines 


J. B. McCLURE 
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N EXCITATION SYSTEM con- 

sists essentially of an exciter and 
means for its regulation. Originally, 
manual control of voltage was used 
widely. With the development of power 
systems using madern apparatus, auto- 
matic control, in general, has come to 
play an important part in the progress of 
the electric power industry. Therefore, 
it is in keeping with this progress that 
voltage regulators have been used in- 
creasingly and have become an important 
factor in making possible further econo- 
mies and improvements in system relia- 
bility. The increased use and acceptance 
of voltage regulators has been a great 
stimulus to the advancement of the art 
with the result that with the past few 
years several new types have been devel- 
oped, placed in regular service, and are 
performing successfully. 

The need for automatic regulation of 
voltage for water wheel generators and 
synchronous condensers has long been rec- 
ognized. One of the important factors 
which has directed attention recently to 
the problems of automatic regulation of 
excitation has been the desirability of ob- 
taining increased capacity in large 3,600- 
rpm turbine generator sets. The physical 
size of the generating element for a given 
capacity is determined largely by its 
short-circuit ratio. Reduction in short- 
circuit ratio makes more desirable the use 
of automatic regulation, and at the same 
time increases the importance of the ex- 
citation system reliability. With this a 
desire also has come to provide sources of 
excitation other than the direct-driven 
exciter for the higher speed units. 

This paper reviews the principles and 
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characteristics of existing widely used 
excitation systems and discusses some of 
the more recently developed excitation 
systems. These systems and the solu- 
tions of the general excitation problem 
discussed in this paper are identified pri- 
marily with the company with which the 
authors are assoc’ated. Any terms used 
are based on either American Standards 
Association definitions or on generally 
accepted industry terminology. ° 


Types of Excitation Systems 


The present day practice in excitation 
systems is to use the unit system which 
consists of an individual exciter and regu- 
lator for each a-c machine. In this gen- 
eral type of system, the voltage of each a-c 
machine is automatically and independ- 
ently controlled by its own regulator, 
and the division of reactive current among 
machines is automatically controlled by 
alternating current compensation of the 
individual regulators. There is no prob- 
lem of load division among exciters, as 
each exciter is operated and controlled 
independently. Each of the excitation 
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half system power or one test with full 
system power may be scheduled. Also two 
independently adjustable power supplies 
are available for studies on counter rotating 
propellers. 


5. During parallel operation, the electronic 
control balances the two converters with 
respect to load and power factor, thereby 
freeing the operator from continually read- 
justing the two converter sets by hand. 
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6. Providing several channels on one power 
bus and one metering channel per bus per- 
mits precision metering of several model 
motors with the investment of only one set 
of precision metering equipment. 


Reference 


1. PReEcISION SPEED MEASUREMENTS FOR WIND 
TunnegELS, R.K. Fairley, H.L. Clark. Tvansactions, 
American Society of Mechanical Engineers, volume 
68, October 1946, pages 719-22. 


939 


MANUAL CONTROL 
RHEOSTAT 


GENERATOR 


POTENTIAL 
TRANS- 
FORMER 


MAIN 
EXCITER 


VARIABLE 
RESISTOR 
ELEMENT 


ro-c----- 


Figure 1. Elementary diagram of an excita- 
tion system consisting of a main exciter and a 
direct-acting rheostatic-type voltage regulator 


systems discussed is designed to operate 
as a unit system. 


SELF-EXCcITED MAIN EXCITER AND 
Drrect-AcTING RHEOSTATIC-TYPE 
REGULATOR 


One of the simplest types of excitation 
systems consists of a self-excited main 
exciter and a direct-acting rheostatic-type 
regulator.? The essential elements of such 
a system are shown schematically in Fig- 
ure 1. The exciter isa shunt wound d-c 
machine and supplies excitation to the 
field of the main synchronous machine 
through a field breaker. In normal opera- 
tion the voltage regulator detects changes 
in the controlled a-c voltage and me- 
chanically changes the resistance in the 
exciter field circuits to produce the re- 
quired exciter voltage. This regulator 
can be taken out of service and the exciter 
placed on manual control of voltage by 
using the rheostat provided for this pur- 
pose. 


MAIN AND PILOT EXCITERS AND 
INDIRECT-ACTING RHEOSTATIC- 
TYPE VOLTAGE REGULATOR 


An excitation system which has been 
used with the larger machines for the past 
few years consists of a main and pilot ex- 
citer and an indirect-acting rheostatic- 
type regulator. The essential elements of 
such a system are shown schematically in 
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Figure 2. The main exciter is a separately 
excited d-c machine and supplies exci- 
tation to the field of the main synchronous 
machine through a field breaker. The 
pilot exciter is a compound-wound self- 
excited d-c machine designed to hold 
essentially constant voltage. The field of 
the main exciter is energized by the pilot 
exciter through a motor-operated Wheat- 
stone-bridge rheostat. In normal opera- 
tion the voltage regulator detects changes 
in the controlled a-c voltage and adjusts 
the position of the rheostat to vary the 
output voltage of the main exciter. This 
regulator can be taken out of service and 
the rheostat placed under manual con- 
trol. 


Main EXCITER AND STATIC VOLTAGE 
REGULATOR WITH ROTATING AM- 
PLIFIER 


One of the more recently developed 
excitation systems consists of either a 
separately- or a stabilized self-excited 
main exciter and a static voltage regulator 
with a rotating amplifier. The essential 
elements of this system, when using a 
self-excited main exciter, are shown sche- 
matically in Figure 3. The main exciter 
is a self-excited d-c machine and supplies 
excitation to the field of the main syn- 
chronous machine through a field breaker. 
In normal operation the voltage regulator 
detects changes in the controlled a-c volt- 
age and adjusts the output of the rotating 
amplifier to either decrease or increase 
the exciter field voltage, which in turn 
controls the output voltage of the main 
exciter. The static voltage sensitive ele- 


Figure 2 (below left). Elementary diagram 

of an excitation system consisting of a main 

and pilot exciter and an indirect-acting rheo- 
static-type voltage regulator 


Figure 3 (below right). Elementary diagram 

of an excitation system consisting of a main 

exciter and a static voltage regulator with a 
rotating amplifier 
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ment can be of either the impedance or 
the electronic type. The rotating ampli- 
fier can be taken out of service and the 
exciter placed on manual control by using 
the rheostat provided for this purpose. 

This system was developed after sev- 
eral installations of electronic regulators 
and electronic exciters on hydrogen-cooled 
synchronous condensers indicated that 
the cost of the electronic equipment would 
be considerably more than that of a stand- 
ard excitation system with rotating ex- 
citer. Studies indicated that the perform- 
ance of the electronic system could be 
duplicated by the static regulator and ro- 
tating exciter, which has a cost compara- 
ble to the standard excitation system. 
Experience over a period of five years has 
amply confirmed the expected perform- 
ance. 


ELECTRONIC EXCITER AND ELECTRONIC 
VOLTAGE REGULATOR 


Another type of excitation system con- 
sists of an electronic exciter and an elec- 
tronic voltage regulator. The essential 
elements of such a system are shown sche- 
matically in Figure 4. The electronic ex- 
citer is a power tube rectifier, complete 
with its required control equipment and 
supply transformer, and supplies excita- 
tion to the field of the main synchronous 
machine through anede breakers which 
act as a field breaker. In normal opera- 
tion, the voltage regulator detects changes 
in the controlled alternating voltage and 
adjusts the firing time of the tubes to give 
the required exciter output voltage. Pro- 
vision also is made for operating the elec- 
tronic exciter on hand control. 


Exciters 


The exciter for any large synchronous 
machine must meet certain minimum per- 
formance requirements. These require- 
ments have not been formulated specifi- 
cally on an industry wide basis, but prac- 
tice and experience have demonstrated 
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what they should be. 


As applied, pres- 
ent day exciters have conservative cur- 
rent and voltage ratings and a reasonable 


ceiling voltage. The over-all excitation 
system is designed to have a moderately 
quick response. The foregoing require- 
ments have been arrived at largely 
through experience with shaft-driven ex- 
citers, and, in cases where other than 
shaft-driven exciters are used, the excita- 
tion system should be designed to give 
the same actual performance under cer- 
tain assumed adverse system operating 
conditions. 


SHAFT-DRIVEN EXCITERS 


Shaft-driven exciters have been gener- 
ally used for many years with turbine 
generators, water wheel generators, syn- 
chronous condensers, and frequency 
changers. The outstanding advantage of 
a shaft-driven exciter is its ability to ride 
through severe system disturbances while 
continuing to maintain the excitation. 
The main disadvantage of a shaft-driven 
exciter is that maintenance must be done 
either by shutting down the main machine 
or by incurring the hazard of mainte- 
nance while the machine is operating. 


HyYyDROGEN-COOLED EXCITERS 


In the past motor-driven exciters were 
generally accepted for use with hydrogen- 
cooled synchronous condensers and fre- 
quency changers. This practice allowed 
the main machines to be built with a sim- 
ple hydrogen-tight shell with no running- 
shaft hydrogen seals. 

During the last five years, successful 
experience has been obtained with direct- 
connected main exciters on hydrogen- 
cooled synchronous condensers operating 
up to speeds of 900 rpm. In each of these 
installations, the exciter operates in a hy- 
drogen-filled compartment which is a 
part of the main shell. When the machine 
is at rest, the exciter compartment can be 
isolated from the main shell and opened 
for inspection and maintenance. The use 
of a direct-connected pilot exciter in these 
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Figure 4. Elemen- 
tary diagram of an 
excitation system 
consisting of an elec- 
tronic exciter and 
an electronic voltage 
regulator 


applications would have required major 
structural changes and a longer shaft ex- 
tension, which would have materially in- 
creased the cost. 


SPECIAL Moror-DRIvEN EXCITERS 


The increased use of high-speed turbine 
generators of larger capacity has accen- 
tuated some of the problems of the shaft- 
driven exciter. These problems have been 
largely met by both improvements in de- 
sign of high-speed exciters and also by the 
use of geared exciters for the larger sizes. 
However, with the trend during the past 
few years toward still larger capacity 
high-speed turbine generators, there has 
been an increasing inclination to provide 
excitation from sources other than shaft- 
driven exciters. A special motor-driven 
exciter has been developed primarily for 
use with large high-speed turbine genera- 
tors, and also may find more general ap- 
plication for other types of synchronous 
machines. There are some obvious ad- 
vantages for such a motor-driven exciter 
set. 


1. The foundation of the main turbine 
generator set is simplified. 


2. A low speed commutator is obtained 
without the use of gears. 


8. Maintenancecanbe readily accomplished 
without shutting down the main unit when 
a spare exciter is provided. 


Such a motor-driven exciter can obtain 
its power from the station auxiliary bus 
and be considered as one of the essential 
station auxiliaries. When the station aux- 
iliary power is provided by either shaft 
generators for separate house generators, 
the exciter set does not need to be particu- 
larly special in design. However, most 
steam electric stations obtain auxiliary 
power either from the main generator 
terminals or from the main station bus, 
and the auxiliary power system is sub- 
jected to reduction in voltage for all main 
system disturbances. It is essential, 
therefore, to design the motor-driven ex- 
citer set to carry on through such system 
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disturbances. It has been shown’ that it 
is possible to design a motor-driven ex- 
citer set which gives the same main gen- 
erator and system performance as is ob- 
tainable with a direct-connected exciter 
for sustained system voltage as low as 70 
per cent of normal and severe faults of 12 
to 15 cycles duration. 

The essential features of such a motor- 
driven exciter set are as follows: 


1. The inertia of the set is increased by 
using a flywheel located between the motor 
and generator. An inertia constant of 
five based on the exciter nameplate kw rating 
is conservative. 


2. The induction motor should have a high 
maximum torque to enable it to carry the 
output of the exciter at ceiling voltage. 
This will be accomplished by using a motor 
with a maximum torque approximately 
equal to five. 


3. The exciter should have a normal ceiling 
sufficient to realize a ceiling of not less than 
120 per cent when the driving motor is oper- 
ating, with approximately 70 per cent volt- 
age applied to its terminals. 


EXCITER STABILITY 


The ability of the exciter to maintain 
its voltage without appreciable drift with 
time has been actively discussed™* as a 
requirement for the manual control of 
rotating self-excited exciters. When auto- 
matic voltage regulators are in use, such 
a requirement is not particularly perti- 
nent. Even when under manual control, 
such a requirement is not necessary for 
short periods of operation such as trans- 
fer from one source to another. It may be 
important, however, when the a-c gen- 
erator is left unsupervised under manual 


Electronic exciter for a synchronous 
condenser 


Figure 5. 
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control of its excitation for prolonged 
periods, particularly at light loads. 


ELECTRONIC EXCITERS 


The electronic exciter offers another 
solution for the elimination of the direct- 
connected exciters. Electronic exciters 
offer similar advantages to those already 
outlined for motor-driven exciters. 

Electronic exciters have been supplied 
for differing applications. Three large 
synchronous condensers using electronic 
exciters and supplied by one manufac- 
turer have been in operation each for 11, 
9, and 7 years, respectively. One of these 
electronic exciters is shown in Figure 5. 
Functionally, these electronic exciters 
with their electronic regulators have given 
an outstanding performance. They are 
equipped with water-cooled ignitron 
power tubes having ample capacity and 
arranged for changing tubes while the set 
is in operation. Although initially the 
tube life did not measure up to expecta- 
tions, progress in the art has resulted in 
teasonable tube life. Based on present 
experience, such an electronic exciter ob- 
taining power through a suitable trans- 
former from the auxiliary source in the 
station will have a considerably higher 
initial cost and higher maintenance than 
either the shaft- or motor-driven exciters. 

Some users have insisted that the sup- 
ply for an electronic excitation source 
should be a shaft-driven a-c generator on 


Figure 6. Direct-acting rheostatic-type volt- 
age regulator 
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Indirect-acting rheostatic-type volt- 
age regulator 


Figure 7. 


the main set. This brings back most of 
the structural disadvantages of a direct- 
driven excitation source and makes such 
a solution even more expensive. 

When the power for an electronic ex- 
citer is obtained from the main alternator 
terminals or the system, it is important to 
design the transformer supplying the elec- 
tronic exciter with a turn ratio such that 
high ceiling voltages are available. This 
is necessary for two reasons. 


1. To realize at least 120 per cent ceiling 
with 70 per cent alternating voltage avail- 
able. 


2. To realize a reasonable response during 
a system disturbance. 


The experience with electronic exciters 
on synchronous condensers has demon- 
strated that they can be applied success- 
fully with other types of synchronous 
machines. 


Voltage Regulators 


In recent years, the use of voltage regu- 
lators has increased considerably. The 
main function of these regulators is to 
respond to any changes in the controlled 
voltage and to instigate the necessary 
changes in the excitation system to restore 
the controlled voltage to its original value. 
The required performance of the voltage 
regulator can be stated quite simply in 
terms of its band of voltage regulation 
which, broadly speaking, includes dead 
band, inherent regulation, accuracy, and 
stability. The various types of regulators 
which have been developed employ differ- 
ent basic principles, as will be described. 


Drrect-AcTING REGULATORS 


One of the simplest voltage regulators 
is the direct-acting rheostatic type,? as 
shown in Figure 6. In this regulator the 
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voltage sensitive element is an electro- 
magnet, the armature of which is bal- 
anced against a spring. The resistance 
element which is in the exciter field cir- 
cuit is connected directly to the armature 
and is a part of the regulator assembly. 
When there is a change in the controlled 
voltage, the armature will change position 
and adjust the resistance element in such 
a way as to restore the controlled voltage. 
This type of regulator is compact and sim- 
ple to install, operate, and maintain. At 
present, it is not designed to handle high 
exciter field currents and, therefore, its use 
is limited to small and medium size ma- 
chines. This regulator is of the continu- 
ously-acting type and has a narrow band 
of voltage regulation. 


InprirREcT-ACTING REGULATORS 


The indirect-acting rheostatic-type 
voltage regulator is well suited for use in 
excitation systems having both a pilot 
and a main exciter and is shown in Figure 
7. The voltage sensitive element of this 
regulator may be a polyphase torque 
motor, the torque of which is proportional 
to the approximate average 3-phase volt- 
age. The torque of the motor is balanced 
against the pull of a spring so that for each 
value of voltage there is a definite posi- 
tion of the motor rotor to which is at- 
tached a contact assembly. The contact 
assembly has two sets of contacts, the 
first set operates intermittently for small 
changes in voltage to control the pilot 
motor of the motor-operated Wheatstone- 
bridge rheostat (Figure 8), which in turn 
adjusts the resistance of the rheostat. 
Both sets of contacts operate for large 
changes in voltage, the second set con- 
trolling the temporary switching of all 
the regulating resistance in the rheostat, 
while the first set of contacts controls the 
final position of the rheostat. Thus, for 
large changes in voltage, there is an ex- 
tremely rapid change in the excitation 
field resistance which increases the re- 
sponse of the entire excitation system. 

This type of regulator is rugged and re- 
liable. When used with the Wheatstone- 
bridge-type rheostat, rapid response is 
obtained, and practically no limit need be 
placed on the field currents it will success- 
fully control. For some applications 
where severe fluctuating loads are en- 
countered, the dead-band principle in con- 
junction with the intermittent control 
feature, is not the ideal type of regulator. 


IMPEDANCE REGULATOR 


The impedance regulator is one of the 
more recent developments in the voltage 
regulator field and is shown in Figure 9. 
It is a static-type regulator and is nor- 
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mally used with a rotating amplifier. The 
function of the rotating amplifier is to 
respond to changes in the controlled volt- 


age as detected by the regulator and mod-. 


ify the voltage in the field circuit of the 
main exciter in such a manner as to re- 
store the controlled voltage. 

The impedance voltage regulator con- 
sists essentially of a linear and nonlinear 
impedance. The 3-phase voltage to be 
controlled is passed through a positive- 
sequence network and the resulting single- 
phase voltage, which is the approximate 
average of the 3-phase voltage, is im- 
pressed on both the linear and nonlinear 
impedances. The linear impedance sup- 
plies rectified current to the control field 
of the rotating amplifier in such a direc- 
tion as to raise the output voltage. The 
nonlinear circuit also supplies rectified 
current to the control field of the rotating 
amplifier, but in such a direction as to 
lower the output voltage. The volt-am- 
pere characteristics of the two impedances 
are such that they intersect at some value 
of control voltage at which point there is 
no net current in the control field of the 
rotating amplifier. For a change in the 
controlled voltage, there will be a net 
current in the control field which is in 
the direction to restore the controlled 
voltage to its previous value. 

The impedance voltage regulator is 
simple in operation, has no moving parts, 
and no inherent dead band, and is of the 
continuously acting type. Special con- 
trol features can be added readily to this 
type of regulator by the use of additional 
control fields in the rotating amplifier. 
The use of this type of regulator results 
in fast smooth response of the excitation 
system with a narrow band of voltage reg- 
ulation. 


ELECTRONIC REGULATOR 


Another static type of voltage regulator 
is the electronic regulator which is shown 
in Figure 10. It can be used either with a 
rotating amplifier in an excitation system 
with rotating exciters or directly with an 
electronic exciter to control the grids of 
the firing tubes, which in turn control the 
firing point of the main power tubes. 

The electronic regulator consists essen- 
tially of a constant voltage glow tube and 
the necessary rectifier and control tubes. 
The 3-phase voltage is rectified and com- 
pared with the voltage across the glow 
tube. Any difference in these voltages is 
amplified and produces a change in the 
grid of the tubes supplying power to the 
control fields of the rotating amplifier. 
The tubes used are radio type, and, to 
give reliable operation, two tubes in paral- 
lel are used so that tubes can be checked 
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or changed without shutting down the 
regulator. 

The electronic regulator has the same 
features as the impedance regulator. In 
this type of regulator, special control 
features can be added directly to the regu- 
lator. Its use also will result in fast 
smooth response! of the excitation system 
with a narrow band of voltage regulation. 

The outstanding performance of several 
installations with electronic exciters and 
electronic regulators, in maintaining 
smooth voltage control at locations where 
severe fluctuating loads exist, was caused 
primarily by the characteristics of the 
regulator and not by the electronic ex- 
citer. Itis well recognized that a voltage 
regulator of the continuously acting type 
andwithout dead band gives the ideal type 
of control. These regulating characteris- 
tics are now available for using with rotat- 
ing exciters.! 


General 


RHEOSTATS 


Pilot exciter field rheostats are usually 
of the manually-operated dial type. They 
are used initially to obtain the proper pilot 


Motor-operated Wheatstone- 
bridge rheostat : 


Figure 8. 
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exciter voltage and once that is done need 
not be changed. 

Main exciter field rheostats should be 
chosen to suit the application. In general, 
they will be motor-operated so that they 
may be controlled from a central location. 
When the main exciter is operated self- 
excited with a voltage regulator, the rheo- 
stat will be used for short intervals only 
while maintenance work is being done. In 
this case, a relatively simple and inexpen- 
sive dial type rheostat may be used. 

When the main exciter is excited sepa- 
rately and the motor-operated Wheat- 
stone-bridge-type rheostat is used in con- 
junction with a rheostatic-type voltage 
regulator, such a rheostat is of the face- 
plate type as shown in Figure 8. This 
rheostat is simple and rugged and able to 
successfully withstand the frequent opera- 
tions required by the regulator. 

Several years ago, it was considered 
general practice to use main generator 
field rheostats. There were two reasons 
for requiring these rheostats. 


1. More than one synchronous machine 
often was excited from a common d-c source 
and the rheostat equalized any difference in 
the excitation requirements. 


2. The excitation systems were not de- 
signed for operation at the low voltages re- 
quired for line charging and for synchronous 
generators with low short-circuit ratios. 


In modern practice, the unit system of 
excitation is used almost universally and 
the entire excitation system is capable of 
operating down to low voltages. Thus the 
need for main generator field rheostats 
has practically disappeared. 


DYNAMIC STABILITY 


The possibility of operating above the 
ordinary steady state stability limits by 
using a special excitation system has been 
recognized for some time, although it has 
not been ordinarily necessary to require 
operation in this region. This require- 
ment together with equipment which is 
capable of so operating may be desirable 
during emergency conditions in order to 
allow for safe operation with smaller sta- 
bility margins and, therefore, with higher 
transmission system loadings. An inter- 
esting application of this principle has 
been made to electric ship propulsion.” 

Reference 12 shows, in general, the 
factors which need to be taken into ac- 
count in order to provide for stable opera- 
tion. A desirable characteristic is smalk 
voltage dead band with small excitation 
system time lags. 


LOWER EXcITATION LIMIT 


If the unit is under automatic control of 
voltage, it may be desirable to use a fixed 
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or variable lower limit. A variable limit 
for generators preferably should be made 
a function of prime mover torque, which 
can be obtained conveniently from the po- 
sition of the mechanism which controls 
prime mover input. Such a variable 
limit allows for a greater range of regula- 
tor operation than if a fixed lower limit is 
used and insures against the possibility of 
reducing the excitation below the point 
where instability may result. 

The critical value of excitation, below 
which instability may result, does not de- 
pend greatly upon the external system. 
It is, therefore, possible by means of a 
variable lower limit to insure an adequate 
amount of excitation for a wide range of 
system conditions. This lower limit is 
insurance against an error in setting the 
voltage adjusting rheostat or other errors 
which incorrectly may reduce the excita- 
tion. 

Salient-pole synchronous condensers 
may be provided with a fixed lower limit 
of negative polarity and possibly biased 
by terminal voltage in order to take ad- 
vantage of the saliency torque, and there- 
by increase the lagging capacity.1? Fre- 
quency changer sets, however, may re- 
quire an adjustable lower limit which can 
be adjusted as determined by operating 
conditions. 

A fixed lower limit of generator excita- 
tion is often used. With the use of a low 
short-circuit ratio generator, this lower 
limit necessarily must be set at a value 
higher than that required for synchroni- 
zing. Therefore, during synchronizing 
the limit must be removed or synchro- 
nizing obtained under manual control of 
the excitation. 


UPreER EXCITATION LIMIT 


An upper excitation limit has been used 
for some applications based on limiting 
either the excitation voltage, alternator 
field current, or armature current. A 
common method in supervised stations is 
to ring an alarm when either the excita- 
tion voltage or current exceeds a given 
amount for a predetermined time. Also, 
for synchronous condenser installations, 
a limit on the excitation has been based on 
the average field temperatures (from re- 
sistance measurement) exceeding that ob- 
tained from rated or normal field excita- 
tion. It should be noted here that such 
a limit should not be based on allowable 
temperature for insulation used, but 
rather should be based on the total tem- 
perature obtained with nominal or rated 
excitation and the existing ambient. Al- 
though many variations of the use of an 
upper limit are possible, it probably is 
necessary only to sound an alarm in super- 
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vised stations when the excitation exceeds 
for a given time delay a limiting amount. 
In unsupervised stations it may be desir- 
able to limit the excitation to the rated 
value and allow for a corresponding drop 
in voltage at the regulated bus. This 
need be the only requirement necessary 
for 0.8- to 0.9-power-factor generators 


Impedance-type voltage regulator 


Figure 9. 


since their rated field excitation will be 
normally sufficient to carry the maximum 
kw output of the prime mover. 


Application Guides 


The following discussion summarizes 
what may be considered modern practices 
for successful excitation systems of the 
larger synchronous machines. In present 
day practice, rotating exciters are almost 
exclusively used, and therefore, the pre- 
ferred field of application of electronic 
exciters will be left until such time as they 
can be justified on an economical basis 
and until they are more generally ac- 
cepted. The unit system of excitation, 
that is an independent exciter and regu- 
lator for each synchronous machine, is as- 
sumed throughout. 


TURBINE GENERATORS 


For several years it has been considered 
standard practice to control and supply 
the excitation of the larger turbine gen- 
erators with a main exciter, pilot exciter, 
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Wheatstone-bridge rheostat, and indirect- 
acting-type voltage regulator. This sys- 
tem has proven to be a reliable one, but 
experience has indicated that there are 
some fundamental disadvantages. The 
inherent dead band requires greater droop 
to obtain accurate division of reactive 
current between machines, which in turn 
required more frequent adjustment of 
voltage levels to maintain voltage at some 
desired location on the system. Special 
control features cannot be added readily 
to this type of regulator. 

One other solution for the small and 
medium sized generators has been to ap- 
ply the direct-acting-type regulators. In 
this way the pilot-exciter and Wheat- 
stone-bridge-type rlieostat are eliminated. 
The continuous-type regulator gives good 
division of reactive current and smooth 
response. The regulator has the disad- 
vantage that at present it cannot handle 
high exciter field currents, and, therefore, 
its use is limited to generators not in ex- 
cess of 25,000 kva. It is also difficult to 
add special control features to this type 
of regulator. 

Experience indicates that a universally 
applicable regulating system for the larger 
turbine generators is a static-type regula- 
tor with a rotating amplifier. Smooth 
fast response is obtained; the continuous- 
type regulator with no dead band gives 
accurate division of reactive current, and 
low energy control circuits make it possi- 
ble to add automatic limits. In addition, 
this type of regulator is readily applied to 
existing main exciters and in this way any 
excitation system can be modernized con- 
veniently. 

For those who still prefer shaft-driven 
exciters for their high speed units, present 
day conservative practice would suggest 
gear-driven exciters for the larger units 
and direct-driven for the smaller units up 
to 25,000 kva. However, with the im- 
provements in system relaying and aux- 
iliary power system arrangements, the 
possible simplifications, flexibility, and 
performance resulting from the use of a 
special motor-driven exciter make its use 
particularly attractive for large turbine 
generators. It is expected that the accept- 
ance of motor-driven exciters in these ap- 
plications will increase rapidly. 


WATER WHEEL GENERATORS 


It is almost universal practice on all of 
the larger water wheel generators to con- 
trol and supply their excitation with a 
main exciter, pilot exciter, Wheatstone- 
bridge rheostat, and indirect-acting-type 
voltage regulator. Hydro stations usually 
feed radially into a system so that any 
disadvantage of the inherent dead band 
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in the regulator is not very important. 
The high speed feature of the bridge rheo- 
stat makes it ideal for controlling voltage 
during loss of load, and the ability to oper- 
ate at very low excitations makes it ideal 
for line charging requirements. 

Because of the additional advantages 
of the static-type regulators and a ro- 
tating amplifier, it can be expected that 
this type of regulating system eventually 


Figure 10. Electronic-type voltage regulator 


will be applied to water wheel generators. 

Direct-connected exciters are used al- 
most universally in hydro installations, 
and maintenance has not proved exces- 
sive in these slow speed exciters. 


SYNCHRONOUS CONDENSERS 


Several years of experience with static- 
type regulators and rotating amplifiers on 
synchronous condensers, indicates that 
this is practically the ideal regulating sys- 
tem for such applications. The continu- 
ous-acting-type regulator with no dead 
band makes it particularly suited to the 
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type of voltage control expected of syn- 
chronous condensers. 

During this same time, direct-con- 
nected hydrogen-cooled exciters have 
been operating successfully with several 
synchronous condensers. As a result of 
this experience, all moderate and low 
speed synchronous condensers, both air- 
cooled and hydrogen-cooled, may now be 
equipped with direct-connected exciters. 


FREQUENCY CHANGERS 


The requirements of an excitation sys- 
tem for a frequency changer set will vary 
between that of a synchronous condenser 
and water wheel generator, depending 
upon the location of the set on the system. 
Most of the existing frequency changers 
are equipped with main and pilot exciter 
Wheatstone-bridge rheostats and indirect- 
acting voltage regulators. This type of 
excitation system has given successful 
performance. Where system conditions 
require close control of voltage, a static- 
type regulator and rotating amplifier can 
be used to advantage. 

As a result of the successful experience 
with hydrogen-cooled exciters on syn- 
chronous condensers, all frequency chang- 
ers, both air-cooled and hydrogen-cooled, 
now may be equipped with direct-con- 
nected exciters. 


Conclusions 


1. The general use of automatically con- 
trolled excitation systems makes it possible 
to operate existing equipment at higher 
loadings and to design more economical 
system extensions. 


2. Improved division of reactive currents 
and improved system performance are made 
possible by applying voltage regulators, 
which have a narrow band of voltage regula- 
tion now available in modern regulators of 
the continuously acting type. 


8. The advantages of providing limits with 
voltage regulators are recognized, and these 
limits may be readily applied when static- 
type voltage regulators are used. 


4. Excitation systems which do not in- 
clude pilot exciters may be readily modern- 
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ized by applying a rotating amplifier and a 
static-type voltage regulator. 


5. Special motor-driven exciters may be 
successfully used in place of large high speed 
shaft-driven exciters. 


6. Shaft-driven hydrogen-cooled main ex- 
citers have been successfully used for moder- 
ate speed synchronous machines. 


7. Co-ordinated excitation systems are 
now available for all types of application 
requirements. 
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High Vacuum Leak Testing With — 
the Mass Spectrometer 


W. G. WORCESTER 


ASSOCIATE AIEE 


HE DETECTION of small leaks in 

large all-metal vacuum systems has 
long been a troublesome manufacturing 
problem for which there was no satisfac- 
tory solution. All of the generally used 
techniques of leak detection are cumber- 
some or have serious limitations such as 
lack of sensitivity, lack of selectivity, 
poor response, dependence upon vacuum 
conditions, uncertainty of interpretation 
of response, or usefulness being restricted 
to certain materials. Experience with 
many methods of leak detection on all 
sizes of apparatus has shown that an ideal 


Figure 1. Forces acting on a charged particle 
in a magnetic field 


leak detector must have the following 
characteristics: 


(a). High sensitivity. The instrument 
must be able to detect small leaks. 


(b). Accuracy. To facilitate repairs to the 
system the leak must be accurately located. 


(c). Response. The instrument must re- 
spond quickly when a leak is located and 
must ‘‘clean up” quickly when the leak has 
been passed. Too much lag interferes with 
the accurate location of leaks. 


(d). Selectivity. The leak detector must be 
capable of locating large or small leaks in 
the presence of many other leaks. 


(e). Certainty of response. The instrument 
must always respond to a leak and must not 
be subject to spurious effects or false signals. 


(f). Versatility. The method should be 
applicable to large or small systems con- 
structed of metal, glass, or other materials. 
Usefulness of the method should not depend 
too much upon vacuum conditions, since it 
is usually not convenient to obtain a high 
vacuum in the test sample. 


(g). Simplicity. Operation of the leak 
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detector must be sufficiently simple that it 
can be performed by unskilled personnel. 


(h). Portability. Since many vacuum sys- 
tems are permanent installations, the leak 
detector must be portable. 


It is the object of this paper to describe 
a special mass spectrometer, designed for 
use as a leak detector, which fulfills these 
requirements to a higher degree than any 
previously known form of leak detector. 

This leak detector design is based on 
the mass spectrometer experience of 
Doctor A. O. C. Nier of the University of 
Minnesota,! who also shared in a major 
way in the problems of design and manu- 
facture of the leak detector. 


The Mass Spectrometer 


The mass spectrometer is a device 
which utilizes electric and magnetic 
fields to sort out ionized gas molecules 
according to their molecular weights (or 
to be exact, according to mass-to-charge 
ratio, or specific mass). The instrument 
is therefore capable of measuring the par- 
tial pressure of each gas in a mixture of 
gases in a vacuum system. The device is 
thus inherently selective, which immedi- 
ately suggests its use as a detector of some 
gas which can be used as a tracer in a mix- 
ture of gases. In the present application, 
the tracer gas would be allowed to flow 
through a leak, and its presence in the 
vacuum system would be detected by the 
mass spectrometer, irrespective of the 
presence of other gases. It remains to 
determine whether the other require- 
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ments of an “‘ideal leak detector’ can be 
met. 


THEORY 


In order to understand the principle of 
operation of the mass spectrometer, let 
us consider the forces acting on a charged 
particle moving at right angles to a mag- 
netic field as shown in Figure 1. In vec- 
tor notation, the electromagnetic force 
acting on the particle will be 


F=qvuXB (1) 


where F, v, and B are vectors represent- 
ing force, velocity, and magnetic induc- 
tion respectively, and g is the charge on 
the particle. 

Since the force is always perpendicular 
to the velocity, there will be no linear 
acceleration; but there will be constant 
angular acceleration, so that the path of 
the particle will describe a circle in the 
x-y plane with the center at (R, 0, 0) as 
shown, where R is the radius of curvature. 

From elementary mechanics, a particle 
of mass m moving with a velocity v along 


Ware 


FOCUSING. 
ERROR 


Figure 2. Focusing property of magnetic 
field 


a curved path of radius R will experience 
a centrifugal force 
my? 
Fl =— 2 
R (2) 
Since F and F’ are equal in magnitude 
but opposite in direction, we can write 


mv® 
B=— 
qu. R 
or 
mv 
qB= R (3) 


Let us assume that the charged par- 
ticle acquired its velocity by falling 
through an electrostatic potential V, in 
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which case the potential energy would be 
PE=qV (4) 


which must be the same as the kinetic 
energy after acceleration 


KE=— (5) 


Setting equation 4 equal to equation 5 
and solving for v, we get 


v=(2qV/m)'/? (6) 


Substituting this value for v in equation 3, 
and solving for the mass-to-charge ratio, 
we obtain 


m/q= B?R?/2V (7) 


From this we can see that charged par- 
ticles having different mass-to-charge ra- 
tios will follow paths of different radius, 
and that the radius for any particular 
particle can be controlled by choosing 
the proper values of magnetic field and ac- 
celerating voltage. 

Let us now consider the effect of the 
magnetic field on charged particles whose 
velocities at the origin differ in direction 
by the small angle a, but which are 
identical in all other respects. A simple 
geometrical construction as shown in 
Figure 2 demonstrates that there will 
be a point, lying on the x axis, at which 
the three paths are closest together, or at 
which the originally divergent paths are 
refocused. The “‘focusing error”’ is seen to 
be 


Focusing error =2R(1— cos a) (8) 
where 
R m= Ry — Ry a R3 


Obviously the focusing error can be made 
as small as desired by making the angle a 
small. 

The mass spectrometer utilizes the 
principles that we have discussed in a 
manner illustrated diagrammatically in 
Figure 3. Gas molecules are introduced at 
low pressure to the ion source, where 
part of the gas is ionized by bombardment 
with electrons which have been acceler- 
ated through a potential of the order of 
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Figure 3 (above left). 


Mass 


spectrometer 


Figure 4(right). Sixty 
degree mass spec- 
trometer 


150 volts. The ions are repelled through 
the slit S, by a small positive voltage AV 
on the ion repeller plate, and are accel- 
erated between S, and S, by the acceler- 
ating potential V. A collimated beam of 
ions passes through S» into the region of 
the magnetic field, whereupon each ion 
will follow a circular path according to 
equation 7. By proper adjustment of the 
magnetic field and the accelerating volt- 
age, ions of any specific mass 


M=m/q=B?R?/2V (9) 


can be made to pass through a third slit 
S3 and will discharge on the collector 
plate, causing a positive current to flow 
through the high resistance to ground. 
The voltage drop across the resistor is am- 
plified and measured. 

If it is assumed that the electric and 
magnetic fields are adjusted to bring ions 
of specific mass M=4 into focus on the 
collector plate, ions of specific mass 3 and 
2 will follow paths of smaller radius as 
shown in Figure 3. 

In an actual mass spectrometer, since 
the slits must have a finite width, the 
beam of ions entering the magnetic field 
will have a width determined by S;, and 
divergence depending upon the geometry 
of the ion source and slit system. There- 
fore the collector slit S$; must be made 
somewhat wider than the source slit in 
order to collect all ions of any specific 
mass. In addition, it is impossible to 
accelerate all ions through exactly the 
same electric potential, and the collector 
slit width must be increased somewhat to 
collect ions of slightly differing energies. 

Up to this point we have discussed only 
a mass spectrometer in which the path of 
the ion is bent through a total angle of 180 
degrees. It can be shown that the same 
principles apply when the ions are pro- 
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jected into a wedge-shaped magnetic 
field, provided that the source slit S:, the 
collector slit S;, and the apex of the ef- 
fective wedge of the magnetic field all lie 
on the same straight line as shown in Fig- 
ure 4. As the angle of the wedge is de- 
creased, the area covered by the magnetic 
field becomes smaller and the length of the 
mass spectrometer tube becomes greater 
for the same radius of curvature. The 
choice of angle is thus a compromise be- 


tween minimum tube size and minimum 
magnet size, and an arbitrary value con- 
venient for manufacturing is generally 
used. The angle of deflection for the 
leak detector described in this paper is 60 
degrees. 


DEFINITIONS AND UNITS 


For the purpose of discussing the theory 
of the mass spectrometer, we have dealt 
somewhat loosely with such units as mass 
and charge. In order to facilitate discus- 
sion of the special instrument which will 
hereafter be referred to as the leak detec- 
tor, it will be useful to redefine the units 
as follows: 


q is always a small integral multiple of the 
charge of the electron. For the re- 
mainder of this paper we will assume 
that g is one electronic charge 

m is the mass of the ion in atomic weight 
units 

M=m/q=specific mass in atomic weight 
units per electronic charge 

B is the magnetic field strength in gauss 

V is the accelerating voltage in volts 

R is the radius of curvature in centimeters 


We now can rewrite equation 7 in terms 
of these practical units, putting in the 
constant of proportionality 


M=4.8X107°B*R2/V (10) 
The Leak Detector 


The leak detector is a small portable 
mass spectrometer of all-metal construc- 
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Mass spectrometer leak detector 


Figure 5. 


tion designed to detect minute quantities 
of helium. The instrument continuously 
draws a sample of gas from the system 
being leak tested and indicates the partial 
pressure of helium in the sample. As 
portions of the test system are exposed to 
a helium jet, any helium entering the 
system through a leak causes an increase 
in the output current of the amplifier, 
thus indicating the presence of the leak. 
To insure that it will find very small leaks, 
the instrument has been designed for the 
highest sensitivity compatible with rug- 
gedness and simplicity. An over-all view 
of the leak detector is shown in Figure 5. 

The value of the method in actual use 
will depend upon the ability of the mass 
spectrometer to detect minute quantities 
of the tracer gas in a mixture of air and 
other gases and to detect small changes 
in the amount of tracer gas. 

As an illustration, suppose that we 
have a vessel with a large number x leaks 
of equal size. We wish to locate each 
leak accurately by the use of our leak de- 
tector. If we completely cover one leak 
with the probe gas and leave the re- 
mainder exposed to air, the ratio of the 
flow of probe gas into the vessel to the 
flow of air is 1/(n—1) (assuming equal 
rates of flow for the different gases). In 
order to detect the leak, we must admit a 
detectable quantity of helium to the leak 
detector, and at the same time we must 
be able to admit (n—1) times as much 
air without causing damage to the in- 
strument. 
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Since the minimum detectable ion cur- 
rent is fixed by the state of the art of d-c 
amplifier design, it is desirable to obtain 
as many ions per second as possible at the 
collector plate. In the ion source the 
sample pressure and the electron emission 
from the filament will be as high as is 
commensurate with reasonable filament 
life. The slits S, and S»_ will be made as 
wide as possible, resulting in a relatively 
large angle of divergence of the ion beam 
and consequently a large focusing error. 
By referring to Figures 2 and 3 it can be 
seen that a limitation on slit width and 
beam divergence is imposed by the rela- 
tive values of specific masses that are 
collected and those that are excluded. 
Examination of equation 10 shows that 
the separation in space of neighboring 
masses is greater for low values of specific 
mass than for high values. For example, 
the separation between masses 3 and 4 
would be 


AR=R,(1—3/4)'? 


=0.134R, (11) 


whereas the separation between masses 
39 and 40 would be only 


AR = Ri(1 —39/40)'/2 
=0.013Rio 


(12) 


It is obvious that a mass spectrometer 
with a small radius of curvature and the 
widest possible slits is most adaptable to 
use with low specific masses, and that such 
an instrument would not be expected to 
separate neighboring high masses. 


Theforegoingconsiderations suggest the 
choice of helium as the most suitable gas 
for use as a “probe” or “tracer” gas. 
Since helium is inert and is rare in the 
atmosphere, being present to the extent of 
about one part in 200,000 parts of air at 
sea level, we would not expect to find an 
appreciable background signal because of 
residual helium present in the mass spec- 
trometer tube or leakage of air through 
any other leaks that may be present. It 
is also significant that there are not likely 
to be other gases present which could 
give an apparent, or spurious, helium sig- 
nal due to the loss of two or more elec- 
trons in the ionization process. For ex- 
ample, the probability of triple charging 
of carbon-12, or quadruple charging of 
oxygen-16 in detectable quantities is very 
small. It is hardly necessary to point 
out that helium is a gas at all tempera- 
tures and pressures to be considered and 
therefore will not plug leaks or contami- 
nate the system. Neither will it react 
with any other materials which may be 
present. The requirements of versatility 
and certainty of response are seen to be 
fulfilled by the use of helium as the probe 
gas. The further requirements of simplic- 
ity and portability also are brought 
closer to realization. 


COMPONENT PARTS OF THE LEAK 
DETECTOR 


In addition to the basic element of the 
leak detector, the mass spectrometer 
tube, a number of auxiliary components 
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Figure 6. Leak de- 
tector block diagram 
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are required for control purposes. These 
are shown diagrammatically in the block 
diagram of Figure 6 and can also be seen 
in the back view of the instrument shown 
in Figure 7. The chief parts are as follows: 


1. Mass spectrometer tube. 
Emission regulator. 

3. Accelerating voltage supply. 

4. D-c amplifier. 

5. Jon gauge. 

6. Diffusion pump. 

7. Rough pump. 

8. Throttle valve. 


The gas sample from the system under 
test is introduced to the spectrometer tube 
through a throttle valve in order that the 
pressure in the spectrometer tube can 
be regulated to a suitable value. Some of 
the gas molecules in the ion source are 
ionized by bombardment with an electron 
beam, which is held constant by an elec- 
tronic emission regulator circuit. The 
ions are accelerated through a series of 
plates by an adjustable voltage obtained 
from the accelerating voltage supply, and 
are deflected by the field of a permanent 
magnet with trapezoidal pole pieces 
which is mounted inside the mass spec- 
trometer tube. The ions which pass 
through the collector slit are discharged 
on the collector plate, and the ion current 
is amplified and measured by the d-c 
amplifier. 

Output current of the amplifier can be 
read either on a panel instrument or on a 
portable instrument which is readily 
placed in view of the operator. While it 
would be possible to use a well regulated 
power pack to operate the amplifier, bat- 
teries are used for plate and filament 
voltages in this equipment. 

The pressure in the spectrometer tube 
is measured by a standard ionization 
gauge with an a-c operated control panel. 
A protective feature is incorporated in the 
jon gauge control to automatically turn 
off the ion gauge and spectrometer tube 
filaments if the pressure accidentally is 
allowed to rise above a safe operating 
limit. 

The oil diffusion pump and cold trap, 
backed by a mechanical rough vacuum 
pump, will reduce the spectrometer tube 
pressure to a safe operating value within 
about am hour after the pumps are 
started. 


The Mass Spectrometer Tube. Figure 
8 is a diagram showing the essential parts 
of the mass spectrometer tube. The per- 
manent magnet produces a field of about 
900 gausses, and the tube is designed for a 
5-centimeter radius of curvature. In- 
serting these values in equation 10 we 
find that helium, of specific mass 4 will 
be focused on the collector slit with an 
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Figure 7. Rear view of leak detector showing 
arrangement of parts 


accelerating voltage of 243 Volts. It is 
also interesting to note that for a constant 
radius, which is fixed by the slit system, 
and a constant magnetic field, the product 
of specific mass and accelerating voltage 
is a constant, in this case 4 & 243 or 972, 
so that equation 10 reduces to M=K/V. 


Figure 8. Mass 
spectrometer tube 
diagram JON BEAMS 
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This fact simplifies the problem of iden- 
tifying other ions that may be collected at 
different values of accelerating voltage. 

The ion source is somewhat more com- 
plicated than is indicated in Figures 2 
and 4 due to the addition of an ion lens, 
consisting of two focusing half-plates 
which can be separately adjusted to the 
proper potentials to concentrate the ion 
beam at slit S. and to center the beam on 
the slit. Referring to the ion lens dia- 
gram, Figure 9, if the potential gradient 
Ey is greater than E, the ion lens will be 
converging with a focal length equal ap- 
proximately to 2V/(£,—£,), and can be 
treated in much the same manner as a 
thin optical lens of the same focal length.” 
Use of such an ion lens increases the in- 
tensity of the ion beam, and therefore in- 
creases the sensitivity of the leak detector. 

The ion source is separated from the 
remainder of the spectrometer tube by a 
baffle located at the second source slit. 
The purpose of the baffle is to introduce 
additional pumping resistance so that 
the source pressure will be higher than 
the tube pressure, and more ions will be 
formed. The net result is greater sensi- 
tivity. This will become apparent if we 
consider the pressure limitations in the 
tube. 

Any mass spectrometer must be oper- 
ated under high vacuum conditions for 
two reasons. First, the average ion must 
not suffer a collision with gas molecules or 
other ions while travelling from the ion 
source to the ion collector, that is, the 
mean free path must be greater than the 
length of the mass spectrometer tube. 
Otherwise the beam will be scattered, 
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with resulting lack of sensitivity, and un- 
der certain circumstances a background 
ion current can appear at the collector. 
The second reason for the high vacuum is 
that a tungsten filament is used as a source 
of electrons, and the life of the filament 
would be very short at pressures above 
about 10~? millimeter mercury (1 micron). 

Experimental results show that satis- 

factory filament life under normal oper- 
~ ating conditions can be obtained if the 
source pressure is limited to about 3 X 
10-4 millimeter with a filament emission 
current of five milliamperes. At this 
pressure, however, the mean free path for 
air molecules would be less than the 
length of the path through the spectrom- 
eter tube. This condition is obviously 
unsatisfactory, since more than half of 
the ions would suffer a collision before 
reaching the collector. Tests on an ac- 
tual tube have shown that it is necessary 
for the mean free path to be more than 
ten times the length of the spectrometer 
tube for satisfactory operation, and even 
in this case an appreciable portion of the 
ions will suffer collisions. 

Use of the baffle allows us to maintain 
maximum source pressure for highest pos- 
sible sensitivity and still have a low 
enough pressure in the major portion of 
the spectrometer tube to prevent scatter- 
ing of the ion beam by collisions with air 
molecules. 

The ion collector arrangement indi- 
cated in Figures 3 and 4 consists of a slit 
and a collector plate. Again the actual 
atrangement used is somewhat more com- 
plicated, as shown in the tube diagram 
Figure 8. A suppressor plate is intro- 
duced between the slit and the collector, 
and a shield is provided to guard the col- 
lector from fluctuations in suppressor 
plate potential. With no voltage on the 
suppressor plate the actual arrangement 
is equivalent to that indicated in Figure 4. 
If we were to operate the instrument un- 
der these conditions with a small amount 
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of helium mixed with air at the maximum 
allowable tube pressure, we would ob- 
tain a spectrum in the region of helium as 
shown by the upper curve of Figure 10. 
The sloping background curve is due to 
ions which have been slowed down or de- 
flected by collisions during the transit 
from the ion source, and which therefore 
happen to pass through the collector slit. 
All such ions will have less than normal 
energy, since each collision results in loss 
of energy for the high-speed particle. 
We can erect a potential barrier through 
which these scattered ions cannot pass 
by applying a positive potential, essen- 
tially equal to the accelerating voltage, 
on the suppressor plate. We then obtain 
a spectrum similar to the lower curve of 
Figure 10, in which it is apparent that the 
presence of the same amount of helium is 
much more easily discerned than in the 
upper curve. 


A typical spectrum in the neighborhood 
of the helium peak for a mixture of 1 part 
helium in 50,000 parts air is shown in 
Figure 11. 


Production of Ions. Tons are formed 
in the ionization chamber by bombarding 
gas atoms or molecules with electrons 
which have been accelerated through a 
potential of about 145 volts. The elec- 
trons are emitted from an incandescent 
tungsten filament located behind a slit 
in the ionization chamber. Since the 
emission current varies rapidly with 
changes in voltage, changes in heat con- 
ductivity of the surrounding gas, changes 
in the surface conditions of the filament 
due to the presence of different gases, and 
other similar causes it is desirable to hold 
the emission constant with some kind of 
an automatic regulator. 


The scheme used in the leak detector 
for emission regulation is shown schemati- 
cally in Figure 12. A transformer having 
a high amount of voltage regulation, due 
to an adjustable resistor in series with 
the primary winding, is used to supply two 
secondary loads; the spectrometer tube 
filament, which operates at a few volts 
and a few amperes, and a variable load 
due to the triodes 73 and T; operating at a 
few hundred volts and a few hundredths 
of an ampere. The filament is operated 
emission limited. Due to the high regula- 
tion of the transformer, an increase in 
either of the secondary loads will cause 
the voltages of all three windings to de- 
crease; thus the voltage on the filament 
winding may be held at any desired value 
by controlling the load on the high-volt- 
age secondary winding. This is done au- 
tomatically as follows: 


Let us assume that the filament emis- 
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sion current increases above its normal 
value. The voltage at the grid of the am- 
plifier tube 7; will increase due to the in- 
creased drop across the emission control 
resistor; but the cathode voltage of 7; 
is held at a constant value by the voltage 
regulator tube T,. Therefore 71 con- 
ducts more current, reducing the poten- 
tial at its plate and lowering the cathode 
potential of loading tubes T; and 7; with 
respect to their fixed grid potential. The 
loading tubes are therefore more conduct- 
ing and constitute an increased load on 
the transformer, so that the voltages of 
all three windings will drop. Since the 
filament is operating emission-limited and 
is very sensitive to voltage changes, the 
emission current will be reduced to a value 
only very slightly higher than the normal 
value. In other words, the emission cur- 
rent is regulated at a value determined by 
the IR drop across the emission control re- 
sistor. By changing this resistor, any 
desired value of emission current can be 
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Figure 10. Background characteristics in the 
region of the helium peak 


selected. The circuit is adjusted to the 
regulating range by means of the adjust- 
able series resistor in the transformer pri- 
mary. A regulator of this type will hold 
the emission current constant within less 
than one-half of one per cent. 

All voltages shown in Figure 12 are rela- 
tive values referred to the slit 1 plate, 
which may be at any value from 0 to 370 
volts above ground potential. 

The supply voltages for the emission 
regulator are actually tapped from the 
ion accelerating voltage supply. 


Accelerating Voltage Supply.. The 
ion accelerating and focusing potentials 
are obtained from a conventional full- 
wave rectifier with voltage regulator 
tubes for d-c output voltage regulation 
and a simple voltage divider circuit 
shown schematically in Figure 13. The 
accelerating voltage (between slit 1 and 
ground) is adjusted with potentiometer 
R,, which actually consists of a coarse and 
a fine adjustment. This adjustment is 
used to bring helium ions through the 
collector slit. 


AIEE Transactions 


250 
ACCELERATING VOLTAGE 


290 330 


AMPLIFIER OUTPUT— MILLIAMPERES 


=i 
a 
c 
= 
9 
_ 
= 


Typical helium spectrum from 
leak detector 


Ion Current Measurement. Attain- 
ment of maximum over-all sensitivity im- 
plies the use of the most sensitive avail- 
able method of ion current detection; 
but the detector must also meet the im- 
portant requirements of ruggedness, sim- 
plicity of operation, and portability. 
A d-c amplifier with 100-per-cent feedback 
meets these requirements satisfactorily, 
although it is somewhat less sensitive than 
certain other methods, such as an elec- 
trometer tube and sensitive galvanome- 
ter. The amplifier, when used with an 
input impedance of 10!! ohms and an out- 
put instrument rated 30 millivolts full 
scale, is capable of measuring ion currents 
of the order of 10~!4 ampere. 

The amplifier consists of an acorn tube 
connected as a space-charge tetrode fol- 
lowed by two stages of voltage gain and a 
cathode follower output tube. The out- 
put appears on an ordinary panel-type 
milliammeter rated one milliampere full 
scale, and having a resistance of 30 ohms. 
The amplifier circuit is shown schemati- 
cally in Figure 14A. Such an amplifier 
possesses the valuable characteristic that 
the output voltage is equal to the input 
voltage, but reversed in sign. This can 
be shown to be the case by consideration 
of Figure 14B. We will define input volt- 
age as the voltage drop across the input 
resistor R,; due to the flow of ion current 
I, where the input resistance is very high 
(of the order of 100,000 megohms) and 
the ion current is very small (less than 
one micromicroampere), so that so far 
as the ion current is concerned the nega- 
tive side of the input resistor is grounded 
through the low impedance millivoltme- 
ter circuit. The output voltage is defined 
as the voltage from B to ground, which is 
equal to the voltage at C minus the output 
battery voltage Hz. The output voltage 
can be balanced to zero when there is no 
jon current flowing by adjusting the 
plate potentiometer in the first stage of 
the amplifier until the voltage at C is 
equal to the battery voltage. 

An ion current J flowing through the 
input resistor will produce an input volt- 
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age V;, and point A will go positive by an 
amount AV which for the moment we 
will assume to be any value not greater 
than V;. By reference to Figure 14A we 
can see that since the last stage is a cath- 
ode follower, the amplifier will behave as 
if it had an odd number of stages, and 
there will be a phase reversal. Therefore 
the voltage at C will decrease by an 
amount AV, where pis the over-all volt- 
age gain of the amplifier, provided by the 
second and third stages. The voltage at 
C changes from the initial value E, to a 
new value (H,;—uAV), and the voltage 
at B, which is controlled by the stiff out- 
put circuit, changes from zero to a new 
value 


Vera AV (13) 


Applying Kirchhoff’s law to the circuit 
from ground to B to A and back to 
ground, we obtain 


—pAV+IR,;— AV=0 
or 


TR;= (1+) AV (14) 


If the gain w is much greater than unity 
this becomes 


IRi=HAV (15) 


But IR; is defined as the input voltage, 
and wAV is the negative output voltage. 
Therefore we write 


Vem — Vie (16) 


It is apparent that AV is very small in 
comparison with the input voltage, which 
means that point A will always remain 
at essentially ground potential, so that 
the apparent input resistance of the am- 
plifier taken from A to ground will be less 
than the actual resistance by the factor 
1/u. The time constant of the input cir- 
cuit is reduced accordingly by the same 
factor, which is an important feature in 
improving the over-all response of the 
leak detector. {It is also evident that the 
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Figure 12. Emission 
regulator 
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output voltage cannot exceed the battery 
voltage Ex, since the voltage at C cannot 
have a negative value. The output in- 
strument therefore is protected against 
excessively large input signals. 


The first stage of the amplifier is 
mounted inside the mass spectrometer 
tube as shown in Figure 8 in order to keep 
the high resistance and the grid connec- 
tions dry to minimize leakage currents, to 
keep the leads as short as possible from 
collector plate to the grid of the first tube, 
and to provide electrostatic shielding for 
the input stage. The remainder of the 
amplifier is mounted in the top part of 
the leak detector control panel, as indi- 
cated in Figure 6. 


Ionization Gauge Tube and Control. 
The pressure in the high vacuum system 
is measured with a standard ionization 
gauge (Distillation Products type VG1-A) 
and an electronic control circuit. The 
gauge tube consists of a hairpin fila- 
ment surrounded by a grid which is 
wound in a double helix with wide turn 
spacing, and a plate or collector consist- 
ing of a platinized layer on the pyrex 
glass envelope of the tube. Both ends of 
the grid are brought out, so that the grid 
can be outgassed by passing current 
through it. 

Electrons emitted by the incandescent 
filament are accelerated through the grid, 
which operates at positive potential with 
respect to the filament. Since the collec- 
tor is at a negative potential with respect 
to the filament, the electrons will return 
to the grid and be collected. Some of the 
electrons will collide with gas molecules, 
causing ionization in the space between 
the grid and the collector. The ions are 


drawn to the collector and discharged. 
With constant emission current and con- 
stant grid potential, the ion current is a 
linear function of pressure for any gas, 
although the calibration will vary some- 
what for different gases. 
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The ion gauge control is an a-c operated 
unit which performs four functions: 


1. Voltage supply for ionization gauge 
tube. 


2. Emission regulation and emission cur- 
rent measurement. 


3. Jon current measurement. 


4. Vacuum relay to operate if the pressure 
in system exceeds a predetermined value. 


The direct voltage supply is a conven- 
tional full-wave rectifier, with an output 
of several milliamperes at 400 volts. 

The emission regulator circuit is essen- 
tially the same as shown in Figure 12. 

The ion current is measured with a 
simple vacuum tube microammeter cir- 
cuit shown in Figure 15. A full-scale de- 
flection on the highest sensitivity corre- 
sponds to one-half-microampere input. 

The vacuum relay circuit is also shown 
schematically in Figure 14. The relay is 
used to turn off the ion gauge and spec- 
trometer tube filaments in the event that 
the pressure accidentally rises above a safe 
operating point. Since samples are con- 
tinually connected to and removed from 
the leak detector in normal operation, it 
is inevitable that the wrong valve will 
eventually be left open. This relay has 
saved many filaments. 


Pumping System. The vacuum in 
the leak detector is maintained by an oil 
diffusion pump with a cylindrical dry ice 
trap. The speed of this combination is 
about 30 liters per second. The diffusion 
pump requires about 3 cubic centimeters 
per second of tap water for cooling. By 
means of a thermal switch the diffusion 
pump heater is shut off if the flow of cool- 
ing water is not sufficient. Normal heater 
operation requires about 350 watts from 
a 110-volt power line. The fore vacuum 
is obtained with a small mechanical 
vacuum pump. 


CHARACTERISTICS OF THE LEAK DETECTOR 


The leak detector is characterized by 
compactness and ruggedness, simplicity 
of operation, high sensitivity, and adapt- 
ability. It possesses the unique feature 
of selectivity, that is, it can detect a small 
leak in the presence of a large leak, or it 
can detect a leak in the presence of thou- 
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sands of other leaks of the same size. It is 
therefore a very useful method for testing 
very large vacuum systems which may 
have a multitude of leaks. 

The sensitivity of the leak detector is 
such that it will detect the helium in 
normal air (1 part helium in 200,000 parts 
air). Under these conditions the partial 
pressure of helium in the leak detector is 
only 5X1071! millimeter Hg measured at 
the ion gauge tube. The quantity of he- 
lium flowing through the spectrometer 
tube is about 1.5X10~° liter-millimeter 
per second, which is roughly equivalent 
to a flow of 1 cubic centimeter in 16 years 
at standard temperature and pressure. 

Since the response of the leak detector 
depends only upon the presence of he- 
lium in sufficient quantities, and not upon 
the purging of the system by the probe 
gas, the response of the instrument when 
used on small systems is almost instan- 
taneous for practical purposes. The sig- 
nal will disappear as fast as the helium is 
pumped from the system, which is usu- 
ally a matter of a few seconds but de- 
pends upon the size and pumping charac- 
teristics of the sample system. Test 
methods will be discussed in the following 
section on applications. 


APPLICATIONS OF THE Mass 
SPECTROMETER LEAK DETECTOR 


The full degree of flexibility of the mass 
spectrometer as a leak detector cannot be 
visualized without consideration of its 
applications. Its advantages are more 
apparent when compared with the limited 
applications of the other commonly used 
methods of leak testing. To aid in this 
comparison, a brief discussion of some of 
these methods and their limitations is pre- 
sented. 


Other Methods of Leak Testing. A 
rather crude method of leak testing which 
is often used is that of building up the 
internal pressure of the test system and 


searching for escaping gas. The escaping . 


gas is usually detected by immersing the 
test system in water and observing the 
bubbles as the gas escapes. This observa- 
tion is sometimes made more sensitive by 
adding chemicals to the water to reduce 
the surface tension. 
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Figure 14. D-c amplifier 


If certain gases are used to pressurize 
the system, the escaping gases may be 
observed by noting a change in color of a 
gas flame used as a probe. This method 
is restricted to large leaks in systems 
which can withstand internal pressures 
of several atmospheres. 

Several methods of leak testing are in 
use which depend upon the detection of 
gases leaking into an evacuated system. 
The means of detecting these leaks are as 
varied as the properties of gases them- 
selves. Mention need be made of only the 
few which have been found most useful. 

One method of detecting such leaks 
makes use of the color of the glow dis- 
charge of different gases. If the system 
under evacuation has an air leak, a glow 
discharge induced by a high-frequency 
high-voltage supply will have the char- 
acteristic pink color which indicates the 
presence of nitrogen in the system. The 
leak may be found by observing the 
change in color of the discharge as the 
leak is covered by a gas or liquid which 
has a glow of different color. Examples 
are the grayish glow of oxygen and the 
blue glow of ether. This method is ap- 
plicable primarily to glass systems in 
which the glow discharge can be easily 
initiated and observed. It is limited to 
pressures that will maintain a glow dis- 
charge, and therefore cannot be applied to 
leakslargeenough to give pressures greater 
than a few millimeters of mercury or to 
leaks in a system where the pressure is 
lower than a few microns. If multiple 
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leaks exist the discharge is masked by 
air leakage and the sensitivity is de- 
creased. Due to its low sensitivity, the 
glow discharge method cannot be applied 
to the location of small leaks. However, 
indications that small leaks exist may be 
obtained by the following procedure. The 
system is evacuated to a good vacuum, 
in which the glow discharge cannot be 
initiated, and then sealed off. If a 
later check shows a pink discharge, an 
air leak is assumed to exist. This may be 
used to indicate very small leaks, but 
often requires storage of the evacuated 
system for several weeks. Also, observed 
results sometimes are difficult to interpret. 


A leak in a system under evacuation 
sometimes may be located by covering 
the leak with water or other liquid hav- 
ing a vapor pressure of less than one at- 
mosphere and observing the pressure drop 
in the system. This method is limited by 
the accuracy with which a small pressure 
change can be detected and does not ap- 
ply at all to small leaks. Indicated re- 
sults are often doubtful or misleading. 


If the system being evacuated has a 
pressure greater than 0.1 micron, the 
heat conductivity of the gas is sufficient 
to produce a detectable cooling of a heated 
filament. Since the heat conductivities 
of hydrogen and helium are about six 
times that of air, large leaks may be 
found by observing the change in resist- 
ance of a heated filament when one of 
these gases is used for probing. In addi- 
tion to being limited to large leaks and 
certain pressure conditions, this method 
requires differentiating between heat con- 
ductivity changes due to the probing gas 
and heat conductivity changes due to 
changes in pressure. 


The temperature-limited emission from 
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a tungsten filament depends upon the 
condition of the surface of the tungsten. 
In a good vacuum, a small increase in the 
concentration of oxygen will produce an 
observable decrease in this emission. 
Therefore, leaks may be found by observ- 
ing the decrease in emission from a con- 
stant temperature filament while using 
oxygen as a probing gas.* Under favor- 
able conditions this method of leak test- 
ing is very sensitive. For this reason it 
has found wide application to laboratory 
vacuum systems. Its disadvantages are 
that an extremely good vacuum is re- 
quired, the filament must be initially 
clean, and the quantity of oxygen and 
water vapor evolved from the walls of the 
vacuum system must be very small. 
Although this method of leak testing has 
high sensitivity, it is not as sensitive as 
the mass spectrometer method. 

Another method often used is that of 
making repeated checks on the rate of 
pressure rise in a sealed-off system after 
successively painting small areas with 
compounds which will plug the leaks. 
This method is time consuming and the 
results are not conclusive. 


Mass Spectrometer Leak Detector. The 
characteristics of the mass spectrometer 
as a leak detector already have been dis- 
cussed. The absence of the limitations of 
the other methods make it applicable to 
many new fields of leak testing. In fields 
where other methods have been used, it 
provides an easier, faster, and more reli- 
able means of leak testing. 


Leak Test Vacuum Systems. The use 
of the mass spectrometer leak detector 
requires a vacuum manifold and an auxil- 
iary pumping system. The design of the 
vacuum manifold and pumping system 
is determined by the leak test require- 
ments. Some of the factors which influ- 
ence the design are 


1. Size and shape of test objects. 

2. Number of objects to be tested. 

3. Expected evolution of gas from the test 
objects. 

4. Sensitivity required. 

5. Time allotted to leak testing. 


Several general types which meet the 
majority of applications will be discussed. 

Figure 16 is a block diagram showing 
the simplest form of leak test manifold. 
In using a manifold of this type, the pro- 
cedure is to first evacuate the test objects 
by opening the exhaust valve and the iso- 
lating valves. In well-designed mani- 
folds of moderate size, this rough evacua- 
tion takes less than 30 seconds. The 
throttle valve is then opened as far as 
possible without exceeding the permissible 
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pressure in the spectrometer tube, and 
the system is ready for leak testing. 
Since the response to a leak is proportional 
to the rate at which helium passes through 
the spectrometer tube, the greatest sensi- 
tivity is obtained by opening the throttle 
valve and closing the exhaust valve to 
maintain the maximum permissible pres- 
sure in the spectrometer tube. The ulti- 
mate sensitivity is obtained when the 
throttle valve is wide open and the ex- 
haust valve is closed entirely. All of the 
gas from the test manifold and test ob- 
jects then passes through the spectrom- 
eter tube. 

The two obstacles to obtaining this ul- 
timate sensitivity are large leaks and the 
evolution of gas from the walls of the test 
objects and test manifold. In the first 
case, the ultimate sensitivity is not re- 
quired and the leaky test objects can be 
located and removed from the system by 
closing their isolating valves. In the 
second case, a liquid air or dry ice trap in 
the line between the test manifold and 
the spectrometer tube will collect the 
condensable gases, but not helium, and 
thus allow a larger portion of the helium 
to be passed through the spectrometer 
tube. The amount of gas evolved is re- 
duced by using a smaller test manifold. 
With a small manifold the ultimate sen- 
sitivity can be obtained without the cold 
trap mentioned above. This type of 
manifold is thus seen to be particularly 
applicable to high sensitivity require- 
ments on vacuum systems where the 
amount of evolved gas is not great. 

In applications where the maximum 
sensitivity is not required, but the time 
allotted to leak testing is short, a larger 
manifold having a more elaborate pump- 
ing system is better adapted. A system 
to meet these requirements is shown in 
Figure 17. This system is really two 
manifolds served by a single set of pumps 
and a single leak detector. The method 
of operation is quite similar to that of the 
simple manifold. Assume that initially 
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Figure 16. Simple leak test manifold 
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both roughing valves, both exhaust 
valves and the throttle valve are closed. 
Test objects are placed on manifold 
number 1 and evacuated to a rough 
vacuum by opening the isolating valves 
and the number 1 roughing valve. When 
the pressure in the manifold is reduced to 
a few microns, roughing valve number 1 
is closed and exhaust valve number 1 is 
opened. The throttle valve then is ad- 
justed to give the maximum allowable 
pressure in the spectrometer tube and 
manifold number 1 is ready for leak 
testing. While leak testing continues on 
manifold number 1, test objects are 
placed on manifold number 2 and evacu- 
ated to a rough vacuum by opening the 
isolating valves and the number 2 rough- 
ing valve. Thus the rate of leak testing 
can be more than double that obtained 
with only one of the manifolds. 
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On systems of the type just described, 
the manifolds usually are made large so 
that a large number of test objects can be 
accommodated. With these larger mani- 
folds it is advantageous to use a diffusion 
pump to increase the speed of response to 
a leak. If the leak detector is connected 
between the manifold and the diffusion 
pump, the pressure in the manifold may 
be low enough to prevent passing the 
maximum allowable amount of gas 
through the leak detector. Therefore the 
leak detector usually is connected between 
the diffusion pump and the fore pump, 
where the pressure is higher and the gas 
composition is very little different from 
that in the manifold. The pumps should 
be chosen so that it will not be necessary 
to adjust the fore pump valve to obtain 
the maximum allowable flow of gas 
through the leak detector. A liquid air or 
dry ice trap in the line connecting the leak 
detector to the manifold system will col- 
lect the condensable gases. Since helium 
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will not be condensed, the gases passing 
into the leak detector will contain a 
greater proportion of helium and the sys- 
tem will have greater sensitivity. 

The vacuum system for the leak test- 
ing of large tanks, climatized chambers, 
and so forth, does not differ greatly from 
those shown in Figures 16 and 17 if the 
manifolds are replaced by the tank to be 
tested. The time of response to a leak 
increases with increase in volume and de- 
creases with increase in speed of the 
pumping system. For this reason, it is 
desirable to use high speed vacuum pumps 
when testing large systems. In designing 
the pumping system for these applica- 
tions, proper consideration should be 
given to the number of objects to be 
tested. 

A method of leak testing which is well 
adapted to certain production line manu- 
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facture, requires the evacuation of the 
test objects to a rough vacuum and seal- 
ing them off. The evacuated test objects 
are passed into a chamber containing a 
high concentration of helium and left 
there for a specified time. They then are 
removed and each one checked on the 
leak detector to determine if helium has 
leaked into its vacuum. The sensitivity 
of this method increases with the length 
of time the test objects are left in the he- 
lium chamber. After leaky test objects 
have been found by this method, the 
leaks can be located accurately by prob- 
ing with a helium jet. This method may 
be extended to locating test objects with 
very minute leaks, if they are left in the 
helium chamber for a long time. How- 
ever, the point of leakage cannot be lo- 
cated by probing if the leakage rate is 
less than 2X10~° cubic centimeter of 
air per second (measured at 0 degrees 
centigrade and 760 millimeters pressure). 

Other methods of using the leak de- 


tector for leak testing have been tried and 
still others are possible, but their applica- 
tions seem too limited to merit descrip- 
tion at present. 


Analogy of Vacuum Systems to Electric 
Network. In the design of vacuum 
manifolds for leak testing, two considera- 
tions are predominant. The response toa 
leak should be fast and the percentage of 
helium from the leak passing through the 
leak detector should be high. These 
two considerations are not always inde- 
pendent and a compromise based on the 
particular application must be made. In 
the analysis of the vacuum system and its 
effect upon leak testing, it is often advan- 
tageous to think of the vacuum system in 
terms of its electric network analogue. 
A list of corresponding terms is given. 


= — 


Electrical Entity Vacuum Equivalent 


Voltage, V (volts) .«.... Pressure, P (microns) 
Quantity of electricity,....Quantity of gas, PV 
Q (coulombs) (micron-liters) 


Current, J=dQ/dt .-Rate of gas flow, Q= 
(amperes) d(P V)/dé? (micron- 
liters per second) 
Conductance, G(mhos) .....Conductance, F, S 
(liters per second) 
Capacitance, C (farads) ..... Volume, V (liters) 
Inductance, Z (henrys) ..... Inertia of gas (neg- 


ligible in vacuum) 


In using this analogy there are several 
things which should be noted. First, the 
symbols generally used may occur in both 
systems of units, but do not necessarily 
represent corresponding entities. Second, 
in vacuum terminology, speed and con- 
ductance are not separate entities and are 
often used interchangeably. However, 
speed generally is used to denote the 
conductance of a pump or the net con- 
ductance of a pump and connected sys- 
tem. For example, a pump of speed 5S, 
connected through a pipe of conductance 
F, hasa resultant speed of Sp given by 
eee a! 
Se Ser 
Third, the vacuum conductances cannot 
be considered as being independent of 
pressure except at very low pressures. 
They are different for different gases and 
except at very low pressures depend upon 
the mixture of gases in the system. They 
also vary with temperature. Methods 
of calculating the conductances of pipes, 
orifices, and other components of the 
vacuum system are given in a number of 
books treating the subject of vacuum and 
the kinetic theory of gases.45 The speed- 
pressure characteristics of pumps can be 
obtained from the pump manufacturers. 

In calculating the speed of response of 
a leak test manifold, the pressure and 
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temperature may be considered as con- 
stant during the leak testing. The con- 
ductances may be calculated for the pres- 
sure and temperature considered and 
treated as constants. Since the leak de- 
tector signal is proportional to the partial 
pressure of helium in the manifold, the 
rate at which the helium pressure builds 
up and decays may be taken as the speed 
of response of the manifold. Consider the 
simple system shown in Figure 18A, con- 
sisting of a pump of speed S liters per 
second connected to a volume of V liters 
in which the pressure P microns, remains 
uniform. Assume that this system has a 
constant leak of Q micron liters per sec- 
ond. The electrical analogue is shown in 
Figure 18B. It isa capacitor of C farads 
with a discharge resistor of R ohms and a 
constant charging current of J amperes. 
Applying the charging current when the 
voltage is zero, the voltage build-up is 
given by 


1 
vari(1-«"7') 


When the charging current is removed 
from the fully charged capacitor the volt- 
age decay is given by 

— t 
V=IRe 
In the vacuum system the application of 
the helium jet to the leak and its removal 
give the corresponding equations 


Que sich ‘ 
H 5 € 
and 
Sal 
re oe =e 


where Py. and Ox, refer, respectively, to 
the partial pressure and rate of leakage of 
helium. When considering long pipes in 
vacuum systems, the pressure is not uni- 
form throughout the length of the pipe. 
The electrical analogue is a d-c transmis- 
sion line with distributed resistance and 
capacitance. 


FIELps oF LEAK DETECTOR APPLICATION 


It is impossible at this time to compile 
a comprehensive list of the different fields 
in which the leak detector will be applic- 
able. However, a list of those fields in 
which its application has been studied 
will serve to show the scope. 


Vacuum tubes 
Power rectifiers 
Hermetically sealed 
instruments 
Vacuum pumps 


Vacuum valves 

Vacuum bellows 

Vacuum seals 

Vacuum chambers of 
all sizes 
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Pressure containers 
Refrigerators systems 

Pressure gauges Cyclotrons 

Pressure instruments High voltage ac- 
Vacuum instruments celerating tubes 
Vacuum welds 


Laboratory vacuum 


The leak detector may be used to reject 
defective parts or it may be used to ac- 
curately locate leaks so that parts may be 
repaired. It finds additional application 
as an aid in selecting production methods 
and in locating faulty processes. These 
applications are well illustrated by an ac- 
tual example. 

In the manufacture of a large power 
tube, rejections due to leaks were exces- 
sive. Investigation by older methods of 
leak testing were slow and results were 
inconclusive. The application of the 
leak detector provided a fast and reliable 
method of investigation. Practically all 
of the leaks were found to occur in one of 
the small subassembly parts. Pre-leak 
testing of this subassembly was initiated 
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Figure 18A. Simple vacuum system 


and rejections were made on the relatively 
inexpensive subassembly instead of on 
the completed tube. Accurate locating 
of leaks in the subassembly led to im- 
proved methods in its manufacture so 
that very few rejections occurred. The 
over-all result was increased production, 
lower manufacturing cost, and improved 
quality of the product. 


SPECIAL LEAK TESTING CONSIDERATIONS 


On large manifold systems where rapid 
testing of a large number of objects is 
required, it has been found that testing 
time can be reduced by the use of a testing 
hood to surround the entire test object 
with an atmosphere of helium. This elimi- 
nates probing time and gives a response 
proportional to the total leakage if sev- 
eral leaks exist. The possibility of miss- 
ing leaks by careless probing is also re- 
moved. After locating leaky test objects 
the hood may be removed and the leaks 
located accurately by probing with a small 
jet of helium. A valuable adjunct to the 
testing hood is a thermal conductivity 
gauge calibrated to read directly the con- 
centration of helium in the hood. 


Worcester, Doughty—High Vacuum Leak Testing 


For most probe testing, probes made 
from 4-inch metal capillary tube of 5- to 
20-mil diameter with one pound pressure 
of helium have been satisfactory. How- 
ever, when testing in confined spaces 
where the helium cannot readily diffuse 
away, the helium concentration may be- 
come sufficient to give a reading when the 
probe is some distance away from the 
leak. In this case a special probe may 
be made which will withdraw the excess 
of helium. Spurious signals may some- 
times be caused by air currents carrying 
helium from the probe to a large leak some 
distance away. These are recognized 
easily by their erratic nature and may be 
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Figure 18B. Equivalent electric circuit 


eliminated by locating the leak causing 
the trouble and isolating it from the 
system. 

Very small leaks are sometimes tem- 
porarily plugged by dust particles or wa- 
ter vapor and may escape detection at 
the time of leak testing. Heating seems 
to be the most effective way of reopening 
these leaks. 

Results obtained by the leak detector 
are repetitive and the leak detector can 
be used to measure rate of leakage by 
comparison with a calibrated leak. Also, 
the sensitivity of a particular leak test 
system may be obtained by observing the 
magnitude of the signal from a calibrated 
leak attached to the system. 

Other applications of leak detectors are 
indicated in which helium may be used 
as a tracer gas. These would include in- 
vestigation of flow in ventilating systems, 
velocity and distribution of flow in pip- 
ing systems, turbulence, and other similar 
problems. 
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Current and Torque of D-C Machines 
on Short Circuit 


T. M. LINVILLE 


MEMBER AIEE 


Synopsis: This paper presents formulas, 
in terms of easily evaluated coefficients, for 
the armature current, field current, and 
torque of d-c machines on short circuit. 
The method of the paper makes it un- 
necessary to calculate the mutual inductance 
between the armature and field windings. 
Heretofore, this mutual inductance (be- 
tween the two windings which normally are 
in quadrature with each other) has made it 
exceedingly difficult to calculate current 
and torque on short circuit. Under short- 
circuit conditions, the armature and field 
windings are not, in effect, in quadrature 
with one another and are mutually inductive 
partly because of saturation of the flux 
path at one side of the poles and partly 
because of commutation phenomena, These 
circumstances create difficulties uniquely 
overcome in the paper. A basic feature of 
the paper is the expression for the relation 
between flux, armature amperes, and field 
amperes. Calculations cannot be made 
without establishing this relationship 
(plotted for a specific case in Figure 9) 
and a simple expression for it has not been 
presented before to the author’s knowledge. 
Another important feature, also believed to 
be new, is the development of an expression 
for the resistance to current flow created 
by the reactance voltage of the alternating 
current in the armature winding. A third 
feature is a formula for estimating the time 
constant of the armature circuit using an 
average coefficient of inductance. The re- 
sults are applied to several machines and 
the calculated performance compared with 
test data. In most cases, particularly with 
large machines having bar windings, ap- 
proximate calculations can be made without 
need of manufacturer’s data. 


ROTECTION must be provided for 

' d-c machines and d-c distribution cir- 
cuits against the large currents which flow 
on short circuit. Otherwise, machines, 
switchgear, instruments, and bus struc- 
tures will be damaged by overheating, 
flashing, and burning. When machines 
are connected in parallel toa common bus, 
as in the case of continuous rolling mills or 
shipboard distribution circuits, the elec- 
tromagnetic forces between current-carry- 
ing parts of the equipment may be aston- 
ishingly large. Also, it has happened that 
the sudden high torque of the machines 
has twisted shaft keys breaking coupling 
hubs. In applying circuit breakers, it has 
been necessary to calculate the current 
and voltage at the time of interruption 
for various types of breakers of different 
operating speeds. It has been equally 
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important to build all machines strongly 
enough to withstand mechanical stresses 
and, therefore, to calculate maximum 
torque and forces on the windings and 
their supports at maximum current. 
These calculations have been uncertain 
and stresses assumed beyond those which 
actually exist, in spite of the fact that 
size, weight, and cost are sometimes de- 
termining factors in the selection of ma- 
chinery and its successful application. 
It is helpful to recognize that at the 
moment when the current reaches its 
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Figure 1. Currents on short circuit of d-c 
generator 


Type MCF, 8 poles, 1,500 kw, 514 rpm, 
1,500 volts 
ig = 3.3 +9.Qe7}-5!— 19 Se 2088 
ip=1+(3.3—0.7QXe7-1-8! — €- 7084) 
p=0.17, nr=0.15, R=0.040, 
Ki =6.4, Ky =0.2, bo=1 
Armature axis shift =11/,b 


maximum the internal voltage of the 
average d-c machine is a high fraction of 
the voltage before short circuit. As there 
is no large immediate collapse of intérnal 
flux and voltage, the maximum current is 
determined chiefly by the resistance of 
the windings and by the a-c reactance 
voltage in the armature winding which 
causes an equivalent large d-c brush con- 
tact voltage. It is the purpose of this 
paper to emphasize and establish these 
phenomena, and to develop formulas for 
calculating the current and torque. 

The calculation of peak current is given 
particular attention because the sus- 
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tained current is not reached until induced 
current in the exciting winding has died 
out. Exciting windings of d-c machines 
are notoriously slow, and the induced field 
current takes more time to disappear than 
is needed for operating even slow acting 
breakers. Moreover, large machines will 
flash over if the current is not interrupted 
quickly, and damage will be done to cir- 
cuits, apparatus, and instruments. 
Therefore, circuit breakers are used 
nearly always in the armature circuit, 
capable of opening peak short-circuit 
current. Consequently, the sustained 
current is not often of practical impor- 
tance. However, for completeness, cal- 
culation of the sustained current is in- 
cluded in the paper. 

The results of the paper and general 
experience show that the maximum cur- 
rent on ‘‘dead” short circuit is 7 to 15 
times rated current and maximum torque 
5 to 12 times normal torque. In general, 
the higher values are encountered with 
600- to 1,500-volt machines, and the 
lower values with 125- and 250-volt ma- 
chines. Slow speed machines generally 
give lower values than high speed ma- 
chines. Machines with pole face wind- 
ings have higher values than those with- 
out. Also, values are higher if the shape 
of the armature is a cylinder of short 
length rather than long. 

That the current is not much higher is 
surprising in view of the high internal 
electromotive force immediately after 
short circuit and the low normal resist- 
ance of the windings. Ordinarily, rated 
voltage divided by the normal resistance 
gives 25 to 50 times rated current. This 
indicates the importance of the reactance 
voltage produced by the alternating cur- 
rent in the armature winding, in limiting 
the current, a major feature treated in 
the paper. 

Evidence that the electromotive force 
does not collapse immediately is obtained 
from observations of the behavior of the 
field current on many short-circuit tests. 
Many of these have been made over the 
years in connection with tests of circuit 
breakers using d-c machines for power. 
Usually the field current rises to not more 
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Figure 2. Effect of brush arcing (shifting axis 
of armature magnetomotive force) on armature 
and field currents 


Type MCF, 8 poles, 1,500 kw, 514 rpm, 
1,500 volts 


than three times its value before short 
circuit. Also, it is well known that except 
for small or special machines the leakage 
flux linkages of the exciting winding, pro- 
ducing no electromotive force in the arma- 
ture, are a small part (15 per cent or 
less) of those producing electromotive 
force. Therefore, to illustrate the evi- 
dence with numbers, the total linkages 
before short circuit may be taken as 115 
per cent. Then, assuming the field cur- 
rent rises to three times the initial value 
after short circuit, the leakage flux inter- 
linkages increase correspondingly to 45 
per cent, and the flux which produces 
electromotive force, according to the con- 
stant flux linkage theorem, is 115 per cent 
minus 45 per cent, or 70 percent. Thus 
the electromotive force after short circuit 
is 70 per cent of the initial electromotive 
force, until the unsupported field current 
decays. This decay occurs after the maxi- 
mum current has been reached. In fact, 
the field and line currents rise to a maxi- 
mum at the same instant. 


This may make it appear to the prac- 
tical minded person that all one needs to 
do to calculate the maximum current is 
to take 70 per cent of the rated voltage 
and divide by the resistance of the wind- 
ings. For a rough approximation, the 
calculation is as simple as this provided 
one allows for the a-c reactance voltage 
in the armature. Then the maximum 
torque may be estimated in per cent of 
rated torque simply by taking the maxi- 
mum current in per cent of rated current 
and taking 70 per cent of it. 

G. E. Frost recently presented a paper! 
in which it was shown that the armature 
and excitation circuits are coupled to- 
gether magnetically with a coefficient of 
mutual inductance M@. In normal opera- 
tion the armature magnetomotive force 
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and flux are in the cross or quadrature 
(interpole) axis with respect to the excita- 
tion (field) magnetomotive force and 
flux in the direct or field pole axis. 
Therefore, the armature and excitation 
circuits ordinarily are not coupled if there 
is no compound winding. M becomes a 
real quantity only when the armature 
magnetomotive force becomes large with 
overload current, causing saturation of 
the armature teeth at one side of the 
main pole with an appreciable shift in the 
effective position of the main pole axis of 
the machine. Furthermore, when the com- 
mutating poles become saturated and 
their flux is no longer sufficient to hold 
the current collection from the commuta- 
tor central under the brushes, the axis of 
armature magnetomotive force shifts to 
reduce its angle with the effective main 
pole axis still more. The factors which 
Frost used account for these phenomena, 
but it is difficult to evaluate them numeri- 
cally by calculation or to measure them 
by test. The present paper builds on 
this essential basic theory. In doing so, 
machines with and without pole face 
windings are kept in mind, making 
the method applicable to all types. 
Pole face windings hold the armature and 
field circuits in a more nearly true quad- 
rature relationship, making it difficult to 
account for test results by the theory of 
mutual coupling between these circuits. 
The viewpoint from machines with pole 
face windings leads directly to recognition 
of the major factors which determine the 
maximum (peak) current. 


Assumptions 


1. There are no shunts across pole face or 
commutating pole windings. 
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Figure 3. Distribution of current in brush 
face of d-c generator 


Type MCF, 8 poles, 1,500 kw, 514 rpm, 
1,500 volts 
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Figure 4. Currents and torque on short circuit 
of d-c generator 


Type MCF, 6 poles, 750 kw, 600 rpm, 


1,500 volts 
p=0.215, np=0.15, R=0.033 
K,=6.5, Ky=0.94, by =1 
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2. Saturation other than in armature teeth 
and pole face teeth is neglected. 


3. Leakage flux interlinkages of the field 
winding are proportional to field amperes. 
4. Center of current flowing between 
brushes and commutator is at lee edge of the 
brushes. However, provision is made for 
modification of this assumption in excep- 
tional cases. 


5. Speed of the machine is maintained. 
Per-Unit Quantities 


Per-unit quantities, used throughout 
the paper, have the following base or unit 
values: 


V=unit voltage=rated voltage 

Z,, =unit armature amperes = maximum con- 
tinuous rated amperes 

Ij, =unit field amperes=field amperes for 
rated voltage at rated base speed, no 
load 

Myp=unit magnetomotive force ampere 
turns = field magnetomotive force at 
unit field amperes 

gi=unit flux=field flux corresponding to 
unit field amperes (excluding field 
leakage flux) 


Formulas for Current and Torque 


Complete formulas for armature cur- 
rent, field current, and torque, each as a 
function of time, are derived in Appendix 
I. The method used consists of the fol- 
lowing steps: 

1. Develop the general equation for the 


relation between exciting flux, armature 
amperes, and field amperes (equation 23). 
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Figure 5. Currents on short circuit of d-c 
generator 


Type MPC, 6 poles, 300 kw, 1,200 rpm, 
120/240 volts 
p=0.186, R =0.070, ny=0.107 
K,=2.06, Kp=0.214, $)=1 
Line and circuit breaker inductance =0.26 per 
unit 


2. Equate the field linkages immediately 
after short circuit (at the instant of peak 
current) to those immediately before short 
circuit in accordance with the constant 
linkage theorem (equation 27). 


3. Write the equation summing the volt- 
ages in the armature circuit (equation 28). 


4. Solve the equations simultaneously for 
the currents. 


5. Combine the currents with their respec- 
tive decrement factors governing their rise 
and decay. These decrement factors are 
the reciprocals of the time constants for 
the armature and field circuits derived in 
Appendix II. 


The results follow. 
For armature current: 


ig =Iq— Ta! €~ + (Ia! — Ia) (1) 


For field current: 
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(When there is no pole face winding, p, 
= Pa and Mn = 0) 
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When E, is not known, it may be esti- 
mated at rated load (expressed in kilo- 
watts) and rated speed by 
od C, Xkilowatts 

dq 


Definitions of symbols are given in Ap- 


Er (14) 


pendix VI. All of the foregoing quan- 
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tities are per unit. The decrement fac- 
tors o, and oy are the reciprocals of the 
time constants T, and Ty, respectively, 
where 
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maxwells, and volts, respectively. With 
heavy armature current, the normal 
time constants are reduced because of 
additional saturation. For this condition 
the ‘‘saturated”’ time constants are 
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Tys (18) 
When short circuit occurs at full voltage 
only the ‘‘saturated” time constants Fes 
and T;, are considered effective. When 
short circuit occurs at less voltage, the 
rise of current is governed by the normal 
time constants at first and later by the 
“saturated” time constants. In such 
cases the current-time curves are plotted 
for both sets of time constants. Then a 
judicious transition is drawn in from one 
to the other. For general calculations, 
only the ‘‘saturated” constants should be 
used, 


Comparison of 
Calculated and Test Results 


Calculated results are presented for 
comparison with test oscillograms for 
three machines on which short-circuit 
tests have been made. In making the 
tests, the machines are protected with cir- 
cuit breakers interrupting the current 
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almost as quickly as the peak is reached. 

In Figure 1 comparison is made be- 
tween calculated and test results for a 
1,500-kw 1,500 volt railway generator. 
Both the field and armature currents are 
shown. The calculations are made con- 
sidering arcing at the brush edges such 
that the equivalent brush position is 11/4 
brush widths from the quadrature axis. 
The machine is equipped with flash bar- 
riers whose location determines this allow- 
ance. Figure 2 is plotted to show the 
effect of shifting the armature magneto- 
motive force, and shows that if arcing is 
neglected the short-circuit peak current 
is 36 per cent higher, and the field current 
26 per cent lower. It is obvious from 
Figure 3 that severe arcing will occur. 
There is little commutating pole flux at 
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the moment of peak current. Therefore, 
the current in the brush face shifts dras- 
tically to the lee edge and causes the brush 
contact voltage to reach roughly 29 volts 
to accomplish commutation at rated load. 
Under heavy overload current, there is 
more than sufficient voltage for severe 
arcing, 

In spite of these circumstances, the cal- 
culations are made for other machines 
taking the brushes to be centered on the 
quadrature axis with the center of current 
at the lee brush edge. This is the general 
condition similar to the distribution 
shown by Figure 3. Practical calcula- 
tions can be made on this basis with good 
results, as Figures 4 and 5 show. Ma- 
chines, in general, do not have the high 
voltage and high armature reactance pe- 
culiar to the machines of F igure 1. 

Figure 4 is for another railway gener- 
ator, 750-kw 1,500-volt, having brushes 
26 per cent narrower than for the ma- 
chine of Figure 1 and about 51 per cent 
less armature reactance voltage at rated 
load (without commutating pole flux). 
The calculated results show no large 
error in this case. The test oscillogram 
shows about 16 times normal current 
which is high for d-c machines in general 
and is caused chiefly by the 150-per-cent 
2-hour load rating and 300-per-cent 
temporary load rating, for which the ma- 
chine is designed. Hence unit current 
for the machine is an underrating relative 
to machines in general. 

Both of these machines have pole face 
windings unlike the machine of. Figure 5, 
which has interpole windings only. The 
latter machine is rated 300 kw, 250 volts, 
and shows slightly less than nine times 
rated current for the maximum. The 
machine has a series winding of one turn 
per pole which is taken into account in 


the calculation of field current. On this 
test the circuit breaker and cables have 
inductance of 0.26 per unit and resistance 
of 0.009 per unit (measured). These 
factors are included in the calculations. 

In the calculations for Figures 1 and 4, 
the per-unit inductance of the machines 
is taken as 0.15 and for Figure 5 as 0.60 
(see Table I). Winding resistances are 
measured values corrected to 75 degrees 
centigrade. Comparison of calculations 
and tests show good agreement of time 
constants. 

These results, and calculations for 
other large motors and generators, show 
maximum currents from approximately 
7 to 11 times rated current for machines 
with interpole windings only, and up to 
14 for normally rated machines with both 
interpole and pole face windings. Such 
currents are most unlikely to occur in 
service, as faults without arcing or of 
zero resistance are rare. Maximum ma- 
chine torque, in general, is less than 12 
times rated torque (shown calculated and 
plotted for example in Figure 4). This is 
not difficult to take care of with safe 
margins in constructing machines. The 
weakest part is usually the coupling hub 
and key. 


Discussion of Results 


FAULT RESISTANCE 


The formulas do not include fault re- 
sistance as such. When this exists it is 
included with the winding resistance of 
the machine. The effect of fault induct- 
ance can be allowed for fully by including 
it in the circuit inductance. Arcing faults 
are evaluated by allowing an average arc 
impedance or by calculating the results 
for ‘“‘dead” short circuit and judiciously 
tempering the results. 


Table I. Tests and Calculations to Determine C,, for Large Machines 


es 


= 


Poles Kw Rpm Volts Test* Calculated Equation 1f Cz 
ZOOM iste ee sy Aa eee OL 0062 ae. ONOOG2/ a seann 0.6 
DOO rani s eyes et bre mata OR OO42 arian. OR005S: 9%, sees 0.6 
ZOO teria a sc Sree Ral OOOAS Heine ee Ox0043 cosh ak 0.6 
DOOR oie ZOO NEY sis rae TE eee. lanes O00 20 zac OR0030 Sera 0.6 
Q50 ness red) a Wits Sahat OF 00235 at. OF.0023 i ean: 0.6 
D5 OR Etre. medi | ree OXOOTSS Hc... OR0OTS yerscie 0.6 
DBO i ente s ete EE cf OSOOLT. co ees are ONOOLO Pirererntas 0.6 
SOM eiaierece et nn ate OFOOUG aie ONOOUB aici 0.6 
2BO Rete as cel aa AChR OROOOS ae OFO0060Re ee. 0.6 
ZOU Gave cacie EE AP eS 020016 Beeeee. ON OOTUG sao aa. 0.6 
200) ee ate —_ ty teen On VOD lil cere 0.00096....... 0.6 
250 fen ONOOC9SSen pe ae ee, OF OOLOZ aan tree 0.6 
GOO sara. OFO007O0)meeae cg ae 0.00086. =... 0; 15¢ 
G00) aecroe « 0.000132... en ar OR000T Asie... 0.15t 
74550 eaten 0);00020° 8s... 0.00020....... OFO0020 Fee. 0.6 


* Test data are the a-c impedance at 25 cycles (checked at 60 cycles) measured between line terminals with 
the resistance of brush and brush contact short-circuited by copper jumpers and normal direct current in 


the shunt field winding. 


£19.1Cz 
E tion]: L=— ———*. 
t+ Equation T @pm)P 


t Machines have pole face windings. 
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SELF-EXCITATION AND COMPOUND 
EXCITATION 


Self-excited machines on “dead” short 
circuit have negligible sustained field 
current and the same formulas applying, 
except that I, and Ij, the sustained cur- 
rents, are zero. 


Compound wound machines give the 
same peak current, exciting flux, and 
torque as the basic separately excited 
machines. However, the peak field cur- 
rent is increased by an increment equal in 
per-unit terms to the ampere turns of the 
compounding winding per pole, divided 
by unit field ampere turns. The sustained 
field current is the same as in the separate 
or self-excited cases, respectively, but the 
sustained flux and armature current are 
different. Although the method can be 
extended to include these conditions, 
special formulas are not presented. Peak 
values are most important and are given 
by formulas 1, 2, and 3 for all types of 
machines except series wound. Occa- 
sionally, the method will need to be ex- 
tended for compound wound machines 
when knowledge of sustained torques is 
necessary to study stresses in shafting, 
assuming that the field circuit instead of 
the armature circuit is interrupted and 
that overload relays are slow in acting or 
time must be allowed for dissipation of 
field energy to prevent excessive voltage. 
In any case, the reliability of the steady 
state results is affected by flashing be- 
tween commutator segments creating 
multiple short-circuit current paths. In 
this connection some observations about 
flashing are important. 


FLASHING 


A distinction is made between flashing 
current and arcing current. Flashing 
current is current flowing to or from the 
brush on the lee side having opposite di- 
rection of flow with respect to the arcing 
current flowing between brush and com- 
mutator on the same side. This is illus- 
trated by Figure 6, making it clear that 
arcing at the lee brush edges cannot be 
carried around by the commutator to 
cause flashing current and actually is 
extinguished by reversal of the bar-to- 
bar voltage as the bars move away from 
the brushes. However, ionization of the 
air allows the armature electromotive 
force to strike new arcs across the com- 
mutator micas resulting in flashing cur- 
rent. Even with “dead” short circuit, 
there is substantial voltage around the 
commutator surface sufficient to cause 
flashing. Between brush arms this volt- 
age is equal to the voltage across the 
commutating pole and pole-face windings 
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plus the brush contact voltage. The lat- 
ter voltage includes voltage equivalent 
to the a-c reactance voltage in the arma- 
ture. The sum of these voltages is a 
substantial part of the voltage existing 
before short circuit. 

These observations make evident the 
value of flash barriers? which sweep the 
ionized gas off the commutator and inter- 
fere with the flash path. They indicate 
that appreciable time is required to ionize 
the air and distribute it sufficiently to 
start flashing. Speaking of time in terms 
of 60 cycles per second, the current may 
rise to its peak in less than one cycle (see 
Figures 1, 4, 5). However, one-half cycle 
at machine frequency is taken for rotation 
of the armature through one pole pitch to 
carry ionized gases to the next brush arm. 
Most large d-c machines have frequencies 
less than 60 cycles so that breakers start- 
ing to interrupt current in one-half cycle 
(based on 60 cycles) should and actually 
do prevent flashover. Such breakers to- 
gether with flash barriers give machines 
maximum protection. 


BrusH ARCING 


Apart from flashing, arcing at the lee 
brush edges continues as the commutator 
bars leave the brush until current rever- 
sal in the respective coils is completed. 
The bar-to-bar voltage supports this arc- 
ing until polarity reverses some distance 
from the brush. This results in a shift of 
the armature magnetomotive force pro- 
ducing a component in the direct axis, 
increasing the field current, and shifting 
more field flux to the leakage paths re- 
ducing the armature electromotive force. 
If the amount of shift can be estimated, 
the effect may be included fully as pro- 
vided for in Appendix I. However, in 
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practice it is recommended that calcula- 
tions be made assuming that the center 
of current flow between brushes and com- 
mutator is effectively at the lee edge of 
the brushes, knowing that arcing will re- 
duce the current as, for example, in Fig- 
ure 2. In general, the calculations will be 
pessimistic but not far wrong, as is shown 
by comparison of results with tests. 
Figure 3 illustrates the concentration of 
current at the lee edge of the brushes 
when there is negligible commutating 
pole flux. In Appendix IV it is shown 
that the effective brush contact resist- 
ance is the same with or without arcing 
so long as the bar-to-bar voltage, if appre- 
ciable, is considered consumed in the arcs. 
On this basis, brush arcing does not affect 
the circuit resistance materially, having 
its chief effect as a result of armature 
magnetomotive force shifted into the di- 
rect axis. Asa basis for judgment in par- 
ticular cases, it is helpful to understand 
the voltage required to support arcing.’ 


TRANSIENT AND STEADY STATE 
RESISTANCES 


The formulas may be expressed in a 
form similar to the well-known formulas 
for synchronous machines*® by letting 
I,/ = 1/ra’ and I, = 1/ra, where rq’ and 
rq are, respectively, transient and steady 
state effective resistances for short cir- 
cuit with unit voltage on the machine. 
These resistances may be compared with 
the reactances xq’ and xg, respectively, 
of synchronous machines; rq’ and rq are 
affected by saturation and commutation 
and are variables. Unlike xq’, rq’ is not 
a definite coefficient widely useful in 
problems of transient voltage stability of 
generators or transient speed stability of 
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WITH POLE FACE WINDING 


QUAD. AXIS FLUX 


—— —— DIRECT AXIS FLUX 


Figure 7 (above). 


Figure 8 (right). Calculation of net direct axis flux resulting from 
combined direct and quadrature axes magnetomotive forces 


Definition of axes and flux paths in machines with 
and without pole face windings 


motors. Generally, in d-c machines the 
armature magnetomotive force is held in 
quadrature with respect to the field mag- 
netomotive force, and the armature and 
field windings are independent. Hence 
only winding resistance and self-induct- 
ance are effective in transient problems 
other than short-circuit performance. Of 
course, mutual inductance between series 
and shunt field windings always must be 
accounted for. 


Appendix |. Derivation of 
Current and Torque Formulas 


Consider for the moment a machine 
operating at normal voltage without load 
to be suddenly short-circuited, with no ex- 
ternal resistance, and with constant speed 
maintained. The armature current rises 
very rapidly, but the rise of flux in the 
commutating poles is relatively slow because 
of the solid magnet frame. This flux rises 
fast in the skin of the frame, but, as satura- 
tion forces it to penetrate deeper into the 
solid steel, its rise is slowed. Accordingly, 
when maximum armature current is reached, 
the machine commutates substantially 
without benefit of commutating pole flux. 
Therefore, there is negligible compensation 
for the a-c reactance voltage in the armature 
winding, and an equivalent d-c voltage drop 
shows up at the brush contacts. This volt- 
age is more than directly proportional to 
ordinary reactance voltage, as in a machine 
without commutating pole flux the current 
collection is crowded to one side of the 
brush faces with an effective reduction in 
width of brush face. The consequent change 
in wave shape of the current reversal in the 
armature: conductors increases the reactance 
voltage. The equivalent direct voltage is 


determined and added to the RJ drop of the 
windings and this sum equated to the 
electromotive force of the armature, giving 
an equation for the sum of the voltages in 
the armature circuit. 


abcdef ghijk 


PER-UNIT FLUX 


0.5 


See Table II for calculated data 
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PER-UNIT M.M.F 


AIEE TRANSACTIONS 


Table Il. Calculated Data for Figure 8 


Net Mmf Acting on Section 


ee 
Flux of Each Section 
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Although the build-up of the commutating 
pole flux is delayed, this is not so for the 
slot, end, and gap fluxes set up by the 
armature current in the laminated armature 
core and main pole shoes. These fluxes and 
what happens to the exciting flux are illus- 
trated by reference to Figures 7 and 8. 
Figure 7 defines the direct and quadrature 
axes and shows the paths of flux under con- 
sideration. Figure 8 shows the pole of a 
machine without pole face windings and for 
simplicity with a uniform air gap. For 
illustration, the ampere turns of rated 
armature reaction at each pole tip are taken 
equal to the field ampere turns for the gap 
and teeth at normal voltage with no load. 
Then the magnetomotive force of armature 
reaction is divided into ten steps under the 
pole (not necessarily slots). At five times 
normal load amperes (I, =5.0), the magneto- 
motive force per step is equal to the no-load 
normal-voltage gap and teeth ampere turns. 
Using per-unit terminology, this is unit 
magnetomotive force numerically equal to 
one. For any direct axis magnetomotive 
force applied to the gap and teeth, exciting 
flux (direct axis flux) and cross flux (quad- 
rature axis flux) can be determined if the 
saturation curve for each section of the air 
gap is drawn as in Figure 8. Very large 
magnetomotive forces have to be handled, 
and this is done by fixing the slope of the 
upper part of the curve equal to that of an 
air gap whose length is equal to the normal 
air gap plus the depth of tooth. The basis 
for this is the well-established fact that 
above the density of “‘intrinsic’”’ saturation 
limit (about 125,000 lines per square inch), 
the teeth act as though they were non- 
magnetic to further increase in flux. In 
Table II calculated results for the direct 
axis flux (net exciting flux) are tabulated 
for direct axis magnetomotive force of 1, 2, 
3, and 4 per unit and cross axis magneto- 
motive force of 0, 2.5, 5, 7.5, 10, and 15. 
These results are plotted in Figure 9 
showing the relation between exciting flux 
field current and armature current. 


To express the relationships by mathe- 
matical formula, the flux is divided into 
components. One of these is the flux 
existing in the gap and tooth space, taking 
the teeth to be nonmagnetic. This is the 
“space”? component or ‘‘space” flux. The 
other component is the flux carried by the 
teeth at the intrinsic saturation limit, 


* It will be noted from Figure 10 that the average 
magnetomotive force acting on section a is 
paMa'/pp. When the flux caused by this mag- 
netomotive force is derived for this section alone, the 
answer is identical with equation 20 plus equation 
21. However, the factor p is derived to include 
with the “‘space”’ flux the fringing flux outside the 
pole arc, In this way, the fringing flux is not 
neglected. 
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This is the “iron” component or ‘‘iron’’ 
flux. In calculating this with tapering 
teeth, the average width of the teeth is 
used. It is only necessary to calculate the 
flux for a single tooth and divide by the 
slot pitch to determine the “iron” flux per 
inch of pole arc. From the geometry of 
Figure 10, the following results are apparent: 


b 
Quadrature axis (cross) iron flux = —¢i 
a 


=~ 4 (19) 
pai. 
where 


¢i/Pq = iron flux per inch of pole are 
(=iron flux per tooth divided by 
slot pitch) 
ag; 


Direct axis (exciting) iron flux =—~ 
a 


where 


ia =pole arc (inches) 

Pp =pole pitch (inches) 

M,’=peak transient field magnetomotive 
force 

M,'’=simultaneous peak transient arma- 
ture magnetomotive force 


It is important to observe from Figure 10 
that the portion of the arc (dimension a) 
which carries the net direct axis flux is 
acted on by magnetomotive force greater 
than that required for the intrinsic satura- 
tion limit. Sections of the pole arc } and c, 
where the iron may not be at this density, 
contribute only to the cross flux.* 


The total direct axis (exciting) flux is 
determined by adding the space flux to the 
iron flux. 


(ik; 
Mn 


Space flux = My’p (21) 


where 


¢:1=flux producing armature electromotive 
force equal to rated voltage at base 
speed, no load 

My,=field ampere turns for rated voltage, 
no load 

K;,=ratio gap and tooth ampere turns to 
gap ampere turns at flux ¢1 

p=ratio of permeance of air gap with non- 
magnetic teeth to that of the normal 
air gap 
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With pole face windings, the quadrature 
axis flux in the gap and teeth is as shown in 
Figure 7. The combined magnetomotive 
force of the armature and pole face windings 
is distributed across the pole arc as shown 
in Figure 11A. Its distribution across the 
arc between pole face bars is shown in 
Figure 11B where the magnetomotive force 
is that acting between the two windings 
from top of pole face copper to top of 
armature copper, rather than from bottom 
of pole face slot to bottom of armature slot 
as in Figure 11A. 

The method used for determining the 
direct axis flux and the corresponding 
electromotive force under the influence of 
the strong quadrature flux is the same as 
for machines without pole face windings, 
except that the pitch between pole face 
slots is substituted for the pole are and the 
magnetomotive force of the pole face wind- 
ing is added to the armature magnetomotive 
force over the pole face slot pitch. Distor- 
tion of the flux distribution corresponding 
to the magnetomotive force distribution of 
Figure 11B exists at the top of the teeth 
because of criss-cross flux in the air gap and 
tooth-tip leakage flux. There is very little 
distortion at the bottom of the slots if the pole 
face magnetomotive force is well distributed 
and equal to the armature magnetomotive 
force. Magnetomotive force distributed as 
in Figure 11A is likely to be insufficient to 
saturate the teeth full depth, and in some 
cases the magnetomotive force acting on the 
tooth tops as in Figure 11B may be below 
that required to reach the intrinsic satura- 
tion limit of the iron over some part of 
dimension @. However, even in these 
special cases, negligible error in the results 
is caused by calculating the “iron” flux at 
the intrinsic saturation limit in the mean 
section of the armature teeth and dividing 
it into quadrature and direct axis com- 
ponents by the magnetomotive force ratio 
shown in Figure 11B. Then the direct axis 
iron flux is 


p _ 29% 
* Po P 
My' adi 
nl? cs us!) (22) 
Pp 


This method takes care of machines with 
incomplete compensation and with varying 
number of poie face slots. If the pole face 
winding is removed, py becomes p, and the 
formula reduces to equation 20. 

The formula for space flux is the same 
as equation 21. Because the pole face slot 
tips saturate, p is the ratio of permeance of 
normal air gap to that with nonmagnetic 
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armature teeth plus nonmagnetic pole face 
tooth tips. 

From equations 21 and 22, the total 
exciting flux at the instant of maximum 
current is 


fk K 
My' pati +My'p Pil; 
ree 


Ogi aN 
M, , 
(2 an 
Pp 


This has the unknowns ¢q’, My’, Ma’, and 
M,'. There are also the following equations 
holding simultaneously: 


(23) 


M, 
My' = ae I,’ per unit (24) 
in 


where 


J,’ =maximum field amperes 
My: = base field magnetomotive force 
Ip, =corresponding base field amperes 


Similarly, 
M, 
M,' = aie Tq! per unit (25) 
al 
M,'= f I,’ per unit (26) 
al 
where 


M,'’=maximum armature magnetomotive 
force 

M,,=armature magnetomotive force at 
rated amperes 

Iq, =rated armature current 

M,’'=maximum pole face winding magneto- 
motive force 

My:=pole face winding magnetomotive 
force at rated armature current 

I,' =maximum armature current 


Also, since the field linkages immediately 
after short circuit at the instant of peak 
current will be equal to those immediately 
before short circuit in accordance with the 
constant linkage theorem, 


co) 
ba’ +ny — Ip’ =$0(1+ny) (27) 
Ip 


where ¢, is the initial field flux producing 
armature electromotive force. Since both 
sides of the equation are multiplied by the 
same number of turns to obtain linkages, 
this multiplier is omitted and the flux 
equation written directly. The term 1, is 
the fraction of ¢, which when multiplied by 
the same number of turns represents the 
remainder of the total field linkages, being 
that part which is caused by leakage flux 
not creating armature electromotive force. 
The final necessary simultaneous equa- 
tion is 
pend 1 , V_ 6048 


Ty +1 fo-krs S mo 2m dt 


(28) 


where 


T% =resistance of windings (plus fault if 
necessary ) 

ry =resistance of brush contact (equivalent 
to a-c reactance voltage of armature 
winding) 

V=armature electromotive force(=rated 
voltage) 
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n,=rpm (=rated base speed) 

¢1 =flux producing unit electromotive force 
at unit speed 

6=angular displacement in radians 

t=time in seconds 


The paper is limited to the case of con- 
stant speed on the assumption that the 
drop in speed at the instant of peak current 
is negligible in all cases. For the sustained 
conditions, the results are limited to cases 
where the speed is maintained by the 
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Figure 9. Relation between flux, armature 
current, and field current for machine repre- 
sented by Figure 8 


Circles and dashed lines connecting them are 
from equation 27 


driving machine or reverse power flow to 
the driven machine. 

The equations give the following solu- 
tions: 


P _ Kobo(1+74) —Rky 
es 5 a 


2R(Ko+ny) 
tbe | (Seeley 
R(K2+y) 2R(K2+ny) 
(29) 
go(1 ny) Ta" 
foes hs aI 30 
t Ki+(Ketnyp) Ia’ Ste 
T! = $a'Tq' 
= (Ki+ Kola’) Ty’ (31) 
ID VIR (32) 


where, in terms of per-unit quantities, 


gibabp 
De 33 
by (baMar+ PpMnn) So 
K.=pK; (34) 
R=ty+To (35) 


The steady state results are obtained by 
solving the equations, excluding equation 27, 
which does not hold for steady state condi- 
tions. Jy, the sustained field current, is 
substituted for J,’. For separately excited 
machines, I; is the same as the initial field 
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current I. For self-excited machines on 
“dead” short circuit, J7=0. The solution 
for the steady state gives 


_ Kil; [x Kily\? 
Ta= oR tWR 1r+( a4) (36) 
T =(Ki+Kela)Iy (37) 


The effect of shift of the axis in armature 
magnetomotive force mentioned under 
“Brush Arcing’”’ can be included by replac- 
ing My in equation 23 with M, a’, where 


I! (38) 


and using this equation in place of equation 
24 


b=brush width in number of segment 
pitches 

P =the number of poles 

B=total number of commutator segments 


This gives the formulas presented in ‘‘For- 
mulas for Current and Torque.” Any shift 
from the quadrature axis measured in 
equivalent number of commutator seg- 
ments can be accounted for by replacing 5 
by twice the number of segments of shift. 
To develop complete current-time for- 
mulas, time constants for the armature and 
field circuits are developed in Appendix II. 
The reciprocals of these time constants give 
the corresponding decrement factors. Then, 


if 


oq= decrement for armature circuit 
or =decrement for field circuit 
TI,'=peak armature current 
T,=sustained armature current 


The armature current has the following 
components: 
Rise: 


Ta a: erry 
Decay: 
=~ Tui Vahideran) 


The time constants are so dissimilar that 
the components may be put together directly 


with negligible error. Therefore, 
Tq=Ta—Iq' €-°" + Ia’ Ia)" (39) 
Similarly, 

gal y-Yeo—r) (40) 


Appendix Il. Time Constants 


The field time constant is 


ix N¢oK;P(1 +ny) Ome 


seconds 
Vy 


(41) 


where WN is the number of turns per coil, 
and Vy is the field voltage including rheo- 
stat. ¢; is in maxwells. 

The armature time constant is 


La 
a= 
to +o 
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Figure 10. Distribution along air gap show- 
ing net exciting magnetomotive force over 
section a 


ex—y)=(at+b):x+y) 
b=c; Px=atbt+c 


a 
T == 
herefore, P = 


La=armature circuit inductance =——4 : 
GP 
neglecting slot and end leakage (42) 


where 


T =total number of armature turns 

py=total gap permeance for armature 
magnetomotive force 

a=number of circuits in armature winding 

P =number of poles 


Also, 

E_ keT (rpm) pg (field mmf) P 
SS SSS (43) 
di al 

where 


E=rated volts 

I=rated amperes 

pq =excitation permeance 
rpm=rated base speed 


Let field magnetomotive force be propor- 
tional to armature reaction: 


3 LT 


k 
Field magnetomotive force = ass (44) 
a 


and let pg be proportional to py. Then, 
substituting equation 44 in equation 43 and 
substituting the result in equation 42, 


(45) 


This indicates that under the assumptions 
La is equal to unit resistance divided by 
machine frequency and multiplied by a 
coefficient C;. The value for C;, represen- 
tative of some d-c machines, has been de- 
termined from test data and calculations 
shown in Table I. Using this quantity it 
is possible to estimate the inductance and, 
therefore, to specify the approximate time 


constant. When resistance is expressed in 
per unit, 

19.1C. 
if 4 seconds (46) 


* (y-+re) (rpm) P 
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Saturated Time Constants 


The rise of current is governed at first by 
the normal armature time constant, but 
finally any change in flux linkages of either 
the armature or field circuits for a given 
change in their respective currents is sub- 
stantially in proportion to the space per- 
meance illustrated in Figure 8. Calcula- 
tions similar to those of Figure 8 demon- 
strate this. Therefore, the saturated time 
constants are 


_ptny an 
ae 1+ny ( ) 
and 

p+ny 
Thee 
fs 1+ ny (48) 


Equation 47 is an approximation for the 
armature winding taking the portion of the 
flux linkages not affected by saturation to 
be the same percentage of total linkages as 
is the case for the field winding. 


Appendix Ill. Permeance 
Ratio p 


The normal air gap permeance is (omitting 
numerical coefficients) 


A 


fe ee 4 
SRRCC) Sad, 


where 


A =area of gap =pole arc X pole length 

g=average length of air gap 

K,=ratio flux under pole arc to total gap 
flux, Figure 12 (fringing factor for 
boundaries of pole face) 

C, =slot fringing factor, Figure 14 

Cz =duct fringing factor, Figure 13 


The space permeance with nonmagnetic 
teeth is 


¥ A 
(g+ds)Ky! 


where 


Pr’ (50) 


d, =depth of slot 
K,’=0.85 (very nearly constant for very 
large gaps) 


Therefore, 


_ Pn’ gKyC;Ca 


“bn 0.85(¢+4,) (1) 


p 


In cases with pole face windings, add to ds 
the depth from pole face to top of copper in 
pole face slots. 


Appendix IV. A-C Reactance 
Voltage of Armature and 
Equivalent Brush Contact 
Resistance r, 


Assuming that the machine operates 
momentarily without commutating pole 


Linville—Current and Torque 


= 
7 Seat a Ne ee fe Se cla 
Me (A) 
Po P3M / 
Pe (Pate +, 
a 
Pb 
POLE FACE SLOT (BAR) PITCH 
(8) 
Figure 11. Difference in combined mag- 


netomotive force distribution acting at top 
and bottom of slots in machines with pole 
face windings 


A—Acting across space from bottom of pole 
face slot to bottom of armature slots (=My,’+ 
Ma'— Mo") 

B—Accting across space from top of pole face 
copper to top of armature copper 


flux because of the extremely rapid rise of 
armature current, all of the reactance 
voltage appears as an equivalent brush 
contact voltage. However, the normal 
reactance voltage is increased by crowding 
the current to the edge of the brush, in turn 
increasing the rate of current reversal in the 
coil and the reactance voltage. Under these 
circumstances the equivalent brush drop 
voltage is arrived at in the following way. 

If a reactor of negligible resistance is sud- 
denly connected in parallel with a resistor 
which is part of a circuit containing a driving 
voltage and a steady circulating current, 
the current will shift from the resistance 
path to the inductive path. While this 
shift is happening, the energy lost in the 
resistor is equal to the change in energy 
stored in the reactor. The resistor is 
analogous to the net brush contact resist- 
ance and the reactor to the armature coil. 
The energy change in a coil can be calcu- 
lated and, since the number of coils rotating 
past the brush per second is known, the 
equivalent watts at the brush contact can 
be determined. It will be assumed that the 
average reactance voltage per coil Ep is 
known or is measured as in Appendix V. 
Then the inductance per coil is 


Epb 
f= 103 52) 
A Iofs ( 
where 


Jy =amperes per brush arm 

fs =segments per second (=number of seg- 
ments times revolutions per second) 

b=brush overlap (=width brush face in 
number of segment pitches) 


The energy change per coil is 


Ae=1/2L Ip? 


Epbl, 
pe ee RUD, (53) 
2fs 
The equivalent watts are 
Epbl, 
fade=—— (54) 
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Figure 12. Fringing factor for boundaries of 
pole face Ky 


and the equivalent brush contact resistance 
for plus and minus brushes is 


(55) 


This is the minimum brush resistance, 
assuming all the brush contact voltage 
counteracts reactance voltage with constant 
contact resistance. If Z, is nearly constant, 
this is also the minimum contact resistance 
for either arcing contact or for brush con- 
tact resistance varying with current. But 
in all cases, all the voltage produced is 
needed to counteract reactance voltage. 
The true voltage is more than this minimum 
because it is known that arc voltage consists 
of a ‘‘constant”’ base voltage plus a variable 
voltage depending on arclengthand current.’ 
The ‘‘constant’’ base voltage is surplus and 
cannot counteract reactance voltage as only 
the voltage difference between segments can 
do this. Moreover, the author has found 
the resistance of carbon brush contacts at 
high density to be nearly equivalent to a 
base voltage plus a constant times the brush 
current. Undoubtedly, there is some sur- 
plus voltage in the brush contact with or 
without arcing, and, therefore, the contact 
loss of brushes under rated conditions as- 
suming perfect commutation is added to 
allow for it approximately. The final result 
for ry on a per-unit basis is 


_Exb+Ve 


Vv (56) 


a) 


where 


V,=approximate contact drop of the plus 
and minus brushes at rated load cur- 
rent density 

V= rated voltage 


Equation 56 is approximately true 
whether or not arcing is involved in com- 
mutation, so long as the effective self- 
inductance of the armature coils is not 
affected. A correction factor sometimes 
needed for equation 56 and an expression 
for the distribution of current in the brush 
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face are derived by solving the basic equa- 
tion of a coil undergoing commutation. 
This equation says that the reactance volt- 
age is equal to the difference in brush con- 
tact voltage between the brush and the 
two segments to which the coil is connected 
or, from Figure 15, 


d . (Rh), d 
Fy Sal 57 
PMR. ae oe. 
Asm be 7 te (58) 
from which 
d 16, 
— i, ——— 1,=0 59 
hie Rie ag 
where 


RIy = V, =normal brush contact voltage 


Rty 4 
— =brush contact resistance/segment 
Ss 


L=Epty/In 
The solution to equation 59 is 
ig =A 
where 
p=L/Riots 
= Ep/RIpts 


_2al 
V, 


and A is found from 


A@=) 
ty p 
_ lols 
ty 
from which 
pee 60) 
eT Rep) ( 


This equation is plotted for a 1,500-kw 
1,500-volt generator in Figure 3. 
The watts loss in the brush contact is 


t 
1 b Rt hErl 
he >) ya rly 
ts J o (ts) 2t, 


(2%)-1) 
(e?»—1)? 
=],*Rp (61) 


where 
R, = effective brush contact resistance 


The total brush contact resistance is in 
per-unit 


Ty =2RyoIy/V 
eh Maged 
~ V\ e241 
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Erb 
pa 

V. 


If x is small in some cases so that the 
bracketed factor is appreciably greater than 
one, the first term of equation 56 should be 
increased accordingly. 


Appendix V. Constants From 
Test Measurements 


In many cases the results may be used 
without reference to manufacturer’s data. 

$; may be taken as equal to 1.0 in large 
machines because the tooth density at 
normal voltage will approach 125,000 lines 
per squareinch. For small machines ¢; may 
be as much as 1.25. An error does not 
affect the results seriously for peak armature 
current and torque as, in any case, the 
exciting flux is stoutly maintained unless 
the field leakage flux is unusually large 
(my>0.15). 

The term p may be determined by meas- 
uring the air gap and the depth of slot 
with gauge and rule. Then by using 
equation 51, taking K,=0.93, C;=1.1, 
and Cqg=1.04, the value of p may be com- 
puted. These are representative values for 
large machines. 
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Figure 14. Slot fringing factor C, 
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Average or representative values for Ky 
and K; for large machines with pole face 
windings are 4.0 and 1.3, respectively. 
Without pole face windings, K, averages 
about 1.0 with no change in K;. The field 
leakage coefficient x; may be taken as 0.12 
(an average figure). 

All these factors chiefly influence the in- 
duced field current required to maintain the 
field flux linkages, and when 7; is small they 
have relatively little influence on the peak 
armature electromotive force, current, and 
also torque. If my were zero, they would 
have no influence at all. 

The remaining factor of major importance 
is the resistance r, dependent on Er. This 
can be determined from equation 13 and 
the relation 


Er =6.388XATX1/gX1XSX10°8 (63) 


where 


AT=net difference in the ampere turns at 
rated load of the armature and com- 
pensating windings determined by 
counting their respective turns from 
inspection 

g=measured length of the commutating 
pole air gap and nonmagnetic shims 

/=measured length of the armature core in 
inches 

S=revolutions per second times the meas- 
ured periphery of the armature in 
inches 


Another method for estimating Ep is from 
the relation 


E C, times K,, 


Erp= 64 
R ds (64) 


where 


C,=reactance voltage coefficient averaging 
about 0.12 for large machines 

K, =rated kilowatts 

dq, =armature diameter in inches 


If a fluxmeter or ballistic galvanometer is 
available it may be connected to an explor- 
ing coil around the tip of the commutating 
pole to measure the flux, which when multi- 
plied by f;/b and by 1078 will give Ep 
(roughly) for a half coil turn. Similarly, an 
exploring coil around the base of the main 
pole and another around the pole face can 
be used to measure 2; approximately. 


Appendix VI. Nomenclature 


AT=net difference between armature am- 
pere turns and ampere turns of 
commutating pole plus pole face 
windings at maximum rated con- 
tinuous current 

b=width of brush contact face in com- 
mutator segments 

B=total number of commutator segments 

Cz=flux fringing coefficient for armature 
ducts (Figure 13) 
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C, =reactance voltage coefficient (=0.12 for 
large machines) 

C,;=flux fringing coefficient for armature 
slots (Figure 14) 

C, =average per-unit inductance of d-c ma- 
chines (see Table I) 

dqg=armature diameter in inches 

d,=depth of armature slot in inches 

Ep=rated load average reactance voltage 
at speed for which short circuit is 
calculated 

f;=commutator segments per second pass- 
ing brush arm 

g=main pole average air gap in inches 

Iy=steady state short-circuit armature 
amperes 

Ij,=maximum rated continuous armature 
amperes 

Ig{=maximum or peak transient short- 
circuit armature amperes 

Iy =rated amperes per brush arm 

I;,;=field amperes for rated voltage at base 
speed, no load 

T;’=maximum or peak transient field am- 
peres on short circuit 

K,=“‘iron”’ flux constant, equation 11 

K2=“space’’ flux constant, equation 12 

K;=air gap plus tooth ampere turns divided 
by air gap ampere turns at rated 
voltage, base rated speed, no load 

Ky, =pole are air gap flux divided by total 
gap flux (Figure 12) : 

l=length of iron core portion of armature 
including ducts in inches 

M,,=total armature ampere turns per pole 
at maximum rated continuous cur- 
rent (equals current times total turns 
divided by circuits, divided by poles) 

M,'=peak transient armature ampere turns 
per pole on short circuit 

My,=pole face winding ampere turns per 
pole at rated current 

M,'’=maximum transient ampere turns of 
pole face winding per pole on short 
circuit 

My,=field ampere turns at rated voltage, 
rated base speed, no load 

M,'=maximum transient field ampere-turns 
on short circuit 

n =speed for which short circuit is calculated 

m=rated base speed in revolutions per 
minute 

ny=field leakage flux linkages divided by 
field linkages from flux generating 
armature electromotive force 

N=number of field winding turns per pole 

ba = pole arc in inches 

by =pole face slot pitch (average) in inches 

Pp =pole pitch in inches 

P=number of poles 

fy =equivalent resistance of brush contacts 

ty =resistance of machine windings 

R=Wy+rp =total effective resistance of cir- 
cuit 

S=revolutions per second times armature 
circumference in inches 

t=time in seconds 

T =torque as function of time 
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T’=maximum transient torque on short 
circuit 
T,=time constant of armature circuit in 
seconds 
Tgs =saturated time constant of armature 
circuit 
T;=time constant of field circuit 
Ty; =saturated time constant of field circuit 
V =rated voltage 
V,=normal load brush and brush contact 
voltage drop 
V;=field voltage including rheostat 
@=angular displacement in radians 
p=ratio permeances: air gap plus nonmag- 
netic teeth to normal air gap 
o,=armature decrement factor (reciprocal 
of 14.02 Tas) 
or=field decrement factor (reciprocal of Ty 
or Tys) 
$=flux before short-circuit generating 
armature electromotive force 
¢,=flux per pole generating rated voltage 
at rated base speed 
oa’ =flux generating electromotive force im- 
mediately after short circuit 


6/36 -1¢ 


Figure 15. Circuit diagram for equation 
governing current reversal in armature coils 
and flow of current between segments and 


brush 


¢,=“‘iron”’ flux (=pole arc times mean sec- 
tion of tooth times 125,000 lines per 
square inch divided by slot pitch) 
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Temperature Limits for Short-Time 
Overloads for Oil-Insulated 
Neutral Grounding Reactors 


and Transformers—ll 


V. M. MONTSINGER 


FELLOW AIEE 


Synopsis: In part I, published in 1938,1 
the principal question considered was the 
effect of ventilating coils on temperature 
limits for ground faults greater than one 
minute, for which it was assumed that 160 
degrees centigrade based on all heat stored 
in copper was the correct limit. 

Since 1938 considerable new data have 
been obtained. This paper presents the 
new data and shows that: 


1. For heating periods of one minute or less, prac- 
tically all aging of insulation occurs during the cool- 
ing period. It is shown that temperature limits can 
be based on the rate of cooling rather than,on the 
heating period, 


2. In the heating-up period of one minute or less, 
25 to 45 per cent of the loss is dissipated from the 
copper to the insulation and oil. Formulas are 
developed for calculating the temperatures during 
the heating and cooling periods. 


3. Temperature limits above 160 degrees centi- 
grade for one minute are permissible for both non- 
wentilated and ventilated coils, being approximately 
200 degrees centigrade for windings which cool 
sufficiently rapidly. 


HE earlier paper! gave data on the 

heating of coil stacks with and with- 
out ducts, and served as the basis of se- 
lecting 160 degrees centigrade as a suit- 
able limiting temperature for short-time 
rating of grounding devices using class A 
insulation. The standard for neutral 
grounding devices, AIEE Standard 32, 
is undergoing revision, and this paper is 
being presented to give data to serve as 
the basis of selecting suitable tempera- 
ture limits. 

The heating time intervals generally 
accepted for neutral grounding devices 
are ten seconds and one minute. For 
such short heating periods, the cooling 
time is more effective on the aging of the 
insulation than the heating time. Ac- 
cordingly, the temperature limit for a 


Paper 46-165, recommended by the AIEE com- 
mittee on electric machinery for presentation at the 
AIEE summer convention, Detroit, Mich., June 
24-28, 1946. Manuscript submitted April 26, 1946; 
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V. M. MonrTSINGER is a research engineer in the 
power transformer engineering department, General 
Electric Company, Pittsfield, Mass.; J. E. Crem 
is in the central station engineering division, Gen- 
eral Electric Company, Schenectady, N. Y. 


The authors wish to acknowledge the assistance 
given by Miss J. Shipton in the calculation of data 
and to C. J. Lamberton for conducting the tests. 


966 


J. E. CLEM 
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10-second coil can be only a few degrees 
higher than the limit for a 1-minute 
coil. 

Previous calculations of the short-time 
heating of neutral grounding devices have 
been made on the basis of all heat stored 
in the copper. This practice results in 
calculated rises appreciably higher than 
actual, and, in reality, furnishes no ex- 
perience at all in reference to the suita- 
bility of 160 degrees centigrade as a 
temperature limit. 

In the transformer standard American 
“Standards Association C-57, the tem- 
perature limit is 250 degrees centigrade 
with the calculations based on all the 
heat being stored in the copper, the same 
as for neutral grounding devices, and 
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Figure 1. Curves of tested and calculated 

temperature rises during 60-second duration in 
24-degree-centigrade oil 
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with full sustained voltage applied to the 
transformer. Again this gives no clue 
as to what temperature might be con- 
sidered safe for neutral grounding devices 
because it is definitely known that the 
250 degrees centigrade limit never is 
reached, nor even approached very closely. 

Accordingly, the question of the selec- 
tion of suitable limits for neutral ground- 
ing devices must be approached directly 
on its own merits. Several papers on 
aging have been published, and it is 
more or less generally agreed that the 
rate of aging doubles for a definite tem- 
perature increment. In a recent paper 
by F. M. Clark,? he shows that the incre- 
ment of temperature for which doubling 
occurs is relatively small at 95 degrees 
centigrade and is practically 8 degrees 
centigrade for temperatures upward from 
approximately 115 degrees centigrade. 
This confirms the value originally re- 
ported by V. M. Montsinger.? Some 
authors have given values up to 10 degrees 
centigrade. However, the value of 8 de- 
grees centigrade as the increment gene- 
rally is accepted for transformer insula- 
tion. 

In Clark’s paper there are data in- 
dicating that 16 doubles in aging effect 
occur over the temperature range from 
100 to 200 degrees centigrade, and it 
seems reasonable to use this rate of aging 
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Figure 2. Curves of tested and calculated 
temperature rises during 60-second duration 
in 71-degree-centigrade oil 
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Figure 3. Curves of 
calculated tempera- 
ture rise and hot- 
spot temperature 
rise under 1-minute 
fault condition 
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CALCULATED RISE BASED ON ALL HEAT STORED IN 


COPPER ONLY 


increase in estimating suitable tempera- 
ture limits for neutral grounding devices. 
It should be borne in mind, however, 
that aging tests are tests of a mechanical 
nature in that loss of mechanical strength 
is measured. Such tests give no clue as 
to the actual length of life to be expected 
in transformers or similar devices. The 
aging tests, however, do furnish a means 
of making comparisons so that we can 
say that greater or less life can be ex- 
pected at lower or higher temperatures. 
Further, the deviations in the results of 
life tests are quite large so that we must 
talk of relative aging in rather broad 
terms. The translation of the results of 
aging data into life estimates must be 
made cautiously and with common sense 
and judgment. 

Quite obviously, the selection of the 
temperature limit will depend upon the 
answer to the question, ‘“‘How much aging 
can be allowed for each operation?” 
This could be answered if we knew how 
many faults would occur per year. How- 
ever, lacking that knowledge, it is neces- 
sary to make the best estimate possible 
on the basis of the data we have. After 
considerable investigation it appears that 
the temperature limit should be selected 
on the basis that the relative aging of a 
neutral grounding device during one year 
be the same as that of a power or distri- 
bution transformer during the same 
period, operating at rated load in the ref- 
erence ambient temperature, and also 
that ten events (faults at full rated cur- 
rent) occur per year. 

Since most of the aging occurs during 
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the cooling of the coil, it appears quite 
obvious that the higher the rate of cool- 
ing, the higher can be the temperature 
limit. The cooling time varies directly 
as the thermal capacity associated with 
one pound of copper, varies inversely in 
an exponential manner as the watts per 
pound required to produce a given ul- 
timate temperature rise, and is a direct 
function of the heating characteristics of 
the winding, that is, the temperature 
rise for one watt per sound. Obviously 
a multitude of limits might be established 
depending upon the correlation of these 
factors, but this does not seem desirable. 


Designation of Windings Used in 
Neutral Grounding Devices 


Since as much as 45 per cent of the heat 
escapes to the insulation and oil during 
a l-minute fault in windings having 
cooling ducts between all coils, it is de- 
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sirable to have some easy means of distin- 
guishing between these windings and 
windings with no cooling ducts from 
which no heat escapes to the oil. 

For purposes of identification in this 
paper the usual well-ventilated coils will 
be designated as “‘fast cooling windings” 
and the ‘‘no duct” or poorly-ventilated 
coils will be designated as ‘‘slow cooling 
windings,” without consideration of 
grammatical correctness. 


Heating Period Under Fault 
Condition 


Fast CooLinc WINDINGS 


In the past it has been assumed that 
for a short-time fault condition all heat is 
stored in the copper, that is, the thermal 
capacity of the conductor insulation was 
neglected. However, recent tests have 
shown that for windings having each 
conductor exposed on both edges to the 
oil, between 25 and 45 per cent of the 
copper loss is dissipated at the end of 
60 seconds. 

The tests referred to previously were 
made on horizontal disk coils having 
0.435-by-0.095-inch conductors with a 
two-sides thickness of turn insulation of 
0.019 inch. The radial build of the coils 
was 2.625inches. The hot-spot tempera- 
ture was measured by a thermocouple 
embedded under a spacer and between 
turns of the next to top coil. All tem- 
perature rises were based over the adja- 
cent oil, 1.5 inches away from the coil 
containing the thermocouple. 

The temperatures were read on an 
automatically balanced indicating type 
of potentiometer. The lag in tempera- 
ture was quite small because the tempera- 
ture started falling within one to two 
seconds after the current was removed. 
The direction of the current was reversed 
in alternate coils to reduce stray loss to a 
minimum. The measured loss was 


practically the same as the /?R. 
Figures 1 and 2 show curves of meas- 
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Table I. Tested Rises in Per Cent of the Calculated Rises 
= —« eS 
Temp Rise at End of 60 Sec Tested Rise 
Approximate Oil Over Adjacent Oil, Deg C in Per Cent of 
Temp, Deg C Amp Calculated* Tested Calculated Rise 
Ok mr cu cies saecalecenge ernie AO Neeiclesteathrersrs soley SOs scientists ae BU esavierd eis oleiakersra ore We 71 
7 RETA LORTO TROT EORTC O OOO Mees sae vss aus Ne NeeOo OO .0 OC Ox G4 re ein wis Siete a aieiats 70 
S5k wstecaie ee etaemiates * BUDA hin ehe ins LON, Mavates seisiavas eters Oe en ADE GOD OG 63 
TU Lisseine acelt Oe sare ee BOQ ie avs Reps 'eyorstb-e tie OS ixicitera sis cians BS onc sear a steeare oiorerace 62.5 
Di Lists said trees o er cle enorme OOS ai cheinccaseiats aise ee ROO ee cuaitanstarrrere ceitte QO rave sea ce eels ereranerens 56.0 
ORD CO OC OR See DUO cps Neretesane cienere aie DOD exe ereus x 0-9 Soerane tener 1D Rea ORR ABYC ICED 57.0 


*On basis all heat stored in copper. 


ured temperature rises, holding three 
different values of amperes for 60 seconds 
on coils immersed in approximately 24- 
and 71-degree-centigrade number 10-C oil. 
The dashed lines show the temperature 
rises that would have been attained if all 
the heat had been stored in the copper. 
The formula for calculating these rises is 
shown in Appendix I. 

These tests show that the temperature 
rise of fast cooling coils under a 1- 
minute fault can be assumed to be ap- 
proximately 65 per cent of the rise based 
on all heat stored in copper only. For 
the higher oil temperatures, the value is 
less than 65 per cent. Fifty-five to 65 
per cent would be more nearly correct, so 
65 per cent is conservative. 

Figure 3 shows the relationship be- 
tween calculated and actual rises in wind- 
ings ranging from fast cooling to the 
slowest cooling. 


SLow CooLinG WINDINGS 

Under slow cooling windings may come 
1. Windings having no oil ducts between 
individual coils. 
2. Windings or coils heavily taped. 
3. Windings having several layers between 
oil ducts. 


For windings coming within the above 
classifications, it can be assumed that the 
temperature rise within a period of 60 


seconds is close to that resulting from 
all heat stored in the copper and adjoin- 
ing insulation. 

Where the adjoining insulation is all on 
the conductors, the rate of heat storage 
in copper and its insulation can be calcu- 
lated close enough for practical purposes 
by assuming that the thermal capacity 
of the insulation is “‘by volume’”’ one-half 
that of the copper.4 That is, the tem- 
perature rise calculated on the basis of 
all heat stored in the copper should be 
multiplied by the factor 


(e) 


where 


A =cross-sectional area of copper plus in- 
sulation 
a=cross-sectional area of copper 


Cooling Period Following a Fault 


Because most of the aging of the insula- 
tion even in fast cooling windings occurs 
during the cooling period following a 1- 
minute fault as shown later, it is important 
to be able to calculate the cooling of 
various kinds of coils. 

To calculate the cooling of a winding 
that has not reached ultimate conditions 
requires that the initial temperature rise 
(at start of the cooling period) be trans- 


Summary of Tests Made on Coils for Ultimate Temperature Rises in Different 


Oil Temperature 
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lated into terms of watts per pound to 
cause an ultimate rise equal to the initial 
rise. Unless the internal coil gradients 
are materially different, cooling down from 
a given maximum temperature rise occurs 
in the same manner, regardless of whether 
the rise is obtained under transient or 
ultimate conditions. 


Ultimate Temperature Rise Tests 


Since the oil in neutral grounding re- 
actors is at room temperature at the 
start of a fault, and the oil in grounding 
transformers on account of continuous 
core loss is (by assumption in the Stand- 
ards) at 75 degrees centigrade at the start 
of a fault, ultimate heat runs were made 
in different oil temperatures to determine 
the effect of the viscosity of the oil on the 
temperature rises. 

The results of the tests are given in 
Figure 4. The test values can be ex- 
pressed by the formula 


1 


O=kW," 0-26 (1) 
where 


6 =temperature rise, degrees centigrade 

k=constant 

W,=watts per pound of copper at ultimate 
temperature 

u.=viscosity of the average temperature of 
the oil film expressed in centipoises 

n=empirical exponent of temperature rise @ 
versus W, 


Figure 4 shows the relationship be- 
tween ultimate tested temperature rise 
and watts per pound of copper. For 
these curves, when viscosity is not factored 
1/n = approximately 0.70. When vis- 
cosity is factored, 1/n=0.75 in the for- 
mula. Similar tests were made on other 
sizes of conductors and conductor insula- 
tion of two-sides thickness up to and in- 
cluding 0.073 inch. The tests made on 
one size of conductor and insulation are 
given in Table II. These values are 
plotted in Figure 4. 


Cooling After Fault Condition 


Where temperature rise varies directly 
with the loss, the cooling can be calculated 
by the formula 


e=6,e—'/8 (2) 
where 


© =temperature rise at any time ¢ 

0; =initial temperature rise over oil 
t=time of cooling in minutes 
B=time constant, for time in minutes 


AIEE TRANSACTIONS 


C=thermal capacity of one pound in watt- 
minutes of copper plus adjacent 
insulations 

W o=watts per pound of copper required to 
produce an ultimate rise equal to 0; 


However, when temperature rise varies 
with loss raised to a power in the order of 
0.8 or less, equation 2 does not apply, and 


COIL RISE OVER ADJACENT OIL, DEG. C 


4 = 575 AMPS 


Xx = 500 AMPS 
¢ = 400 AMPS 


TIME - MINUTES 


Figure 6. Curves of tested and calculated 
cooling after 1-minute heating tests 


Tests made in 24-degree-centigrade oil 
Size of conductor, 0.435 by 0.095 inch 
Solid line calculated by equation 3 
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Yo ? [: ‘ (o-5 | (c=) ; 


WHERE nm = EXPONENTIAL POWER OF ULTIMATE 


6/8} 


TEMPERATURE RISE Vs. LOSS 
coi 

Wo 

WATTS PER LB. AT INITIAL TEMPERATURE 
2.96 X LBS. COPPER X INSULATION FACTOR 
TIME OF COOLING, MINUTES 

INITIAL TEMPERATURE RISE 
TEMPERATURE RISE AT ANY TIME T 


Cooling curves for windings in 
which loss=k0”, where n varies from 1 to 1.43 


Figure 5. 


an equation of the following form applies: 


ik 


t im —1 
vor=[ 1400-05 | 


where 


(3) 


Yo =0/; 
n=exponent of ultimate temperature rise 
© versus loss 


Figure 5 gives a plot of Yc versus ¢/B 
when n= 1.43, that is, 1/0.7, 1.25, and 1.0. 


Example of Calculated Cooling 


Assume a temperature rise of 67 de- 
grees centigrade in 71-degree-centigrade 
oil. At the end of an overload where 67 
degrees centigrade is the initial rise for 
the cooling cycle, the copper loss by 
Figure 4 is 80 watts per pound. 

The value of C (thermal capacity of 
copper and insulation) for (0.435 inch by 
0.095 inch) conductors with 0.019-inch 
two-sides thickness of turn insulation, is 
by previous statement 


0.0518+0.0408 
C=2.96 ee =3.36 
2X 0.0408 


Other tests not reported in this paper 
show that the spacers add approximately 
10 per cent to the thermal capacity. 
That is, 


C =3.36 X1.1=3.7 


*See Appendix II for derivation. 
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Therefore 
80 


A comparison between the tested and 
calculated values (by equation 3) is shown 
in Table III. 


Table Ill 
Temp Rise, Deg C 
t Yc: 
t Yo Calculated Test 


Figures 6 and 7 give the tested and 
calculated cooling curves for six differ- 
ent tests made in 25- and 71-degree-centi- 
grade oil. 


Cooling of Windings Having Few or 
No Cooling Ducts 


Tests made on a typical poorly venti- 
lated coil stack consisting of a number of 
coils of 3.625 inches radial build, assem- 
bled without cooling ducts and having 
several thermocouples embedded _be- 
tween the coils, gave maximum ultimate 
internal temperature rises as shown in 
Table IV. The wire size was 0.400 by 
0.040 inch with 0.021l-inch two-sides 
thickness of turn insulation. 


Then 


0 =2.00( 4 +) 
2a 


=3.85 

and 

a 7198 

B 3.85X115 
=0.0222 


The value of 0.0222 for 1/B should be 
about the minimum that would occur in 
poorly ventilated coils. 

The hot-spot temperature rise over oil 
versus watts per pound shown in Table 
IV is given in Figure 8. The rises for 
30-degree-centigrade oil were corrected 
by varying the tested rises as the one- 
fourth power of the viscosity of the 
average oil film, The slope of the cor- 
rected curve is the same (1/n=0.7) as 
that for ventilated coils, which is reason- 
able since a large part of the hottest-spot 
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Table IV 


Watts* 
Amp Per Per Pound Oil Temp, 
Square Inch of Copper Deg C 
1 OOO scaithe scenes 22 OOS) econ raters ots) oan Dei harctate cietele 
LTO iepe ate terete QESO rere ere erasers BO) AS sveloverepereete 


*At point of maximum temperature. 


temperature rise over oil is in the oil 
film on the outside surface of the coils. 


Maximum Temperature Limits for 
1-Minute Faults as Governed 
by Aging of Insulation 


Two cases have been worked out—one 
that cools rapidly, and one that cools 
slowly—with temperatures to produce 
the same aging of insulation in 30-degree- 
centigrade oil. These cases are given in 
Figure 9. The formula for calculating 
the aging by the 8-degree-centigrade 
rule is, 


¢0-08657'2 __ ¢0.086571 
Aging =4 ——_—————_ 


(4) 
0.0865(T2—T1) 


where 


t=time in minutes 


COIL RISE OVER ADJACENT OIL, DEG. C 


br bs-7 


/ 


fl 


TIME - MINUTES 


Figure 7. Curves of tested and calculated 
cooling after 1-minute heating tests 


Tests made in 71-degree-centigrade oil 
Size of conductor 0.435 by 0.095 inch 
Solid line calculated by equation 3 
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Outside Surface 


Hottest Spot or Maximum 
Internal Temp Rise Over 


Rise Over Oil, Outside Surface Oil Temp, 
Deg C Temp, Deg C Deg C 

isa LOLS orn AME Meee OPI aS CVO 1 50 

Sie ous OUs Oeresspetencistaumtorer er eens ORS Aare ont 115.5 


T;=maximum temperature 

T,=minimum at some value below which 
the aging is negligible (as for ex- 
ample, 100 degrees centigrade in 
these conditions) 


The calculation of the aging for the 
areas represented by cooling curves A and 
Bare as follows: 

Curve A (fast cooling) 

0.0865 X 202 __ 0-0865 X 100 
0.0865(202 — 100) | 
= 10.2108 


€ 
Aging = 24] 


Curve B(slow cooling) 


0.0865 X 170 __ ¢0-0865 X 100°] 


€ 
A { =27 —————————$—$—————_—— 
ie ; 0.0865(170—100) _ 


=10.7 X10 


The quantity 10.7 X 108 is approxi- 
mately 1/250 of that resulting for the 
time (0.0085 weeks or 86 minutes) to re- 
duce the insulation when aged at 200 
degrees centigrade to 50 per cent of initial 
strength as shown in Figure 4 of Clark’s 


paper.” That is, 
86 ¢0:0865 X 200 
Aging = _—_—_— 
a yep oo 
=10.9X108 


In other words, by Clark’s data, 250 
applications (10 per year for 25 years) 
would reduce the tensile strength to ap- 
proximately half its initial value. 

Curves A and B in Figure 9 shows 


1, Three-quarters of the aging of the fast 


Figure 8. Ultimate 
temperature rise of 
disk coil stack hav- 
ing no oil ducts— 
slow cooling winding 


Conductor size, 
0.400 by 0.040 
inch, 0.021-inch 
insulation 
Radial build of coils 
3.625 inches 
Hottest-spot  tem- 
perature determined 
by thermocouples 
between coils 


HOT-SPOT RISE OVER ADJACENT OIL, DEG. C 
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cooling windings occurs during the cooling 
period, while practically 100 per cent of the 
aging of the slow cooling windings occurs 
during the cooling period. 

2. <A difference of approximately 30 degrees 
centigrade temperature limit should be 
allowed between a fast cooling and the slow- 
est cooling windings. 


8. The temperature limit should be 
approximately the same for heating periods 
or faults of one minute or less duration. 


AGING CURVES AND TEMPERATURE LIMITS 


Figures 10A, B, C, and D show four 
aging curves, two for an ambient tempera- 
ture of 30 degrees centigrade and two for 
an ambient temperature of 75 degrees 
centigrade, two for 0.019-inch insulation 
and two for 0.073-inch insulation. These 
curves show the relative aging on a per 
unit basis for one event, for varying tem- 
peratures, and both for a 10-second and 
a l-minute heating time. On a basis 
of ten events per year, the relative aging 
per event would be 0.1 and the corre- 
sponding temperature limits are as fol- 
lows: 


Temp Limit, Deg C 


For 30-Deg-C For 75-Deg-C 
Insulation Oil Temp Oil Temp 
OxOLS ion oa.c ee 20Dt RC Adisciincotaaee 201 
0.078.450 eaten 1965.5. eics:dersoteve 192.5 


The coil having 0.019 insulation may 
be looked upon as a representative of a 
fast cooling winding so that actual tem- 
perature rises of 175 and 125 degrees 
centigrade may be permitted for 30 and 
75 degrees centigrade ambient tempera- 
tures respectively. 

However, the temperature rise for the 
0.073 insulation coils does not represent 
adequately the performance of a slow 
cooling coil. In Figure 11 are shown the 
cooling curves of these four cases with the 
temperature limit for a relative aging of 
0.1 marked by a dot. It is quite evident 
that the coils both are cooling rapidly. 


o———e, FOR) 22) AND .49,5° orm 


CORRECTED TO 30° OIL 


WATTS PER LB. COPPER 
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It has been proposed in the current re- 
vision of AIEE Standard 32 that coils 
without ducts be restricted to a rise 25 
degrees centigrade less than that obtained 
for coils with ducts (well-ventilated), or 
as they may be termed, fast cooling coils. 
However, this decrement should be taken 
below the value for the 0.073-inch in- 
sulated coils, and the temperature rises 
then would be 140 and 90 degrees centi- 
grade for ambient temperatures of 30 
and 75 degrees centigrade respectively. 
These permissible temperature rises give 
ultimate temperatures of 170 and 165 
degrees centigrade, slightly higher than 
those formerly allowed in AIEE Standard 
32 when no distinction was made in ref- 
erence to the rate of cooling. 


Basis for Setting Temperature 
Limits Under Fault Conditions 


Temperature limits for windings having 
any rate of cooling can be based on the 
initial rate of cooling as determined by 
the thermal capacity of the windings and 
the relationship of loss and ultimate rise 
as shown in the following discussion. 

Since practically all the aging occurs 
during the cooling part of the cycle, it is 
logical to associate the temperature 
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limit requirements with the rate of cool- 
ing. Avreasonable criterion for the rate of 
cooling to determine the suitability of the 
windings for the temperatures proposed 
in AIEE Standard 32 is that the time to 
cool a specified initial part of the cooling 
range be no greater than a specified 
amount when calculated by a standard- 
ized method. 

According to curves A and B, Figure 9, 
the time to cool the first ten per cent of 
the cooling range can be estimated close 
enough for practical purposes by the fol- 
lowing formula: 


0;C 
1=1(2) (5) 


where 


t=time in minutes 

k=0.11 (representing ten per cent cooling+ 
one per cent factor) 

©; =initial temperature rise over oil 

C=thermal capacity of copper+insulation 

W =watts per pound of copper dissipated at 
a temperature of 0; 


For example, for curve A, Figure 9 
where 


0, =172 degrees centigrade (202 —30) 
C=3.7 


Montsinger, Clen—Temperature Limtts 


W =225 (Figure 4) 


172 X3. 
ig eee 
225 


=0.31 minute, or 18.6 seconds as compared 
with 18 seconds, curve A, to cool 
17.2 degrees centigrade 


For curve B 
where 


0;=140 (170—30) 
W =12 (Figure 8) 
C=3.85 


1403. 
gyal eee 
12 


=4,95 minutes as compared with 4.8 min- 
utes, curve B, to cool 14 degrees 
centigrade 


Appendix |. Short-Time Heating 
Calculations 


For a constant current, and when all heat 
is stored in copper or in copper plus associ- 
ated insulations, the increase in temperature 
of copper can be calculated by the following 
formulas: 


Based on Watts Per Pound of Copper 


The time ¢ required to produce any 
temperature rise may be calculated by the 
following expression: 


eles tine kk 
TEW.i—Ep)ao 


; log. [a +4a,0)?(1 — Eo) + Eo (6) 


in which 


t=time to heat up to a temperature rise of 
@ degrees centigrade from a starting 
temperature of © 

C=thermal capacity of one pound of copper 
and associated insulations (if C is in 
watt-seconds ¢ is in seconds, if C is 
in watt-minutes ¢ is in minutes) 

W=total loss in watts per pound at the 
starting temperature 

E,)=eddy current loss at starting tempera- 
ture per unit in reference to Wo 

@)+=temperature coefficient of copper at 
starting temperature 

6 =temperature rise, degrees centigrade 


1 
— = 234.540) 
a 


234.5+0+6o 


meee 
100 = 34 +O, 


Q)=starting temperature 


The calculations will be simplified and on 
the conservative side if the measured loss is 
used for Wo and the eddy current loss 
neglected. The expression then becomes 


C 234.5+0)+0 
t= (234.5 XO) 5-m ox ( 234.5-+0, ) Sf 
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Figure 10. Relative aging curves for two thicknesses of conductor insulation at 30- and 75-degree centigrade oil 


Relative aging—one unit=one year at 95 degrees centigrade 
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RELATIVE AGING PER UNIT 


RELATIVE AGING, PER UNIT 
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or = 


O= 234.5409] log ( Os 


sie) | 
(8) 
in which 


t=time in minutes 

C=thermal capacity of copper and associ- 
ated insulation in watt-minutes per 
pound of copper 

Wo=watts per pound of copper at starting 
temperature ©», total based on loss 
measurement 


230 ¢ = ONE-MINUTE LIMIT FOR O.! AGING 
A = 0.019" CONDUCTOR INSULATION 30 C OIL 
B. = 0.019" CONDUCTOR INSULATION 75 C OIL 
C = 0.073" CONDUCTOR INSULATION 30 C OIL 
D = 0.073" CONDUCTOR INSULATION 75 C OIL 


220 


210 
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190 


WINDING TEMPERATURE G 


180 


aL 


tO Se malls 


oo 
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t=time in seconds 
Qo =initial temperature, degrees centigrade 


When the adjacent insulation absorbs some 
heat 


0,=R,0 


where 


0,=temperature rise with insulation fac- 
tored 

R,=ratio of thermal capacity of copper to 
that of copper plus adjacent insula- 
tion when conductor insulation only 
is factored 


Ore 
PST 
SUncunae 


ES 2 OR eee 2.4 ne Garces Osue 


TIME - MINUTES 


0, =starting temperature 

6 =temperature rise at end of time interval t 

log =common logarithm 

m=conversion factor from common to 
natural logarithms = 2.3026 


Based on Amperes Per Square Inch 


When the eddy loss is negligible and the 
current density is known, the temperature 
rise can be calculated by 


@=logio ! [2.00D2#10- 14+ login (Qo+ 


234.5)] —(234.5+0,) (9) 


where 


@=temperature rise the starting 
temperature, 95 
D=current density in amperes per square 


inch 


over 
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Figure 11. Cooling curves for coils shown in 
Figure 10 
2a 
R= 
Ata 
where 


A =cross section of insulated conductor 
a@=cross section of bare conductor 


Appendix Il. Cooling 
Calculations 


Following is the derivation of formulas for 
calculating the cooling of a winding where 
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the ultimate rise is not directly proportional 
to the loss: 


C=heat storage capacity of winding, watt- 
minutes per pound per degree centi- 
grade 

K =heat transfer coefficient, winding to oil, 
watts per pound (per degree centi- 
grade)” 

@=temperature rise of winding, degrees 
centigrade 

0; =initial temperature rise of winding at 
start of cooling period 

t=time after start of cooling, minutes 

n=exponent of ultimate temperature rise 0 
versus loss 

Ke” =heat loss, winding to oil, watts per 
pound 


Differential equation: 


Ke"dt= —Cde 
(ks) K 
ia (10) 
Solution: 
(2 \elg e;)—” K 

= ——t 
(l—n) "A—n) C 

pox 

) (n—1)K0,;” |” 
= |} hg 1l 
a [1+ CO; | es, 


If Wo=watts per pound to maintain steady- 
state temperature rise Oo, then 


Wo aor Ke,” e 


and equation 11 becomes 


—1 


t nt —1 
e=0] 140-05] (12) 
where 
@;C 
B = 
Wo 
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Long-Distance Power Transmission as 


Influenced by Excitation Systems 
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HE renewed attention now being given 

to transmission of power from hy- 
droelectric sites located at moderate and 
long distances from their load areas re- 
quires a re-evaluation of some of the fac- 
tors affecting power system stability. 
This paper shows that the electrical load- 
ings of long distance transmission systems 
may be increased a significant amount by 
the use of automatically controlled excita- 
tion and proper co-ordination of the ap- 
paratus characteristics. 

About 20 years ago, particularly during 
the years 1924, 1925, and 1926, many 
papers and discussions were presented 
before the AIEE dealing with the prob- 
lems of long distance transmission. Dur- 
ing this period most of the important fac- 
tors which influenced the problem, par- 
ticularly stability, were discussed and 
methods of analysis described. Much 
attention!—’ was given to the use of inter- 
mediate synchronous condensers provided 
with quick acting voltage regulators of the 
vibrating type. 

Since this earlier period, several de- 
velopments have taken place which make 
it desirable to reconsider the use of auto- 
matically controlled field excitation as a 
means for increasing the stability power 
limits of transmission systems. Most 
important of these has been the develop- 
ment of the continuously acting static 
type of voltage regulator.’ During the last 
war, such voltage regulating means were 
applied successfully to an important type 
of naval vessel using electric propulsion.® 
Prior and subsequent to this application, 
analyses!” and tests were made which bore 
out the practicability of using lower short- 
circuit ratio synchronous machines for 
this type of drive than would be possible 
without a specially designed excitation 
system. Following this experience, tests 
were made on hydroelectric generators in- 
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dicating that the static type of continu- 
ously acting voltage regulator with a prop- 
erly co-ordinated excitation system can 
increase substantially the power limits. 
This progress, combined with methods of 
analysis now available, lends encourage- 
ment to realizing higher power loadings on 
long distance a-c transmission systems, 
and can be expected to bring to fulfill- 
ment the predictions of the earlier investi- 
gators. Furthermore, it is now possible to 
determine the power limits of a system as 
influenced by atttomatic control devices 
more readily and accurately by making 
use of available a-c network and differ- 
ential analyzers.1!: 12 

This paper presents an analysis of two 
types of systems. The first is a system 
which transmits power a moderate dis- 
tance of 200 miles over two parallel lines 
with one intermediate switching station. 
This analysis shows the relative benefits 
to be realized from quick fault clearing 
and excitation response. This study was 
made using a differential analyzer}* for 
determining the characteristics of the 
system with various excitation system 
parameters. The second system analyzed 
transmits power over a single-circuit 600- 
mile transmission line with intermediate 
synchronous condensers using controlled 
field excitation, and compares these re- 
sults with those obtainable without such 
compensation. This latter part of the 
study was made with the aid of an a-c 
network analyzer!4 and is an extension of 
previous work presented in reference 15. 
The effect of intermediate synchronous 
condenser capacity, its location along the 


Werke miles 
100 Pas 
(_) 


PER UNIT KW=PER UNIT Kva =5.0 (kv) 
(a) 


0.06+j0.40 


-j19.25 


(b) 


Concordia, Crary, Maginniss—Power Transmission 


Vz1.0 SYSTEM 


line, reactance, and excitation system 
characteristics are studied. It is shown 
that with low-transient-reactance syn- 
chronous condensers with properly con- 
trolled field excitation, an entirely prac- 
tical method of increasing the power limit 
becomes available which requires con- 
sideration along with other methods of in- 
creasing the stability limits. This method 
of compensation by intermediate syn- 
chronous condensers becomes practical 
because of the ability now to design reli- 
able voltage regulating means which will, 
in effect for stability purposes, closely 
approach holding the field flux linkages 
constant and under some circumstances 
the terminal or regulated voltage point. 


Summary and Discussion of Results 


The two systems selected for study are 
typical of two types of long distance 
transmission. The first, consisting of a 
200-mile double circuit line with an inter- 
mediate switching station, is representa- 
tive of a system designed for reliable 
power delivery from a hydroelectric site 
to a load area. The second, consisting of 
a 600-mile single circuit line, may be 
taken as representative of long distance 
transmission when full advantage is taken 
of the reserve generating capacity of the 
load area to minimize the cost of such 
transmission. Such a system may be 
given careful consideration because of the 
greatly improved reliability of high volt- 
age transmission lines and the general 
necessity for reserve generating capacity 
in the load area. 

Although space limitations do not allow 
a full detailed presentation of the results 
of these studies, a few selected cases will 
be used for illustration. 


200-MILE DouBLE-CircuIT LINE 


Four typical differential analyzer runs 
will be described to illustrate the per- 
formance of the system of Figure 1 follow- 
ing a 3-phase fault near the generator 
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high-voltage bus. See discussion under 
“Analysis” for a description of method and 
system quantities. The system per unit 
_ kilowatt and kilovolt-ampere base is 5.0 
X (kv)? which for a 230-kv system cor- 
responds to 264,500 kw and kva, and for 
360 kv corresponds to 650,000 kw and 
kva. 

For each differential analyzer run the 
following plots were made: 


1. Relative electrical angular displace- 
ment between the generator and receiving 
end system versus relative angular velocity, 


3 dé 
that is, 5,. versus —. 


dl 


2. Relative electrical angular displacement 
between the generator and receiving end 
system versus time, that is, 5). versus ¢. 


3. Generator electrical angular displace- 
ment versus time, that is, 6; versus ¢. 


4. Generator field flux linkages versus 
time, that is, eg’ versus t. 


5. Generator field current versus time, 
that is, en versus f. 


Figures 5 to 8 inclusive show the differ- 
ential analyzer plots for the four runs 
summarized in Table I. 

Figure 5 as indicated by Table I is for 
the case of the generating station initially 
carrying unit power with no regulator and 
having a total fault clearing time of 0.07 
second. Figure 5A shows the oscillation 
between the per unit relative angular 
velocity and the relative angular displace- 
ment. As shown, the system is initially 
stable and has a damped oscillation which 
is decaying to about 90 degrees. From 
this plot stability may or may not be 
maintained, depending upon whether or 
not the field flux linkages will be reduced 
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cillation of 61. versus time and 6; versus 
time. As shown by Figure 5B, the rela- 
tive angular displacement indicates a 
damped oscillation, but the average value 
gradually is increasing. Figure 5C indi- 
cates the decrease in speed which results 
from the increased losses in the transmis- 
sion line and which has not been compen- 
sated for by governor action, as change 
in prime mover torque was neglected dur- 
ing this initial period of the disturbance. 
Figure 5D shows the decay in field flux 
linkages. Initially, the decay is relatively 
rapid because of the fault. Following the 
clearing of the fault, the linkages continue 
to decrease and, as indicated, still are de- 
caying gradually at the end of 5.5 seconds. 
This continual decay of flux linkages in- 
dicates that stability will be ultimately 
lost although it was maintained during 
the first three swings. Figure 5E shows 
the oscillation in generator field current. 
Initially there is a rise in the d-c compo- 
nent of field current induced by the short 
circuit (the a-c components were neg- 
lected), and then an oscillation following 
the clearing of the fault resulting from the 
rotor oscillation. As shown, the average 
field current is above the initial value in- 
dicating that there is a component of in- 
duced current resulting from the gradual 
increase in relative angular displacement 


further. Figures 5B and 5C show the os- 
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of the rotor. All of these results confirm 
the indication that stability cannot be 
maintained even for this loading if no 
regulator is used. Other runs show that 
with a regulator, even if the excitation 
response is very low, stability can be 
maintained for such a case as Figure 5. 

Figure 6 is similar to Figure 5 in that no 
regulator is used. The loading has been 
increased to 1.05 per unit. The fault 
clearing time is zero corresponding to ‘‘no 
fault” or merely opening a generator-end 
transmission-line section. As indicated 
by Figure 6A, although stability is main- 
tained during the first three swings of the 
oscillation, it is subsequently lost be- 
cause the angular displacement after the 
third swing increases indefinitely. The 
curves of Figure 6 can be compared with 
those of Figure 5 to show the effect of a 
slightly higher initial loading with a re- 
duced switching time. As shown by Fig- 
ure 6D the field flux linkages show a 
definite trend downward. Figure 6E 
shows the induced field current resulting 
from the oscillation and the displacement 
of the average current from the initial 
value resulting from the gradual increase 
in average relative angular displacement. 

It is evident from a comparison of Fig- 
ures 5 and 6 that the conditions of Figure 
5 are less unstable but may be considered 
to be very near the critical load when no 
regulator is used. Both of these cases, as 
is shown by other runs, are stable even 
with a relatively slow excitation system 
response. 

Figure 7 is for the case of higher loading 
(P = 1.1) than for the cases of Figures 5 
and 6. For P = 1.1, a regulator using an 
excitation system stabilizer is used and 
the excitation system time constant is of 
moderate value (T, = 0.73 second). This 
corresponds to a per unit excitation sys- 
tem response of approximately 1.0. Dur- 
ing the first swing and subsequently 
stability is maintained, the oscillation be- 
ing damped out toward a final steady- 
state value. This is borne out by the other 
curves of Figure 7, with the field flux link- 


Figure 2. Transmission line real power and 
reactive power circle diagram for all line sec- 
tions of both lines in operation 


System of Figure 1 
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* 
ages and field current settling out to new 
sustained values. 

Figure 8 is for a case similar to Figure 7 
except that the switching time has been 
increased from 0.03 to 0.04 second. 
Stability is lost on the first swing although 
the field flux linkages actually are in- 
creased following the fault period resulting 
from the response of the excitation sys- 
tem. 

From the results of many runs similar 
to these Figure 9 was obtained which 
shows the change in transient power limit 
with fault clearing time and with excita- 
tion system response. It is interesting to 
note that for a practical switching time for 
the assumed system, that is, t; ~ 0.08 
second or 4.8 cycles, the excitation sys- 
tem response does not influence appreci- 
ably the maximum power that can be 
carried. However, with more rapid fault 
clearing times, the effect of the excitation 
system response is more pronounced. 
These results may be interpreted for less 
severe faults by assuming -the 3-phase 
fault to be of shorter duration than the 
actual switching time. That is, for a line- 
to-ground fault actually switched in 4.8 
cycles, it would be expected that the re- 
sulting performance would be essentially 
not much different from that obtained 
with zero switching time, as the severity 
of a line-to-ground fault is relatively 
small. Also, for faults located at a dis- 
tance from the high-voltage bus, the 
fault severity would be decreased corre- 
spondingly. The results can be inter- 
preted therefore to indicate that greater 
benefits can be expected by the more 
rapid response excitation systems for 
faults of reduced severity than for very 
severe faults. 


600-MiLE SINGLE CIRCUIT 
TRANSMISSION 


The most significant results of the study 
made of the effect on steady-state sta- 
bility of synchronous capacity along a 
single circuit 600-mile transmission sys- 
tem are shown on Figures 15 and 16. 
‘The constants and methods used are de- 
scribed in more detail under Analysis 
and by information in the figure titles. 

Figure 15 shows that for relatively low 
line loadings the synchronous capacity is 
more effective in increasing the stability 
limit if it is concentrated at the sending 
and receiving ends of the line. On the 
other hand, if relatively higher loadings 
are to be used, the same synchronous 
capacity is more effective if it is distrib- 
uted between the sending and receiving 
end and the intermediate stations. Al- 
though Figure 15 illustrates the relative 
advantages of distributing capacity along 
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the line to attain high transmission sys- 
tem loadings, it is only of theoretical in- 
terest because it is difficult to realize such 
an equal distribution in practice. 

Figure 16, however, is of practical in- 
terest because it shows the relative advan- 
tage of distributing intermediate syn- 
chronous condenser capacity along the 
line for given generator and receiving sys- 
tem reactances. Figure 16 indicates that 
it is possible to transmit without inter- 
mediate condensers and typical terminal 
system reactances, a receiver power ap- 
proaching as a limit 1.9 (kv)? or for a 
230-kv line, 1.9230? = 100,000 kw. 
If three intermediate synchronous con- 
densers having a reactance including their 
high voltage transformer of 25 per cent 
on their rating with a total rating of 2.5 X 
230? = 132,000 kva are placed along a 
line, their total per unit admittance is 
4.0 and the steady-state power limit is in- 
creased to 2.85 XK 2302= 151,000 kw. Such 
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a loading is quite reasonable for a 230-kv 
line. If the line is operated at 360 kv, the 
corresponding power limit would be 
369,000 kw with an intermediate syn- 
chronous capacity of 324,000 kva. Such 
an amount of intermediate synchronous 
capacity is entirely reasonable and prac- 
tical. 

The practicability of this method de- 
pends upon obtaining a low effective re- 
actance as a result of being able to use a 
voltage regulator which in effect will hold 
the voltage behind transient reactance of 
specially designed low transient reactance 
synchronous condensers. If, however, it 
were not possible to build such low tran- 
sient reactance synchronous condensers, 
or if it were not possible to depend on the 
voltage regulator characteristics, the re- 
quired synchronous condenser capacity 
would be increased three to four times, 
making such a method uneconomical in 
comparison with other methods of line 
compensation. 

If the total admittance of the interme- 
diate condenser stations is increased to 
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12.0 per unit, then according to Figure 16 
for a 360-kv line, a total synchronous 
capacity of about 1,000,000 kva with 25 
per cent reactance would be required to 
increase the power limit of the 360-kv 
line to 475,000 kw. Table II shows the 
relative synchronous condenser capacity 
required for both a 360- and 230-kv 600- 
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mile line for different loadings if it is as- 
sumed that special synchronous conden- 
sers may be used having a total effective 
reactance of 25 per cent to the high-volt- 
age bus including the high-voltage trans- 
former; whereas a conventional syn- 
chronous condenser would have a react- 
ance of about 100 per cent to the high- 
voltage bus, or four times that of the 
special condenser. The synchronous ca- 
pacity need not be added until the system 
loadings have been increased, and can be 
located at points which ultimately may 
be used as interconnection points to load 
areas. Because the required synchronous 
condenser capacity is large with respect to 
the reactive kilovolt-amperes required for 
the transmission lines, the intermediate 
synchronous condenser capacity also may 
be used for power factor correction of the 
tapped loads. The building of low tran- 
sient reactance synchronous condensers 


Figure 5. Differential analyzer runs 48 and 
716 


P;=1.00 
t;=0.07 second 
T,=« (no regulator) 


§,- ELECTRICAL ANGULAR DISPLACEMENT IN DEGREES 


with special excitation systems now ap- 
pears entirely practical and makes it 
necessary to consider such a method in 
the design of any new long distance trans- 
mission system. However, if it were not 
possible to attain the special features, the 
required synchronous condenser capacity 
would become extremely large, making 
this method uneconomical compared with 
other methods. 

A 600-mile line has an appreciable line 
charging capacity, approximately 166,000 
kva for a 230-kv line and 405,000 kva for 
a 360-kv line. The intermediate syn- 
chronous condenser capacity also may 
provide the required underexcited ca- 
pacity during periods of light load and 
thereby maintain normal voltage levels 
along the line. 

It also is evident from Figure 16 that 
it may not be desirable economically to 
locate the synchronous condensers along 
the line in any more than two or three lo- 
cations because of the diminishing gain 
realized by increasing the number of in- 
termediate stations. Because of the rela- 
tively large required capacity, however, it 
becomes economically possible to locate 
the synchronous condensers at more than 
one location. A margin in the steady- 
state stability under automatic control 
may be taken so as to allow for failure of 
any one condenser or its excitation sys- 
tem and also to allow the system to ride 
through transient faults in the terminal 
systems. The required margin wlll de- 
pend on the requirements of the particu- 
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lar case under consideration and can be 
determined by analysis. 


Conclusions 
The following conclusions have been 
drawn from these studies: 


1. Forsevere faults on a line section cleared 
as quickly as five to six cycles, little addi- 


2 PER UNIT RELATIVE ANGULAR VELOCITY ° 


d6, 
dt 
\ 


(A) 


tional benefit or increase in power limit can 
be realized by the use of a quick response 
excitation system for a typical system using 
parallel transmission lines. 


2. For less severe faults or faults of shorter 
duration some benefit can be realized by 
using high rates of excitation response. 
The power limit can be increased as much 
as 5 to 10 per cent by increasing the re- 
sponse from 0.5 to 2.0 per unit. 


3. For a system of the type studied with 
parallel lines and a fault on one of the line 
sections, the transient resulting from switch- 
ing out of a line section places a more se- 
vere limitation on the reliable or sustained 
power delivery than the final steady-state 
stability limitation corresponding to the 
condition of one line section out. 


4. With a properly stabilized excitation 
system, stability will be maintained, in 
general, on subsequent swings if it is main- 
tained on the first swing. 


5. For a 600-mile single circuit line, special 
intermediate low transient reactance syn- 
chronous condensers with properly co- 
ordinated regulators and excitation systems 
can be used to provide a practical method 
for increasing the stability limits. 


6. For a given synchronous condenser ca- 
pacity, greater benefit is obtained if the 
condensers are distributed along the line. 
However, the improvement diminishes with 
increased number so that for a 600-mile 
line, the optimum economic number prob- 
ably will be two or three. 


7. A more nearly equal distribution of 
synchronous capacity along and at the 
terminals of a long distance transmission 
system allows for higher loadings than if 


980 


this same synchronous capacity were not 
distributed so equally. 


Analysis 


The analysis given in this paper is de- 
voted to two types of typical systems. 
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The first system consists of a hydro- 
electric station and two transmission 
lines with one intermediate switching 
station delivering power 200 miles to a 
load area. Consideration is given to the 
relative effect of fault clearing time, ex- 
citation system response, and other more 
detailed excitation system characteristics 
on both the steady-state and transient 
stability power limits. 

The second system to be analyzed con- 
sists of a hydroelectric station delivering 


Figure 7. Differential analyzer runs 51 and 
57 


T,=0.73 second (regulator and stabilizer) 
KO) 
ts =0.03 second 
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Figure 7 (continued) 


power over a single 600-mile transmission 
line toa load area. Consideration is given 
to the effect of intermediate synchronous 
condenser stations and their location 
along the line on the steady-state sta- 
bility limits. 

Although the analysis presented in this 
paper is limited to these two types of sys- 
tems, the results will help indicate the 
factors which are worthy of careful con- 
sideration in order to obtain the maxi- 
mum transmission or system loading with 
a given amount of equipment. An eco- 
nomic study is not attempted because the 
economics depend on many local and 
special factors which are not always gen- 
erally known. Also, the economic factors 
change with time and progress in the art. 


200-MiILE DoUBLE CIRCUIT 
TRANSMISSION 


The system analyzed is shown in Figure 
1, consisting of a hydroelectric station 
delivering power to a receiver system 
over two 200-mile lines with one interme- 
diate switching station. The hydroelec- 
tric station is represented by a salient 
pole generator with step-up transformer 
and an excitation system. Generator 
saliency is included but generator satura- 
tion is neglected. The excitation system 
is represented by an exciter with a given 
ceiling excitation voltage and lower limit 
of negative excitation and an exciter 
field time constant T, which is varied in 
the study. The regulating system is rep- 
resented by a regulator amplification fac- 
tor of u. This amplification factor is the 
ratio of the increase in per unit exciter 
voltage to the per unit decrease in voltage 
applied to the voltage sensitive element 
of the regulator to produce this increase 
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in exciter voltage. For example, if 0.01 
per unit change in voltage applied to the 
voltage-sensitive element produces a 
0.10 per unit change in the exciter voltage, 
=10.0. An excitation system stabilizer 
is represented by an amplification of ps 
and a time constant of T;. 

The transmission line constants are 
typical for a 60-cycle high-voltage over- 
head line. The receiver system is repre- 
sented by a reactance of 20 per cent and 
is assumed to be unregulated during the 
disturbance studied. The type of dis- 
turbance used as a basis for testing the 
system for stability is a 3-phase fault of 
varying duration near the generator high- 
voltage bus. 

The assumption is made that the power 
angle equations may be used for deter- 
mining the electric torque, which neglects 
the subtransient effects and the effect of 
the small changes from synchronous 
speed during the disturbance. Damping 
torques are introduced as independent 
terms and in this way the effect of change 
in speed on both the electrical and me- 
chanical torque is included. 

The method of analysis is outlined 
briefly by the following steps. A study 
of the data and equations will provide an 


Table Il. 


understanding of the basis for the analy- 
sis. 


1. System diagram, Figure 1. 
2. System data, Appendix II. 


3. Transmission line circle diagram (both 
lines, all sections in), Figure 2. 


4. Characteristic system impedances, Ap- 
pendix ITI. - 


5. System equations, Appendix IV. 


6. Differential analyzer equations, Ap- 
pendix V. 


7. Different analyzer diagram, Figure 3. 
8. Plot of initial conditions, Figure 4. 


9. Typical differential analyzer output 
curves, Figures 5, 6, 7, and 8. 


10. Graphical summary of results, Figure 9. 


The system of Figure 1 was analyzed 
also for the steady-state power limit with 
one of the sending end transmission line 
sections opened, corresponding to the 
condition after the fault was removed. 
The same system equations (Appendix IV) 
were used to obtain relations for the con- 
dition of small variations. The system 
then was tested for stability by Routh’s 
criterion and the stable and unstable re- 
gions determined for various conditions. 
Typical results obtained are shown by 
Figure 10, which shows the stable and 
unstable regions of generator power as a 
function of the regulator amplification 
factor uw. The system parameters for this 
case were the same as indicated pre- 
viously except as noted in the caption of 
Figure 10. 


600-MiILE SINGLE CIRCUIT 
TRANSMISSION 


Analyses of steady-state stability simi- 
lar to those presented in reference 10 and 
in Figures 10 and 11 indicate that it is 
possible to operate at appreciably higher 
power loadings under steady-state condi- 
tions with excitation systems designed to 
raise the steady-state stability limits. 
These results indicate, in general, two 
limits or levels, one which readily can be 
realized corresponding to holding the 
voltage back of transient reactance, and 
one which is more difficult to realize 
corresponding to holding the regulated 
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function of the intermediate station and 
terminal systems’ equivalent or effective 
reactances. The effect or increase in 
power limit caused by decreasing this 
0 effective reactance then can be studied to 
determine the possible gain in stability 
resulting from the regulating systems as 
well as the effect of locating the syn- 
chronous condensers along the line. 
(D) Results of a study of a 600-mile line 
with one and two intermediate synchro- 
nous condenser stations are given in refer- 
ence 15. These results were extended by 
studying for the same line constants the 
case of three intermediate stations located 
along the line. The system was set up 
on an a-c network analyzer and the 
steady-state stability limit determined by 
the methods of reference 16 or criterion 
C of reference 17. 

The titles of the figures give a summary 
of the system characteristics studied. 
Figure 12 gives the power angle charac- 
teristic, where 6, is the angular displace- 
ment between the sending and receiving 
terminals of the line. The required reac- 
tive power for the intermediate synchro- 
Oc oy Te on Lo Hous condensers and the line terminals is 

© TIME —SECONDS (E) '*"time—seconos shown also. The vertical lines indicate 

60°0 0.5 1.0 1.5 Figure 8. Differential analyzer runs 51 and 58 the steady-state stability limit for the in- 
diy itt cae P,=1.10 dicated values of station reactances when 

ts =0.04 second Xq=Xy=Xa=Xea=Xe. This shows 

(B) Te=0.73 second (regulator and stabilizer) the change in power limit and reactive 
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voltage constant. The results shown by ne 
Figure 11 obtained for the analysis in Ap- pie es [fe Tape es a el a 
pendix I indicate that an intermediate 7 °° 
condenser station may be used to raise the 2 30 
limit of the transmission system toa level & As 
corresponding to holding approximately = / fi 
the intermediate synchronous condenser’s © ee Ea pol sh ty | a “ 
voltage back of transient reactance or with is i yy B 
high amplification factors approximately 2 a Alef fenes Mima: 5 
the regulated voltage point in the system. 2 oe ] V7 = 
This suggests the desirability of studying : i 
the power limits of a long line with inter- 2 = & 
mediate synchronous condensers as a 5 nies 
= 
ene 5 
Figure 9. Summary of portion of differential 2 Fale 3 
analyzer results showing relation between ™ 05 
transient power limit P,, fault clearing time t., i be 5 
and excitation system response for 200-mile > o25 8 
transmission system for Figure 1 S a 
= a2 
These results are based on drawing curve of E 
critical switching time for constant initial 3% 0.10 
power between stable and unstable differen. u ~ 
tial analyzer run points 4 
Per unit excitation system response as plotted on right eee 
hand scale is the average rate of increase of exciter voltage & 
during the first half second following a sudden dropin & 
a-c regulated voltage expressed as a ratio of exciter volt- 2 


8 


ae 
Ls) 


seconds and initial exciter voltage. For this scale, initial 
exciter voltage was taken corresponding to an initial 
load of Pi=1.0 and em=1.217. Foran initial load of 
Pi=1.15 rather than 1.0 the per unit excitation response 0.01 
decreases only slightly, for example, from a response of 

1.0 to 0.91 per unit for 1/Te=1.5 FAULT CLEARING TIME IN SECONDS (ts) 
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power requirement with changes in sta- 
tion effective reactance. 

Figure 13 is similar to Figure 12 except 
that the sending and receiving system 
reactances are kept constant and the 
abscissa is the total angular displacement 
Scu. The vertical lines indicate the 
power limit and reactance power require- 
ments with change in the intermediate 
station terminal reactance. Figure 14 is 
a summary of the results obtained from 
reference 15 and Figure 13. Figure 14 
shows the change in power limit with 
change in intermediate synchronous con- 
denser reactance. Figure 15 is a sum- 
mary of the results obtained from refer- 
ence 15 and Figure 12 with total station 
admittance as abscissa. This abscissa 
indicates the total synchronous machine 
capacity required if it were distributed 
equally between the terminal and the 
intermediate stations. This indicates 
that for higher loadings the synchronous 
capacity is more effective in raising the 
stability limit if it is distributed more 
equally along the line. However, for 
lower loadings it is more effective if it is 
concentrated at the ends. Figure 16 is a 
summary of results from Figure 14. This 
figure indicates that for given sending and 
receiving end reactances, the power limit 
is increased with increase in the number 
of intermediate condenser stations along 
the line for the same total synchronous 
condenser capacities. 


Nomenclature 


The nomenclature used here follows 
that which has been established generally 
by previous usage. All machine and sys- 
tem quantities are in per unit of the de- 
signated bases unless otherwise specified. 
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Figure 10. Steady-state power limits of sys- 
tem of Figure 1 with one generator line section 
out corresponding to system condition fol- 
lowing clearing of fault, showing effect of 
generator voltage regulator amplification factor 


System data same as shown in Appendix Il 
with following exceptions: 


Tau = Taz = Tae = Taz = 3.0 
Ts = 200 radians or 0.53 second 
4 = Variable 


Figure 11. Steady-state power limits of 
3-machine stability system of Figure 17 


Data as given in Appendix | 


A—Ta 0, Ta=3.0 
B—Ta = 3, Tax =O 
C—Ta = S). Tae =3.0 
D—Ta =0, Tae =0 


D has only one stable region above P=0.6 


e=voltage 
éa, = direct-axis component of regulated volt- 
age 


ey =quadrature-axis voltage proportional to 
field current 

eq’ =quadrature-axis voltage proportional to 
field flux linkages 

éa=quadrature-axis voltage of generator 
back of qtr 

€qt=Quadrature-axis component of regu- 
lated voltage 

e,=regulated voltage 

E;=quadrature-axis voltage corresponding 
to field voltage 

f =frequency in cycles per second 

H=inertia constant in kilowatt-seconds per 
kilovolt-ampere 

4=armature current 

ig =direct-axis component of armature cur- 
rent 

ig=quadrature-axis component of armature 
current 

p=d/dt=difierential operator 

t=time in electrical radians or seconds 

T =torque 

Tq =damping torque 

Tao = generator open-circuit time constant in 
radians or seconds 

T,=electric torque 

Tm = mechanical torque 

T;=synchronizing torque or excitation sys- 
tem stabilizer time constant 

%q = direct-axis synchronous reactance 

xq’ = direct-axis transient reactance 

%q= quadrature-axis synchronous reactance 

4«,=transformer reactance 

Znm=transfér impedance 

Znn = driving point impedance 


a=7/2—86 
6=electrical angular displacement in radians 
or degrees 


@=impedance angle 

y=regulator amplification factor 

vs =excitation system stabilizer amplifica- 
tion factor 


RBBB ARE 
aanae 
legis 


| STABLE 


REGULATOR AMPLIFICATION FACTOR, pe 
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General Subscripts 

d =direct-axis 

q=quadrature-axis 

t=regulated voltage point 

1=generator or sending end system 

2=intermediate synchronous condenser or 
receiving end system 

0 =initial value 


Appendix |. Intermediate 
Synchronous Condenser With 
Automatic Voltage Regulator 


The following analysis is made to deter- 
mine the effect of a voltage-regulated inter- 
mediate synchronous condenser on the 
steady-state stability limits of a simple type 
of system. Previous analyses have indi- 
cated the gains to be realized for the simple 
2-machine case, whereas this analysis is for 
a 3-machine case. 

The system to be analyzed is shown in 
Figure 17, only machine 2 is assumed to 
have transient saliency (xq’/xg#1.0) and 
only machine 2 has controlled excitation. 

The equations for the system, in accord- 
ance with the usual assumptions that the 
electric torque is expressible by the steady- 


Figure 12. Characteristics of 600-mile con- 

ventional 60-cycle transmission line with syn- 

chronous terminal equipment and three inter- 
mediate synchronous condenser stations 


Per unit kva=per unit kw =(kvy2, x=0.8 ohm 
per mile, r=0.08 ohm per mile, b=5.2X 
10-6 mho per mile. Vertical lines give 
steady-state stability limits with equal terminal 
and intermediate station reactance as indicated 


based on (kv)? 
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state equation for power flow, are as follows: 


d*5; dé, 

M, Ta, = Ti — T. 1 
1 ae di di mi el (1) 
dS, db» 

M,——-T 3) = Fo — 1, 2 
2 det d2 di m2 e2 (2) 

where 

M=4nfH 


t=time in electrical radians at normal fre- 
quency, and 


CV€, Eye: 
Tar aoe es sin 513 (3) 
%12 X13 
€q3 é 
1 = si Suet cin 503 (4) 
xy x: 
iL 
peg’ = Tr (Ej2 —e72) (5) 
do2 


NX 
a 


7A 
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Figure 13. Characteristics of 600-mile 60- 

cycle transmission line with synchronous 

terminal equipment and three intermediate 
synchronous condensers 


Per unit kva=per unit kw =(kv)2, x=0.8 ohm 
per mile, r=0.08 ohm per mile, b=5.2X 
10-8 mho per mile, Xg=0.40 per unit based 
on 2.5 (kv)? (0.16 per unit based on (kv)?). 
Xu =0.25 per unit based on 2.5 (kv)? (0.10 
per unit based on (kv)2) Xn =X2=Xeg and 
Fy = Ep =E.y = Ee = Ep =1.0. Vertical lines 
give steady-state stability limits with inter- 
mediate station reactances based on kva=2.5 


(kv)? 
Cg2 — ga — tae (ga —Xq2 t) (6) 
€72 = ga +t¢2 (Xg2 re Xqo) (7) 
Eqn — Eq20= —u2(€,— ep) (8) 
442 = 1gaXq2 (9) 
egn = €q2 —taoXqe (10) 
ene, é e 
ig2 =" —— c08 81-— cos 823 (11) 
X22 Xi2 23 
; eg. Came 
Ig@=— sin 63+— sin 693 (12) 
X12 X23 


Equations 1 to 12 were solved for the 
condition of small oscillations and the re- 
sulting characteristic denominator tested 
for stability by Routh’s criterion. 

Figure 11 is representative of the results 
obtained for the system of Figure 17 and 
the following initial conditions. 


Constants 
a= 1.0 

3 = 1.0 

x12 =3.0 

X23 =3.0 

X13 =3.0 

%o2 = 1.5 

M, = 4,000 
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Figure 14. Receiving end power at steady- 

state limit for 600-mile 60-cycle conventional 

line with one, two, and three intermediate 

synchronous condenser stations equally spaced 

along the line as affected by intermediate 
station reactances 


Xe¢=40 per cent [2.5 (kv)? base] 
Xu = 25 per cent [2.5 (kv)? base] 
x=0.8 ohm per mile 
r=0.08 ohm per mile 
b=5.2X10-* mho per mile 
1—One intermediate condenser station 
Line in two 300-mile sections 
EF, =F,=E,=1.0 
9—Two intermediate condenser stations 
Line in three 200-mile sections 
b= b—E— Eo — 1.0 
Xa=Xe 
3—Three intermediate condenser stations 
Line in four 150-mile sections 
E,=6£,=Ea=Eo=E3=1.0 
Xa= Xo =Xcs 


* 


M2, =1,500 

Xq2= 1.0 

Xq'2=0.380 

T a2 = 2,000 

en = 1.0 

qn = 1.0 

an =0 

Tn = Ta=0 (curve D, Figure 11) 

Ta =3.0, Taz =0 (curve B, Figure 11) 
Tn =3.0, Ta, =3.0 (curve C, Figure 11) 
Tn =0, Ta, =3.0 (curve A, Figure 11) 
sin 6. =sin 6.3 =P 

cos 6;2=Ccos 803 = 1—P? 

cos 633= 1—2P? 

peed —4+/1—P?) 


Appendix Il. System Data 


Generator Data 


Rated power factor =0.95 
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Kilowatt rating =5.0X (kv)? 
Kilovolt-ampere rating = 5.27 X (kv)? 


Xq = 0.60 

Xq=0.40 } on 5.27X (kv)? or generator kilo- 
xq’ =0.20 volt-ampere base 
xq=0.63 }) on high voltage and system base 
Xq=0.42 of 5.0 X (kv)? («gen X0.95 X 
%4/ =0.21 1.052) 


Ta = 1,885 radians or 5.0 seconds 
H=5.0 kilowatt-seconds per kilovolt-am- 
pere 


Line Data 


«=0.8 ohm per mile 
r=0.12 ohm per mile 
y=5.2 micromhos per mile 


System Data (On System Base) 


H»=50.0 kilowatt-seconds per kva 
Tan — 4.0 


Ta =3.0 ‘ : 
Tin =3.0 damping torque coefficients 
Ta22 = 18.0 


Excitation System Data (Per Unit on Sys- 
tem Voltage Base) 


Ceiling excitation voltage, Ey(mer)” =2.25 
Minimum excitation voltage limit, 
Ex(min)” = — 9.3804 


Figure 15. Receiving end power at steady- 
state limit for 600-mile 60-cycle conven- 
tional line with one, two, and three inter- 
mediate synchronous condenser stations, 
equally spaced along the line as affected by 
total synchronous capacity of terminal and 
intermediate stations expressed as the sum- 
mation of the station equivalent per unit ad- 
mittances on 2.5 (kv)? base 


x=0.8 ohm per mile 

r=0.08 ohm per mile 

b=5.2X10~¢ mho per mile 

Xg=Xu =Xc 

41—One intermediate synchronous condenser 
station 

Line in two 300-mile sections 

BR =b=En=1.0 

X= Xa 

29—Two intermediate synchronous condenser 
stations 

Line in three 200-mile sections 

B= =F — Ee — 10 

Xo=Xa=Xe 

3—Three intermediate synchronous condenser 
stations 

Line in four 150-mile sections 

Ey = Ee = Ee = Eco = Epp = 1.0 

Xe =Xa=Xa=Xes 
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Figure 16. Receiving end power at steady- 
state limit for 600-mile 60-cycle conventional 
line with one, two, and three intermediate 
synchronous condenser stations, equally 
spaced along the line, as affected by total 
intermediate station capacity expressed as the 
summation of the intermediate station equiva- 
lent per unit admittance on 2.5 (kv) base 


x=0.8 ohm per mile 

r=0.08 ohm per mile 

b=5.2X10- mho per mile 

Xq=40 per cent [2.5 (kv) base] 

Xu =25 per cent [2.5 (kv?) base] 

1—One intermediate condenser station 

Line in two 300-mile sections 

FE, =F,=E.=1.0, .GSPGe 

2—Two intermediate condenser stations 

Line in three 200-mile sections 

R= — ba — 2=1.0,X,=Xa=Xe 

3—Three intermediate condenser stations 

Line in four 150-mile sections 

E, = Fp =F = Epo = Eg =1.0, X=Xa= 
Xc2=Xes 


Regulator excitation system amplification 
factor, 4, =20.0 
Stabilizer amplification factor, u;=4.0 
Stabilizer time constant, 
T; =176 radians or 0.466 second 


Appendix Ill. Characteristic 
System Impedances 


Kva base = 5.0 X (kv)? 
Fault on (3-phase near sending end high- 
voltage bus) 


Zu =0.015+ 70.52 =0.52 /88.3° 
Z = 0.632 /84.29° 


A resistance of 0.015 was assumed for the 
sending-end terminal impedance during the 
fault on period to approximate the 3-phase 
short-circuit loss. 
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Faulted Line Section Cleared 
Zu =1.39 /85.0° an =4.2° 
Z22.=1.69 /85.0° o2=5.0° 
Zy2=1.22 /86.4° a2 =3.6° 


Appendix IV. System Equations 


ds, 
af Hy ee Tm — Ter (13) 
a6 
4xf He rie Moe Lee (14) 
db; db, 
Ta =Tan ——Tan: —+T 15 
atau 7 diz aE 31 (15) 


dbz 


db, 
T.2.=— —+Tjyo— + T, 1 
22 Tony, ae aaa + 32 (16) 


(17) 


é é 

. qi 2 

tq1 = —_COS ‘aj — =| COs (62—- 12) 
Zi Zy2 


Meer A e , 
ia= 7 sin antz sin (812 — a2) (18) 


(19) 


Ts1 = Igiegr 


Figure 17. Three-machine system analyzed 
in Appendix | 


Machine 1—Generator 

Machine 2—Intermediate synchronous con- 
denser 

Machine 3—Infinite inertia receiver system 
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2, Crean, 
Ts2 =5. sin 22 aon sin (612+ ai2) (20) 
Cat= —ty(Xq+%1) (21) 
lqt = Cgi’ — tai (Xa +2) (22) 
e=Veatteg? (23) 
den Ih 
— =— (En— (24) 
dt Tp men) 
egi’ =en —tgi(%q—Xa’) (25) 
en =en + tai (xa =< Xa) (26) 
En" =f(En’) (27) 
md En,’ a; Eno’ 
= —j1(e,—€y) —B (28) 
wee Ms T;p - 
Tsp+1 
dEn 1 
—T=—(En"—-E (29) 
72 Tr, m1” — En) 


Appendix V. Differential 
Analyzer Equations 
(Derived From Appendix IV) 


dé if 
- ~ taf, { Tait — Tan 81+ Ta282— 
mf, 
S ind S endt} (30) 
db, 1 


€9? 
et ee Villy pica opi 
dt anil 1 7 ws) t Tens 


Tanbit5 S sim (n-towidet cqat (31) 
12 


Cn e& 
ig aoa sin antz sin (6j2— a2) (32) 
ea = eg’ + (xq —xq')ia (33) 

a 
én! — Sf (En endl (34) 
Ta 
éen= ga + (xa an Xq)tar (35) 
: é é 
Va =p COS ay ae cos (612 = Q12) (36) 
En! — Ey’ = —p1(¢;— em) —B 
1 
B=p,En——/ BM: (37) 
Ts 
En" =f(En’) (38) 
1 
En=7 SE RAG (39) 
é 

ey= Vea beg? (40) 
at = — (XgtX pig (41) 
Cgt= lq’ — (xq! +-%2)ta1 (42) 
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Functional Analysis of Measurements 


I. F. KINNARD 


FELLOW AIEE 


ISTORY tells us that measurement 

has been one of the principal founda- 
tions upon which the material progress of 
mankind has been based. It is only by 
carefully comparing or measuring the un- 
known in terms of some known quantity 
or unit that real knowledge is advanced. 
As our modern way of living increases in 
complexity and as our knowledge of sci- 
ence and technology expands, measure- 
ments and measuring equipment have 
progressively increased in diversity and in 
complication. Better measurements have 
vitally aided our progress in understand- 
ing physical laws, in designing and operat- 
ing new and improved machines, and in 
automatic control of processes and opera- 
tions. In all fields of applied arts and 
sciences, our rich store of knowledge is 
largely the result of our ability to meas- 
ure. 

Measurements were once simple and 
relatively few. With the development of 
practical applications of all branches of 
science, however, the number of quanti- 
ties requiring accurate measurement has 
increased greatly and is now almost with- 
out limit. Measurements on a large 
scale have graduated from the labora- 
tories to our workshops, factories, and 
even our homes. They have become in 
one way or another a real and necessary 
part of our daily lives. Much measuring 
apparatus has become exceedingly com- 
plex. This is caused by a number of fac- 


tors, including the necessity of performing 
new measurements inherently more diffi- 
cult and the need of greater accuracy and 
sensitivity. 

Electrical means for assisting in the 
measurement of a large number of physi- 
cal quantities are now quite generally 
utilized. Their use provides a number of 
outstanding advantages, such as ready 
availability of measurement energy and 
superior flexibility. Moreover, electricity 
readily lends itself to remote operation 
of indicators, recorders, or controllers. 
This trend has further complicated meas- 
uring equipment, however, by adding 
many complex measurement systems and 
devices that have been designed for a 
great variety of purposes. 

The method of analysis and classifica- 
tion described in this paper concerns itself 
largely with the measurement of electrical 
or other physical quantities by methods 
employing electrical means, but the prin- 
ciples involved are not limited to elec- 
trically operated equipment. It was de- 
veloped after several years of study in 
order to provide a clear presentation of the 
various functional parts of any measure- 
ment system or device, and to make avail- 
able a common language of measurement 
terms and nomenclature for the group of 
measurement engineers with which the 
author is associated. Other benefits have 
accrued from the study which will be out- 
lined later. It is hoped that the material 
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herein presented will be of assistance to all 
designers and users who are interested in 
this very important and rapidly expanding 
field. 


General Functional Classification 


All measurement systems, simple or 
complex, can be considered as being com- 
posed of not more than three principal 
functional parts or groupings, namely, a 
primary detector, one or more intermedi- 
ate means, and an end device. This con- 
ception is illustrated by the diagram 
shown in Figure 1. The sequence of the 
smeasurement is from left to right and all 
functional steps in the over-all operation 
logically fall into one of these groups. In 
many types of measurements, no inter- 
mediate means is necessary in order to 
accomplish the desired result. Very fre- 
quently, however, all three general func- 
tional classifications are required to 
analyze a complete system or measure- 
ment operation. 


Enp DEVICE AND PRIMARY DETECTOR 


A particular quantity is measured to 
obtain either an indication of its present 
value, a record showing time of occur- 
rence, or to initiate a control operation. 
For practical purposes, therefore, amecha- 
nism or assembly that embodies one or 
all of these functions is called the end de- 
vice. This represents the result of the 
measurement and is of primary interest 
to the user of the equipment. Everything 
else involved is for the purpose of suitably 
actuating the end device in proper rela- 
tion to the quantity being measured. 

For classifying purposes, definite and 
recognized names can be applied to the 
various types of indicating and recording 
end devices, and these are well understood. 
Some further explanation, however, 
should be made in regard to the control 
initiator. In those cases where a meas- 
urement is made in whole or in part for 
the purpose of controlling the measured 
quantity or variable, there is some definite 
point in the measurement sequence where 
the control operation can be said to be 
initiated. This may be in the form of 
suitable make-and-break contacts, or it 
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Figure 1. Schematic diagram of general 
functional classification 


may consist of pickup coils and other 
types of basic elements. The control 
initiator usually is included in the end de- 
vice, but it may be associated with the 
primary detector or intermediate means. 

The first operation in the measurement 
sequence is of particular interest. The 
basic element or elements here involved 
must respond quantitatively to the meas- 
ured quantity or variable in such a manner 
that the operational result can be used to 
actuate the end device directly or indi- 
rectly. This element or group of ele- 
ments has been termed the primary detec- 
tor associated with the measurement ap- 
paratus under consideration. It should 
be emphasized that this conception of a 
primary detector is purely functional and 
that some specific basic elements may or 
may not be primary detectors, depending 
upon where they are used in the measure- 
ment sequence. 

As previously indicated, a primary de- 
tector and end device may constitute the 
entire measurement. This is particularly 
true of the simpler measurement systems. 
In Table I a number of measurement de- 
vices and systems are listed that can be 
classified suitably in these two functions. 
In some cases the primary detector may be 
a self-contained device functioning inde- 
pendently of the actual end device, as 
illustrated by the first three items in 
Table I. However, it may constitute an 
important functioning part of the end de- 
vice itself, as in the last four devices 
listed in Table I. 


INTERMEDIATE AND AUXILIARY MEANS 


In many instances the output or opera- 
tional result of a primary detector is not 
suitable to operate the necessary end de- 
vice either because of its nature or because 
of its remote location. It, therefore, be- 
comes necessary to convert this output or 
operational result into some different 
quantity, to supply measurement energy, 
or to modify or amplify it in such a man- 
ner that it becomes suitable to accomplish 
the purpose in hand. All such intermedi- 
ate operations are classified as intermedi- 
ate means. They are provided for, where 
necessary, by a proper selection of speci- 
fic functional basic elements. The loca- 
tion and physical housing of the inter- 
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mediate means are determined by con- 
venience. It may be included with the 
primary detector or the end device, or it 
may consist of separate devices intercon- 
nected mechanically or electrically. The 
thoughtful designer will use a minimum of 
such transformations or additional opera- 
tions, since, in general, some measurement 
precision may be lost in the process. Cer- 
tainly there is added complexity and cost. 
Much greater flexibility and sensitivity 
often can be realized by their use, however, 


INPUT FROM 
INTERMEDIATE 
MEANS 


Figure 2. Specific functional classification, 
D'Arsonval recorder 


Basic elements: 


9.1—Moving coil 

6.5—A-c standardized frequency source 
16.1—Gearing 
17.1—Timing motor 
20.1—Stationary field magnet 
26.1—Chart for marking 
27.1—Curve-drawing means 
30.1—Restoring-torque springs 


and in many cases the nature of the meas- 
urement is such that one or more inter- 
mediate means are necessary for its ac- 
complishment. In Table II a number of 
measurements systems are listed that re- 
quire intermediate means. 

Occasionally it may be necessary to 
change the magnitude of the measured 
quantity so that its level is better suited 
to the primary detector. Equipment 


used for this purpose includes instrument 
transformers, preamplifiers, and shunts, 
and is classified in a subordinate grouping 
as auxiliary means. It is located in front 
of the primary detector and may be either 
a separate unit or built in as part of a 
measurement device. Typical examples 
are the current and potential transformers 
used in connection with watthour meters, 
and also the built-in type of transformers 
used for conventional thermal watt de- 
mand meters. 

The auxiliary means constitutes impor- 
tant and necessary equipment for some 
measurements, butitsfunction isto prepare 
suitably for the proper operation of the 
primary detector. It actually does not 
perform the initial step or quantitative 
response in the measurement sequence, 
since it merely changes the level of the 
measured quantity. 


COMMENTS ON GENERAL 
FUNCTIONAL ANALYSIS 


As has been stated, all measuring de- 
vices or systems can be classified in ac- 
cordance with the 3-part functional analy- 
sis that has been explained. This has 
been done for hundreds of different types 
of measurements and the results tabu- 
lated. In general, a rather limited num- 
ber of functional types of indicating and 
recording end devices is used. There isa 
larger list of primary detectors that are 
available and, undoubtedly, more will be 
invented. A complete tabulation of the 
measuring systems that have been ana- 
lyzed is not included in this paper, but 
Tables I and II show a few typical cases 
and will serve to illustrate the manner in 
which this method can be applied. 

The type of analysis shown in Tables 
I and II provides a means for considering 
any line or field of measurement apparatus 
in an orderly manner. Lists of primary 
detectors, intermediate means, and end 
devices can be prepared and should be 
very useful to designers and users of this 
class of equipment. Such a classification 
reduces to a relatively few fundamental 
types what otherwise might appear to be 


Table I. General Functional Classification of Simple Measurement Devices and Systems 


Measurement 


Device or System Quantity Measured 
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Primary Detector End Device 
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Temperature meter 


(thermocouple type)..Temperature............. chermocouples. a en ee D’Arsonval indicator 
Light meter meen Atlumination= eer eee TLightscelll.y isc bone a5 ene D’Arsonval indicator 
Aircraft synchroscope. . . Aircraft-engine synchronism. . A-c SenNerator i, cides Rotating field and 

vane indicator 
Directional gyroscope... Direction................. Horizontal axis gyro......... Directional gyro in- 
dicator 
Interval timers... sen: TMC .3s aneic eae ee Liming) motor seni Time switch 
D-c ammeter.......... Directicurrent-p a yee D’Arsonval mechanism...... D’Arsonval indicator 
A-c wattmeter......... A=C.DOW Ed cachet ee Electrodynamic mechanism. - Electrodynamic indi- 
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= 
, an almost endless variety of measurement Table Il. General Functional Classification of Systems Requiring Intermediate Means 


apparatus. Soe — 
: Measurement Quantity Primary Intermediate 

Specific Functional Classification Systems Measured Detector Means End Device 

The term basic element has been used Temperature meter..Temperature..... Resistance tempera-.., Resistance bridge..... Moving-magnet ra- 
‘ degen Asp (resistance type) ture detector tio indicator 
in the textas indicating that measurement Photoelectric tem-..Temperature..... Thermocouple........ Galvanometer, opti-. .D’Arsonval recorder 
devices are composed of certain units pba sis tire cat 
which perform specific and definite func- matt Made lane nee 

Remote indicating. .Direction...,..... Compass mechanism. .Induced second har-..Induced second har- 


tions in the measurement sequence. It is 
quite evident that the classification into 
general functions does not supply suffi- 
cient information to obtain a clear and 
precise understanding as to the real na- 
ture of the various devicesunderconsidera- 
tion. By further analyzing these de- 
vices, therefore, andidentifyingeachspeci- 
fic functional operation in the measure- 
ment chain, some very interesting results 
are obtained. For example, a typical 
D’Arsonval recorder may be broken down 
into components or units which perform 
necessary and distinct steps in the se- 
quence of the measurement operation, as 


compass 


Liquid-level gauge, 
(capacitarice type) 
Watt-demand 


cording system mand 


. Liquid quantity. .Capacitor... 


monic transmis- monic indicator 


sion 


eS a acys Electronic oscillator. .Moving-magnet ra- 


tio indicator 


re-.,A-c power de-..Watthour-meter...... Electric-impulse...... Demand recorder 
mechanism 


transmission 


analysis previously described, and the 
basic elements identified were listed and 
classified. In Table III all basic elements 
thus far considered are grouped into 34 
general types, and these expanded into 92 


bw 
s 
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| INTERMEDIATE 


major and minor variations for purposes 
of classifying actual physical construc- 
tions that are used. The decimal system 
lends itself to this extension very nicely, 
and, by this means, types of construction, 
material used, and actual size and shape 
may be identified with particular decimal 


\ 

PRIMARY 

Sieben E | ENO . 

: i Wine : | numbers. This actually has been done 
shown in the schematic diagram, Figure 2. DETECTOR MEANS Vet iwee ee . : : 

: : : RESISTANCE | _ RESISTANCE | movinc-macnet for some of the basic elements listed and is 
There are actually eight functional units TSJEERATGRE — BRIOGE ciRcUIT J -RaTIO INDICATOR 


as listed that are essential to complete 
the over-all operation of recording the 
value of the quantity measured on the 
chart. For the purposes of exact nomen- 
clature, the units that perform such spe- 
cific and distinct functions aretermed basic 
elements, and represent the smallest steps 
in the measurement sequence that it is 
convenient to consider. These basic 
elements in a.sense may be termed the 
“building blocks of measurement.” 

It is now possible to analyze each de- 
vice or assembly in any measuring appa- 
ratus or system and break it down into the 
basic elements of which it is composed. 
This has been done for all of the measuring 
equipment that has been considered from 
the standpoint of the general functional 


Figure 4. Temperature meter, resistance type 
Basic elements: 


9.9—Fixed coils 

6.1—D-c source 
90.2—Moving-field magnet 
94.1—Moving-pointer, fixed scale 
99.1—Fixed resistors 
99.3—Temperature sensitive resistor 


being extended, since it provides an excel- 
lent system for purposes of systematic 
filing and indexing of data. 


Complete Analysis 
and Classification 


It is now possible to show on one sche- 
matic diagram a complete measurement 
system utilizing the methods of analysis 
that have been described. This provides 
a standard method of presentation and 
also a basis for naming, listing, and 
statistically analyzing all the functional 
parts of which measurement apparatus is 
composed, namely, basic elements, pri- 
mary detectors, intermediate means, and 
end devices. The secondary classifica- 
tion of auxiliary means can be noted and 


‘ specific types. A decimalindex systemis listed also, as required. In making such 

Pray | eNO ar23-9 used for convenience of reference and for an analysis, care should be taken to follow 
sates e Pe aauvae adding new elements as may be required. the exact meaning of these terms as closely 
)INDIGATOR In preparing diagrams and tabulations, as possible. Definitions of these and 


32.1- 30.1 


Figure 3. Temperature meter, thermocouple 
type 
Basic elements: 


9.14—Moving coil 
20.1—Stationary field magnet 
94.1—Moving pointer, fixed scale 
30.1—Restoring-torque springs 
31.1—Bimetallic actuator 
32.1—Contact thermocouple 
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the number of the specific type is always 
shown, since this definitely identifies the 
function involved. 

While only 92 specific types are needed 
to analyze the measuring equipment thus 
far considered, it is realized that this list 
cannot be considered as complete. Addi- 
tions will have to be made as new types 
are encountered in existing apparatus, and 
also as new inventions are made. The 
number added, however, probably will be 
small, since experience has shown that 
nearly all new measuring systems analyzed 
fit into the pattern of classification that 
has been established. 

It is quite feasible to subdivide further 
these specific types of basic elements into 
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other measurement terms frequently used 
have been carefully worked out and are 
given in the following section. 

Some of the measurement systems or 
devices that have been previously men- 
tioned now will be shown in diagrammatic 
form by combining the general and spe 
cific functional classification. Each sig- 
nificant step in the measurement sequence 
is clearly indicated by identifying the 
basic elements involved and marking 
them in accordance with the decimal num- 
bers shown in Table III. The order of 
the tabulation, in general, corresponds to 
the flow of measurement energy from the 
first operation to the end result. 

The measurement systems or devices 
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Figure 5. Lightmeter 


Basic elements: 


29.1—Moving coil 
90.1—Stationary field magnet 
91.1—Photovoltaic cell 
94.1—Moving-pointer fixed scale 
30.1—Restoring-torque spring 


selected for illustrating the complete 
functional analysis method are shown in 
Figures 3 through 10, and their principles 
of operation should be self-explanatory if 


the foregoing material has been carefully 
considered. 

The complete analysis and classifica- 
tion data can be tabulated in compact 
form for purposes of reference and statis- 
tical study. This has been done for a 
large part of the equipment involved in 
the electrical measurement field, includ- 
ing apparatus for measuring both elec- 
trical and nonelectrical quantities. It is 
not feasible to show the complete results 
of this study in this paper, but a skeleton 
table has been prepared, Table IV. This 
table shows a number of typical measure- 
ments and illustrates how such a tabula- 
tion can be built up. A column could be 
added showing control initiator, if de- 
sired, and this is done in considering 
measurements closely connected with con- 
trol apparatus. In Table IV the general 
functional groupings are listed by recog- 
nized names associated with their respec- 
tive functions, and the basic elements of 
which they are composed are shown by 
the numbers in parentheses, which refer 
to the listing of specific types in Table ITI. 

A tabulation such as shown in Table IV 


Table Ill. List of Basic Elements 


rey 


can be made quite complete for the 
measurement of electrical quantities 
which are relatively few in number, but 
when extended into the field of measure- 
ment of nonelectrical quantities by elec- 
trical means, the list is very much larger 
and is constantly increasing. This clearly 
shows the growing application of electrical 


-methods to the measurement of physical 


quantities other than electricity. 

Separate lists have been made of basic 
elements, primary detectors, intermediate 
means, and end devices. Such data are 
of considerable importance statistically 
and as a means of ready reference, as will 
be explained later. 

One mental picture given by a tabula- 
tion such as shown in Table IV is the very 
real significance of the term “building 
blocks of measurement” as applied to 
basic elements. It is easy to see at a 
glance those devices that are compli- 
cated and have many steps in the meas- 
urement sequence, as compared to those 
that are simple and have few steps. The 
point also is brought out that the same 
basic elements are used in various com- 


SS See 


General Group Specific Type 


1.1—Fixed capacitor 
IP ——CApacitOn sy qicisicveid cathe ols) ease 1.2—Varying dielectric capacitor 
‘ 1.3—Variable capacitor 

Wa CON AITICOLC denne ae Oeiee evar { pepe 

; : 3.1—Electromagnet 
3—Coil, ferromagnetic core..... 

: 4 3 2—Electromagnet stator 
(See also inductor-15) 3.3—Electromagnet rotor 
PEAT { 4,.1—Make-and-break contacts 
OR NY ERS GA AAR iO eee antes. 

5—Eddy-current disk.......... { 5.1—Braking disk 

sector or member 5.2—Drag disk 


6.1—D-c source (nonstandardized) 
6.2—D-c standardized-voltage source 
6.3—A-c source (nonstandardized) 
6.4—-A-c standardized-voltage source 
6.5—A-c standardized-frequency source 
| 7.1—Nonmetallic electrodes ‘ 


6=“Blectric source. vers eeverese che 


7— Electrodes 7.2—Metallic electrodes 
7.3—Thermoelectric electrodes 


8—Electronic tbe... +. 4.6 8.1—Grid-controlled electronic tube 


(See also photosensitive 8.2—Gaseous discharge tube 
cells-21 and rectifier-28) 8.3—Cathode-ray' tube 
9—Ferromagnetic..... SSO. 03 oe { 9.1—Ferromagnetic vane 
moving member 9.2—Ferromagnetic plunger or lever 
10.1—Liquid-level float 
11.1—Eccentric-piston pump 
{ 12 1—Orifice 
12.2—Pitot tube 
13.1—Tuning fork 
13.2—Resonant circuit 


11—Fluid-quantity converter.... 
12—Fluid velocity converter..... 


13—Frequency standard........ 
(See also Piezoelectric 
crystal-23) 

dG VEOSCOPe em ay.1a eye one 14.1—Electrically driven gyro rotor 

15.1—Fixed inductor 

15.2—Variable inductor 

15.3—Mutual inductor 

15,4—Saturating reactor 

16.1—Gearing 

16.2—Lever 

16.3—Clutch 

16.4—Cam 

16.5—Crank 

16.6—Pawl and ratchet 

Sig 17.1—Timing motor 
17—Motor..... Diokateo afetetotelerscorets { ue eS 
18,.1—Lense 


15—Inductor or reactor......... 


18,2—Mirror 
18.3—Filter 
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General Group 


Specific Type 


19——Penduluim).cicieeleieleler 


21—Photo-sensitive cells.... 


22—Photo-radiation source. . 
23— Piezoelectric crystal.... 


24— Pointer and scale....... 


25—Pressure converter..... 
26—Record charts......... 


27—Record-making means. . 


28—Rectifiernn sie aes es 


29—-Resistor : emt. cic tactereake 


30—-Spring 22) sane aie 


31—Temperature converter. . 


(See also resistor-29 and 
thermocouple-32) 


32—Thermocouple......... 


33—Transformer........... 


34—W e€ightine cs teuit toners rs 
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19.1—Free pendulum 
20.1—Stationary field magnet 
20.2—Moving field magnet 
20.3—Braking, drag or damping magnet 
20.4—-Motion transmitting magnet 
20.5—Holding, lifting, or pulling magnet 
21.1—Photovoltaic cell 
21.2—Photoconductive cell 
21.3—Photoemissive cell 
22.1—Electric lamp 
{ 23.1—Frequency-standard crystal 
23.2—Pressure-conversion crystal 
24.1—Moving-pointer, fixed-scale 


Boop Rania Arn moving-scale 


24.3—Light-beam, fixed-scale 
25.1—Expanding vessel 

25.2—Liquid column 
25.3—Microphone diaphragm 
26.1—Chart for marking or printing 

{ 26.2—Photo-sensitized chart 
27.1—Curve-drawing means 

|21.3 Printing means 
27,3—Light-beam means 

Ne oo i rectifier 

28.2—Electronic rectifier tube 

29.1—Fixed resistor 
29.2—Variable resistor 
29.3—Temperature-sensitive resistor 
29.4—-Moisture-sensitive resistor 
29.5—Strain-sensitive resistor 
29.6—Vibration-sensitive resistor 

{ 30.1—Restoring torque spring 


+ +++ 30.2—Positioning spring 


30.3—Stress strain member 


*** )31.1—Bimetallic actuator 
31.2—Vapor tension bulb 


{ 32.1—Contact thermocouple 

32.2—Radiation thermocouple 
33.1—Instrument transformer 
33.2—Coupling transformer 


++++< 33,3—Saturating core transformer 


33.4—Biased transformer 
33.5—Power-supply transformer 


..+. 84,.1—Solid weight 
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binations to accomplish widely different 
results. 


Definitions of 
Measurement Terms 


It will be helpful at this point to give 
specific definitions for the various terms 
that are used to describe the proposed 
method of analysis. These definitions are 
carefully worded and are intended to 
facilitate the actual analysis and classi- 
fication of measurement devices or sys- 
tems. Some of these terms are new ones 
designating somewhat new conceptions, 
and others are terms that are in general 
use but to which it is necessary to ascribe 
more specific meanings. 

New terms, which have been selected 
specifically for the functional analysis and 
classification of measurements, are as 
follows: : 

A primary detector is the first basic element 


or group of elements that responds quanti- 
tatively to the quantity measured and per- 


forms the initial measurement operation. A 


Figure 7. Photoelectric temperature recorder 


Basic elements: 


1.1—Fixed capacitors 

29.1—Moving coil 

6.3—A-c source 

6.5—A-c standardized-frequency source 
8.1—Grid-controlled electronic tubes 


16.1—Gearing 
17.1— Timing motor 
18.1—Lenses 
18.2—Mirrors 


20.1—Stationary field magnet 
21.3—Photoemissive cells 
99.1—Electric lamp 
26.1—Chart for marking 
27.1—Curve-drawing means 
98.2—Flectronic rectifier tube 
29.1—Fixed resistors 
30.1—Restoring torque spring 
32.1—Contact thermocouple 
33.5—Power supply transformer 
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Figure 6. Direc- 
tional gyroscope 


TO AUTO-PiLor 


RUDDER CONTRo, ——Basic elements: 


3.2 — Electromagnet 
stator 

3.3 — Electromagnet 
rotor 

6.3—A-c source 

14.1 — Electrically 

driven gyro rotor 
16.1—Gearing 
24.9-Fixed-pointer, 
moving scale 


primary detector performs the initial con- 
version or controlof measurementenergy and 
does not include transformers, amplifiers, 
shunts, resistors, and so forth, when these 
are used as auxiliary means. 


An end device is the assembly of basic ele- 
ments that responds quantitatively to the 
quantity measured and performs the final 
measurement operation. Anend device per- 
forms the final conversion of measurement 
energy to an indication, record, or the initia- 
tion of control.* 


The intermediate means includes all basic 
elements that are used to perform necessary 
and distinct operations in the measurement 
sequence between the primary detector and 
the end device. The intermediate means, 
where necessary, adapts the operational re- 
sults of the primary detector to the input 
requirements of the end device, 


A measurement component is a ‘general term 
applied to parts or subassemblies that are 
used primarily for the construction of meas- 
urement apparatus. It is used to denote 
those parts made or selected specifically for 
measurement purposes and does not include 
standard screws, nuts, insulated wire, or 
other standard materials. 


* It should be noted that end devices, as defined 
under new terms, are frequently, but not always, 
complete measurement devices in themselves, 
since they often are built in with all, or part, of the 
intermediate means or primary detectors to form 
separate self-contained units. 
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Figure 8. Remote indicating compass 
Basic elements: 


6.3—A-c source 
15.4—Saturating reactor 
20.2—Moving field magnet 
24.1—Moving-pointer, fixed scale 


A basic element is a measurement component 
or group of components that performs one 
necessary and distinct function in a sequence 
of measurement operations. Basic elements 
are single purpose units and provide the 
smallest steps into which the measurement 
sequence can be classified conveniently. 


An auxiliary means is a basic element or 
group of elements which changes the magni- 
tude but not the nature of the quantity be- 
ing measured to make it more suitable for 
the primary detector. In a sequence of 
measurement operations, it usually is placed 
ahead of the primary detector. 


Control initiation is the function introduced 
into a measurement sequence for the pur- 
pose of regulating any subsequent control 
operations in relation to the quantity meas- 
ured. The basic element or group of ele- 
ments comprising the control initiator 
usually is included in the end device but may 
be associated with the primary detector or 
the intermediate means. 


Existing terms, which are specifically 
defined for use in the functional analysis 
and classification of measurements, are as 
follows: 


A measurement device is an assembly of on 


$337 


END DEVICE 
D'ARSONVAL RECORDER 


991 


PRIMARY DETECTOR 
CAPACITORS 


Figure 9. Liquid-level gauge, capacitance 
type 


Basic elements: 


1.1—Fixed capacitors 

1.2—Varying dielectric capacitor 

9.9—Fixed coils 

6.1—D-c source 

8.1—Grid-controlled electronic tube 
15.3—Mutual inductor 
90.2—Moving field magnet 
24.1—Moving-pointer, fixed scale 
99.1—Fixed resistors 


Figure 10 (right). Watt-demand recording 
system 


Basic elements: 


3.1—Electromagnet 
4,1—Make-and-break contacts 
5.1—Eddy current disk 

6.5—A-c standardized-frequency source 
9.2—Ferromagnetic lever 


16.1—Gearing 
16.2—Lever 
16.4—Cams 


16.6—Pawl and ratchet 
17.1—Timing motor 
90.3—Braking magnet 
96.1—Chart for marking 
97.1—Curve-drawing means 
30.1—Restoring torque spring 


or more basic elements with other compo- 
nents and necessary parts to forma separate 
self-contained unit for performing one or 
more measurement operations. It includes 
the protecting, supporting, and connecting 
as well as the functioning parts, which are 
all necessary to fulfill the application re- 
quirements of the device. 


A measurement system consists of one or more 
measurement devices and any necessary 
auxiliary or intermediate means intercon- 
nected to perform a complete measurement 
from the first operation to the end result. 
A measurement system can be divided into 
general functional groupings, each of which 
consists of one or more specific functional 
steps or basic elements. 


Measurement energy is the energy required to 
operate a measurement device or system. 
Measurement energy can be obtained either 
from the quantity being measured, from an 
external source, or from both. 
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for some time in connection with indus- 
trial process instrumentation for the ini- 
tial functional unit in a measurement se- 
quence.?? This change was made, how- 
ever, because in the method of analysis 
described the primary detector may con- 
sist of more than one basic element, and 
because the term basic element is used to 
cover functional units anywhere in the 
measurement sequence and is not limited 
to the initial operation. Primary detec- 
tor, therefore, is used to avoid confusion 
and to be more consistent with the names 
of the other two general functional group- 


END DEVICE 
OEMAND RECORDER 
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Measurement equipment is a general term ap- 
plied to any assemblage of measurement 
components, devices, apparatus, or systems. 


A measurement mechanism is an assembly of 
basic elements and immediate supporting 
parts for performing a mechanical operation 
in the sequence of measurement. For ex- 
ample, it may be a group of components re- 
quired to effect the proper motion of an indi- 
cating or recording means and does not in- 
clude such parts as bases, covers, scales, and 
accessories. It also may be applied to a 
specific group of elements by substituting a 
suitable qualifying term, such as time 
switch mechanism or chart drive mechanism. 


Related Terminology 
and Literature 


Wherever practical, the foregoing terms 
and definitions, as well as the names of 
the devices and elements used in the tables 
and illustrations, have been kept in agree- 
ment with the established terminology of 
measurement.! Modifications and adap- 
tations, however, have been necessary in 
developing the method of functional 
analysis. For example, the new term 
primary detector may at first seem an un- 
warranted departure from primary ele- 
ment, which isthe namethat hasbeen used 
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ings, the intermediate means and the end 
device. 

- Functional analyses of measurement 
and automatic control systems have ap- 
peared previously in technical litera- 
ture.?:45 While these analyses emphasize 
the value of considering measurements 
from the functional point of view, they 
have been limited, in general, to only a 
part of the whole measurement field and 
have been made to facilitate detailed dis- 
cussions of the particular part involved. 
The functional analysis method presented 
herein is intended to be universally ap- 
plicable to every device and system in the 
measurement field. 


Uses of Method and Conclusions 


The method of analysis and classifica- 
tion of measurements that has been de- 
scribed was developed to provide an 
orderly approach to the problem of 
understanding and properly classifying 
the fundamentals of modern measure- 
ment systems. The many ramifications 
and the apparent complexity of this type 
of equipment make it imperative that 
terms be standardized more specifically 
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‘than at present, and a co-ordinated no- 
menclature, therefore, is suggested. 

The principal beneficial results obtained 
from this study may be summarized as 
follows. 


CLEARER UNDERSTANDING 


It seems obvious that a useful medium 
is made available to depict or illustrate 
individual measurement systems or de- 
vices, showing in a systematic manner 
and in the proper sequence just how they 
function. As a corollary, a specific use 
of words and phrases connected with 
measurement leads to verbal or written 
technical treatment that can be under- 
stood easily and commonly. It is hoped 
that this may have some helpful influence 
on future standardization activities. 

By identifying common functional ele- 


ments or assemblies of elements, a con- 
venient method is provided for exploring 
and evaluating the whole measurement 
field and determining fundamental rela- 
tionships in equipment having widely dif- 
ferent applications. It is also of value in 
studying various designs of measurement 
apparatus intended for the same purpose 
and determining fundamental differences 
and similarities. This all can be accom- 
plished by carefully listing the basic ele- 
ments, primary detectors, intermediate 
means, end devices, auxiliary means, or 
control initiators of which the apparatus 
under consideration is composed. 


CO-ORDINATION AND STANDARDIZATION 


As a result of a clearer understanding of 
the exact nature and purpose of the vari- 
ous functional parts of a measurement sys- 


tem or device, engineers can co-ordinate 
more effectively the design of specific 
basic elements, parts, or mechanisms. 
Co-ordination here is used in the sense of 
insuring that specific parts having a par- 
ticular function be used as widely as pos- 
sible in different apparatus wherever that 
function is required. Wasteful duplica- 
tion thus is prevented by minimizing 
minor variations in parts or mechanisms 
intended to perform the same or very 
similar operations. 

The interrelation of basic elements, 
primary detectors, and other functional 
parts of a system has been emphasized in 
connection with Table IV. This also is 
indicated clearly by the fact that only 92 
basic elements (Table III) are required to 
build up many hundreds of greatly diver- 
sified systems and devices. Of course 


Table IV. Partial Listing of Functional Analysis and Classification of Measurements 


Primary Detector 
Quantity 


Intermediate Means 


End Device 


Measured Name 


Basic Elements 


Name Basic Elements 


Name Basic Elements 


Group I—Electrical quantities 


D-c amps and.. yatge tail mechanism. . (2.1) (20.1) None s ac cheep evetes lous ae — 
volts D’Arsonval mechanism. . (2.1) (20.1) Notie sSacratrvasen arent — 
Moving iron mecha-..(3.1)(9.1) NOG ius ooruteaadatels — 
nism 
Nes eR ee epg ae conver=. . (29.3) (32.1) INONG Js Golan ele ne eros —_ 
Boles Electronic rectifier. ..... (CHAIN ERDEMDG 5 WO seasoncesnencae — 
(28.2) (33.5) 
; (6.3) 
A-c power...... { Electrodynamic mecha-. . (2.1) (2.2) INOME A arereteerlehee sisal = 
nism 
A-c énergy...... es meter mecha-. (3.1)(5.1)(20.3).. None............+..% — 
nism 
Watthour meter mecha-. (3.1)(5.1)(20.3).. Elec impulse trans-.. (16.1) (16.4) (4.1) (6.5) 
A-c power de-.. nism mission 
CES Bimetallic actuator..... BS) (SLD) octane IN Of Meerut eteners cee crass _— 
Totalized a-c.. Watthour meter mecha-. .(3.1)(5.1)(20.3).. (Elec impulse trans-. . (16.1) (16.4) (4.1) (6.5) 
power de- nism mission 
mand Totalizing relay....... (3.1) (9.2) (16.6) (16.1) 


Group II—Nonelectrical quantities 


(16.4) (4.1) (6.5) 


..D’Arsonval indicator. . (2.1) (20.1) (30.1) (24.1) 
..D’Arsonval recorder, . (2.1) (20.1) (30.1) (17.1) 
(6.5) (16.1) (26.1) (27.1) 
..Moving iron indica-..(3.1) (9.1) (30.1) (24.1) 
tor 
..D’Arsonval indicator. . (2.1) (20.1) (30.1) (24.1) 


..D’Arsonval indicator. . (2.1) (20.1) (30.1) (24.1) 


. .Electrodynamic indi-. . (2.1) (2.2) (30.1) (24.1) 


cator 
..Watthour meter..... (3.1) (5.1) (20.3) (16.1) (24.1) 
..Demand recorder..... (3.1) (9.2) (16.6) (16.1) 


(17.1) (16.2) (16.4) (30.1) 
(27.1) (26.1) 
.. Thermal demand in-. . (33.1) (31.1) (16.1) (24.1) 
dicator 
. Demand recorder..... (3.1) (9.2) (16.6) (16.1) 
(17.1) (16.7) (16.4) (30.1) 


(27.1) (26.1) 


. 


..Magnetic drag disk. . (20.3) (5.2) (30.1) (24.1) 
indicator 
..D’Arsonval indicator. . (2.1) (20.1) (30.1) (24.1) 


.. Rotating field and. .(3.2)(9.1) (24.1) 
vane indicator ; 
..Moving mag ratio. .(29.1) (2.2) (20.2) (24.1) 
indicator 
..D’Arsonval indicator. . (2.1) (20.1) (31.1) (30.1) 
(24.1) 


. (2.1) (20.1) (30.1) (17.1) 
(6.5) (16.1) (26.1) (27.1) 


..D’Arsonval recorder. 


..2nd harmonic ratio. .(15.4)(20.2) (20.1) (24.1) 
indicator 
..Magnetic drag disk. . (20.3) (5.2) (30.1) (24.1) 


..D-c Selsyn indicator. 


indicator 


(16.1) (24.2) 


. (3.2) (20.2) (24.1) 


} Ae. ZeneratOnne + hes ets (20.2) (3.2) Synchronous motor... . (3.2) (20.2) 
Speed....... nan 
A-c generator.......... (9.1)(20.1)(3.2).. Frequency sensitive. . (33.3) (28.1) (29.1) 
rectifying network 
Aircraft-engine.. A-c generator.../...... (20.2) (3.2) None: Satetttas teen = 
synchronism _ 
/ Resistance temperature. . (29.3) Resistance bridge..... (29.1) (6.1) 
detector 
Thermocouple.......... (32.1) IN OMG epee es oth evens _— 
pera ate ar Galvanometer........ (2.1) (20.1) 
Optical transmission. . . (22.1) (18.1) (18.2) 
Thermocouple.......... (32.1) (21.3) 
Electronic ampl....... (29.1) (1.1) (8.1) (28.2) 
(33.5) (6.3) 
Pressures ase Bellows mechanism...... (25.1) Induced 2nd_har-.. (20.2) (15.4) (6.3) 
monic transmission 
EM OWY o sij0) o-eketne . Pump mechanism....... (11.1) (20.4) Selsyn transmission.... ee (6.1) (29.1) (3.2) 
20.2) 
Float mechanism....... (10.1) (16.1) D-c Selsyn transmis-. . (29.2) (6.1) 
Liquid level..... (20.4) sion 
| Capacitoces ssa siaicly ouevscsaie (1.2) Elec oscillator,....... (15.3) (1.1) (29.1) (8.1) 
(6.1) 
| Horizontal axis gyro..... (UAE) SE2)\(623) eNO eras. seenretels eretee lee — 
Direction: into: 
Compass mechanism... . (20.2) +. Induced 2nd _har-..(15.4)(6.3) 
monic transmission 
MITE). cere siete LIMITS MIOCOL- vie. ees 9. 3 . - (17.1) (6:5) INO Cui .scasuerafeues : a 
Tight 2-48 as ete WASH E Cells acess tielehearers (21.1) RICA NOMEN eens as SSB cues — 


..Moving mag ratio. . (2.2) (20.2) (24.1) 


indicator 
.. Directional gyro in-. . (14.1) (3:2) (6.3) (16.1) 
dicator (24.2) 
..2nd harmonic indi-.. (15.4) (20.2) (24.1) 
cator 
se bime GwitCh cn 5 caeccs oi (16.1) (24.2) (16.4) (16.2) 
(30.2) (4.1) 


..D’Arsonval indicator. . (2.1) (20.1) (30.1) (24.1) 
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BASIC ELEMENTS 


24-POINTER ad SCALE ‘ 
20- PERMANENT MAGNET 


6 - ELECTRIC SOURCE ©@eeeee e000 
30- SPRING eeecce eco 
2 - COIL, AIR CORE eeeeeee © 0 
16 - MECHANICAL LINKAGE Cece eeere0 
29- RESISTOR eecocee ry 
33 - TRANSFORMER ee © © of 
1 - CAPACITOR ° 
17- MOTOR ©00e Ce00c0 
3 - COIL, IRON CORE eo e@ eec0 
8 - ELECTRONIC TUBE r) 

26 - RECORD CHARTS eeee @ ee0o 
27- RECORD-MARKING MEANS |ee®@e @ eee 
28- RECTIFIER ee 
15 - INDUCTOR # REACTOR e e 
18 - OPTICAL COMPONENT 
21- PHOTOSENSITIVE CELL 

22 - PHOTORADIATION SOURCE 
5 - EDDY-CURRENT DISK, ETC. ee eeeecee 
4 - CONTACTS e@o000e 
9 - FERROMAGHETIC MOVING MEMBER ee eee 
25- PRESSURE CONVERTER 

14- GYROSCOPE 

"7 - ELECTRODES 

,23 - PIEZOELECTRIC CRYSTAL 

32 - THERMOCOUPLE e 

12 - FLUID-VELOCITY CONVERTER 

13 - FREQUENCY STANDARD 

19 - PENDULUM 

31 - TEMPERATURE CONVERTER e 


10 - FLOAT 


11 - FLUID-QUANTITY CONVERTER 
34- WEIGHT 


many varieties of these have been de- 
veloped for specific purposes, probably 
many more than are economically sound. 
It would seem that engineers are con- 
cerned mostly with designing some modi- 
fications of existing basic elements and 
regrouping them in order to accomplish a 
desired result. It rarely happens that 
a really new one is added. 

In order to get a rough idea of the ex- 
tent to which each basic element that has 
been identified actually is used for various 
types of measurements, the tabulation 
shown in Figure 11 has been prepared. 
Apparatus suitable for measuring 56 of 
the more important electrical and non- 
electrical quantities was analyzed and 
the necessary basic elements listed. In 
Figure 11, basic elements involved are 
shown in the order of their frequency of 
occurrence. This arrangement is useful 
in emphasizing those elements that prob- 
ably require most attention for co-ordina- 
tion purposes. It is not claimed, how- 
ever, that this tabulation is complete, nor 
entirely accurate. It is a generalization 
and presents a point of view that may be 
useful. 
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All progress that can be made in co- 
ordinating and standardizing functional 
parts of devices and systems will be, of 
course, a powerful influence in arriving at 
better standardization of measuring 
equipment as a whole. 


RESEARCH AND DEVELOPMENT 


Well-arranged lists of basic elements 
and the general functional parts of all 
known measurement apparatus or equip- 
ment are very helpful to research and de- 
velopment engineers. They indicate 
clearly what is available and where new 
development or inventions are required. 
Furthermore, the general viewpoint and 
over-all understanding that can be gained 
from an analysis such as outlined enables 
an engineer to focus his attention directly 
on a desired specific objective and to see 
it in proper relation to the general prob- 
lem in hand and the entire measurement 
field. 


APPLICATION AND SERVICE 


In the selection of measurement equip- 
ment for a specific purpose, the functional 
analysis method can be quite helpful in 
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Figure 11. Frequency of occurrence of basic 
elements 


several ways. In the first place, the 
simplified functional diagrams should aid 
in understanding and choosing the proper 
instrumentation and in maintaining it in 
service. Evaluations and comparisons? 
made possible by the system described aid 
materially in answering such questions as 
the following. How direct is the measure- 
ment? Is there undue complexity, espe- 
cially in intermediate means? Are the 
basic elements inherently simple and re- 
liable? Is the design well co-ordinated? 
What auxiliary means, or power supply, is 
necessary? Correct answers to these and 
other pertinent questions can be expedited 
if the application engineer is familiar with 
the idea of functional analysis and uses it 
carefully as an aid to his investigations. 


DATA AND STATISTICS 


Considerable use already has been made 
of the systematic classifications and tabu- 
lations of measurement functional parts 
for purposes of filing and cross-indexing. 
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Simplicity in Protective Relaying 


LLOYD F. HUNT 


FELLOW AIEE 


IMPLICITY is of paramount impor- 

tance when designing and laying out 
protective relay circuits. These circuits 
are called upon to operate so infrequently 
that they should be more reliable than the 
apparatus or lines they protect. Certain 
limiting conditions and requirements re- 
quested by circuit designers generally 
cause false tripping and make the cir- 
cuits less reliable. A simple protective 
system with all the extra devices left out 
operates so satisfactorily that the reasons 
for its good operation are often forgotten. 
The simple rules concerning protective 
systems in use on the Southern California 
Edison System that have made it possible 
to attain such a high standard service to 
its customers are reviewed in this paper. 

A short study of fault conditions re- 
veals that by far the majority of failures 
are faults to ground. On very high volt- 
age transmission lines on steel towers 
ground faults approximate 98 per cent of 
all faults. On lower voltage transmission 
lines and higher voltage distribution lines 
on wood poles, ground faults drop to 
about 90 percent. For rotating machines 
and transformers ground faults reach 98 
per cent. Therefore the task for protec- 
tion engineers is to design protection to 
isolate ground faults first. If a perfect 
system of only ground fault protection 


were used, the service record of relay per- 
formances would be an excellent one. It 
is therefore important that the added 
protection necessary for faults other than 
those to ground should be simple. 


Conclusions 


This paper presents the principles that 
have guided the application of protective 
systems over a period of the last 20 years. 
It is evident from the above-average 
record of operation that they have paid in 
equipment saved, and outages and false 
tripping prevented. 

Because all these principles have been 
based on simplicity and reliability, the re- 
sults of continued service have justified 
their practices. 

Though many relay applications have 
been pioneered on the Edison system, the 
trend has been to apply protection prima- 
rily for the majority of faults. Elimina- 
tion of complicated schemes for protection 
against less important faults has resulted 
in a system that has been designed and 


Paper 46-173, recommended by the AIEE commit- 
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maintained easily. The record of approxi- 
mately 99 per cent perfect relay opera- 
tions over a long period of time indicates 
the justification of these principles of 
simplicity and reliability. 


Introduction 

The Southern California Edison Com- 
pany, Ltd. has primarily a transmission 
type system. It is expanding continu- 
ously to meet the needs of a very rapidly 
growing community serving 17,500 square 
miles in southern California. Its present 
transmission system is shown in Figure 1. 
From this diagram it can be seen that the 
backbone of the system is the 220-kv line 
starting at Big Creek and Boulder power 
plants, running through or to the major 
stations and ending at Long Beach 
number 3 steam plant. 

The load is supplied through the 66-kv 
subtransmission system. The 66-kv 
system is divided into many sections. At 
each major substation where 220 kv is 
stepped down to 66 ky, the 66-kv system 
is a unit by itself, not normally paralleled 


with any other 66-kv group. Even at 


some of these major substations the 66-kv 
busses are split to form two of these 
groups. For example, the 66-kv system 
at Eagle Rock can be paralleled or it can 
be separated, each part being supplied 
from one transformer bank. It is not 
clearly shown in Figure 1’ where the 
separation of the 66-kv lines are made be- 
tween 66-kv systems. This is variable 
according to load conditions. For ex- 
ample, the 66-kv system of Eagle Rock 


Data on primary detectors and end de- 
vices, for example, can be indexed in ac- 
cordance with the quantities to which they 
respond, as well as by their names on the 
charts. Intermediate and _ auxiliary 
means can be indexed relative to the func- 
tion they perform and also the specific 
names assigned to them. Basic elements 
are specifically and conveniently listed 
on the chart and each one can be sub- 
divided into detailed variations as far as 
desired. All technical information avail- 
able can be so indexed that it is readily 
identified with the pertinent basic ele- 
ment. These examples will serve to point 
out the usefulness of this method in 
organizing and indexing technical infor- 
mation. 


GENERAL 


The benefits realized by the functional 
analysis and classification of measure- 
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ment systems and devices that has been 
described will depend a great deal upon 
how much it is really studied, understood, 
and applied in a given organization or in- 
dustry. In this paper it has been possible 


to present only a small part of the work. 


that has been done on the subject. 
It is also likely that the point will be 
raised that nothing really new or radical 
has been presented. In one sense this is 
true. What has been attempted, how- 


‘ever, is to collect, analyze, systematize, 


and organize information, methods and 
nomenclature that have been used in the 
art, but used in an unsatisfactory and 
indefinite manner. In doing this it was 
found necessary to coin some new words 
and phrases and to give these, as well as 
those commonly used, specific meanings 
and definitions. It is felt, too, that a 
complete analysis consistently and syste- 
matically carried out from the functional 
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Viewpoint is new. Actually, it has al- 
ready proved very useful in a practical 
manner. Although little thought has 
been given to the matter, it is also prob- 
able that the methods described in this 
paper can be extended advantageously to 
apparatus and equipment quite outside of 
the measurement field. 
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and Laguna Bell normally do not operate 
in parallel. 

Figure 1 shows 1,506 circuit miles of 
220-kv lines and 2,130 circuit miles of 66- 
kv lines supplied by 872,200 kw of hydro- 
electric generating capacity and 436,250 
kw of steam and other generating ca- 
pacity. _The total frequency-changer ca- 
pacity, for 50 to 60 cycles and vice versa 


DOUBLE TRIP 
OVERCURRENT 
RELAY 


ALARM RESET 


mete 


Figure 2. 


is 185,000 kw. Synchronous condenser 
capacity is 573,000kva. The maximum 
peak load to date is 1,025,200 kw. The 
daily load factor during last year reached 
as high as 87 per cent, and the yearly load 
factor was over 70 per cent. 


Protection Features 


It is the duty of large electric systems to 
supply continuous service to their cus- 
tomers. If a perfect system could be 
built economically, no relaying systems 
would be required. This being impos- 
sible, it is important that the protection 
group study the problem from several 
viewpoints; first, of preventing faults on 
the system; second, of studying behavior 
of faults with emphasis placed on troubles 
that affect the system as a whole; third 
of directing design of protective systems 
by which the type and location of faults 
can be determined and possibly be reme- 
died without de-energizing circuits in 
which the dropping of load or generation 
is involved; and fourth, of relaying the 
smallest portion of the system in order 
to isolate the fault. 

The protection group in the Edison 
organization has a great deal of influence 
on system planning, station layout, and 
design. It has pointed out factors in de- 
sign which were potential weaknesses and 
which consequently were avoided. In the 
layout of stations it is possible to make 
slight modifications to limit the amount 
of equipment tripped out in the case of a 
fault, also to arrange oil circuit breakers 
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MOMENTARY Contacts 
ON OPENING ONLY 


Standard relay tripping and alarm circuit 


to give flexible operation and over-all pro- 
tection. Recording devices such as auto- 
matic oscillographs, Hall recorders and 
disturbance recorders have been installed 
at strategic locations.1 The records of 
these devices are used for studying 
methods of better protection. The re- 
corders also are used in the determination 
of the location of faults. This has aided 
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Figure 3. 


materially the field forces in checking the 


‘condition and damage of the transmission 


lines. 


PROTECTION OF TRANSMISSION SYSTEM 


Because the prime purpose of protection 
is to maintain service to customers and 
to do as little relaying as possible to ac- 
complish this without leaving the facilt- 
ties in a hazardous condition, it behooves 
the protection men to use systems of 
simple circuits. 

In the initial application of relays to the 
Edison system, many individual design 
engineers took it upon themselves to make 
up circuits for installations upon which 
they were working. It was soon found 
that every job had its distinctive style of 
connections without any co-ordination 
of relays. The protection group no longer 
could be satisfied with studying the be- 
havior of relays but had the duty of dic- 
tating types and styles to fit in the system 
as a whole. 

In the original circuit designs the re- 
lays operated annunciators, bells, and 
flags without much regard to tripping cir- 
cuit breakers. This soon led to a simple 
standard rule that has continued through 
the years. That is, the trip circuits of 
relays are to be the simplest for direct 
tripping and that only the necessary knife 
switches. be included to facilitate relay 
testing. Because switches can open from 
causes other than by means of the trip 
coil, it was decided, and still is an Edison 
standard, to have an auxiliary switch on 
circuit breakers to operate the alarm cir- 
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cuits. Earthquakes and passing trains © 
have caused circuit breakers to trip with- 
out signals to the operator under normal 
setup; however, with the momentary 
closing of an auxiliary switch upon the 
opening of the circuit breaker, an alarm 
is set off. All tripping circuits should be 
locked in until the auxiliary switch on the 
circuit breaker has released the trip-coil 


Standard auxiliary relay tripping circuit 


current. In many locations, as shown on 
Figure 1, it is necessary to trip two circuit 
breakers. This is done with double-trip 
relays. Figure 2 shows schematically the 
standard tripping and alarm circuits. 
When more than two circuit breakers are 
tripped, as in the case of differential pro- 
tection, an auxiliary relay is used with a 
sealing-in circuit as shown in Figure 3. 
This type has a separate reset circuit 
which is common for tripping all auxiliary 
relays in the station, thus requiring the 
operator to use only one reset button for 
his entire station. A special alarm is 
used on each auxiliary relay, and thus the 
operator knows he must reset it before 
any switching is done. This seems ap- 
parent, but the less operators have to re- 
member about such things during system 
disturbances, the better is the operating 
record. Many years ago, a hand-reset 
tripping-relay caused a very long system 
outage. The operator had no signal to in- 
form him that this relay had not been re- 
set and in the excitement of the trouble he 
forgot to reset the relay. When the cir- 
cuit breaker was closed it tripped out im- 
mediately, and it was assumed the line 
(the only 220-kv line left) had a perma- 
nent fault. Since this disastrous out- 
age occurred the rule is that all trip- 
ping circuits are to be released automati- 
cally asin Figure 2, or released manually 
with an alarm on the relay asin Figure 3. 

The relay system on the 220-kv lines is 
differential from one end to the other, 
without adjacent section backup, and 
without overload protection. The word 
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differential is used in the broad sense 
rather than literally. All of the relays 
are not connected differentially, but 
are arranged so as not to trip when 
faults occur in adjacent sections. The 
primary protection for all 220-kv line sec- 
tions, is of instantaneous overcurrent 
type. All 220-kv terminals are equipped 
with three phase, and one ground element 
relay as shown by Figure 4. The ground 
elements are set to operate on slightly 
above maximum through ground current. 
In these cases the ground elements will trip 
on sequence when the fault is close to one 
end, and simultaneously when the fault is 
in the center section. The phase elements 
are set to operate on just above out-of- 
step currents. On long sections this set- 
ting covers about 40 per cent of the dis- 
tance from the station. In the shorter 
sections when all lines are in service these 
settings generally cover 100 per cent of 
the line in sequential tripping. To secure 
tripping for the remaining portion of the 
lines, or when some lines are out of service, 
a catrier system of relaying is used when 
necessary. Otherwise, on long lines where 
blocking is not essential, the relay scheme 
of carrier is used without the carrier 
blocking 
The Edison system’s first 220-kv car- 
rier-current relay system was started in 
1926. This system was very complicated 
and the record of its operation was un- 
satisfactory. There were more false trip- 
outs than correct tripouts. In fact, more 
cases of internal faults were cleared on 
this line section by the alternate group of 
relays because it was necessary to have 
the carrier relay group out for repairs. 
The next line section that was equipped 
with this type of carrier system had a 100 
per cent performance record on both in- 
ternal and external faults, but the record 
of the very complicated system changed to 
about 50 per cent operation because of 
many unnecessary tripouts. This com- 
plication, excessive maintenance, time 
out of service, and replacement costs, re- 
quired an investigation of a simple and 
more reliable system. The system which 
was developed? utilizes a lockout carrier 
or pilot wire and is very simple, because 
the short circuits on the 220-kv system 
were mostly ground faults, a few phase- 
to-phase or phase-to-phase-to-ground, it 
was believed that simplicity justified leav- 
ing out the instantaneous 3-phase fault 
protection. The phase protection con- 
sists of a balanced-current relay for 
tripping, that is, A phase is balanced 
all the more important that relays be 
maintained in good operating order at all 
times. The auxiliary group of relays is 
used while the main group of relays is 
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against B phase, B phase against C 
phase, and C phase against A phase. 
If an unbalance of ten per cent occurs 
at short-circuit values of current, the 
relay will trip. It can be seen readily 
that no complication is needed for guard- 
ing against tripping on out-of-step condi- 
tions. 

For parallel lines, only balanced-cur- 
rent ground relays are used. With high- 
speed circuit breakers, high-speed balance 
relays are used and slower relays still are 
used with slower circuit breakers. This 
protection has discrithinated successfully 
on all short circuits. With many staged 
short-circuit tests at Laguna Bell and 
Saugus substations? tied into the system, 
the whole 220-kv relay setup had an ex- 
cellent test and no false tripping occurred. 

The most difficult work connected with 
any carrier system is the maintenance of 
the radio sets. It became necessary to 
devise a transmitting and receiving set 
with a minimum of parts, especially 
capacitors and radio-frequency choke 
coils. The result was a set employing 
push-pull oscillator and push-pull power- 
amplifier stages, using a total of four tubes 
plus rectifier tubes. These sets proved 
economical in first cost and operated with 
reliability. 

The terminal protection on the 220-kv 
system consists of an instantaneous over- 
current relay, carrier, and an auxiliary 
group consisting of instantaneous over- 
current and time-delay relays. Because 
there are no normal backup relays, it is 


Figure 4. Four-element instantaneous over- 
current relay 
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being tested and adjusted. This is nec- 
essary because distances between installa- 
tions are great, and it is desirable when 
highly trained test engineers are making 
routine tests that the relays be available 
for inspection. 

The switching from one group of relays 
to another is required for all terminals 
when the lines cannot be taken out of 
service for tests. As mentioned before, in 
major stations on which the relays trip 
two breakers, push buttons are supplied 
so that while testing one switch at a time 
it may be tripped from the relays being 
tested. 

The 66-kv system is protected by the 
use of inverse time setting of overload 
and directional relays. However, at the ' 
major supply stations such as Eagle 
Rock, Laguna Bell, and Lighthipe the 
66-kv lines also are equipped with the 
same 4-element instantaneous-overcur- 
rent relays shown in Figure 4. In these 
installations they are set for approxi- 
mately 90 per cent of the line length. 
With this setting these relays have op- 
erated in many cases on the whole line 
after the switch had opened at the remote 
end. 

Even the simple overcurrent directional 
relay has three features that make it 
difficult to apply. 


1. It was discovered that much false 
tripping occurred by changing direction of 
flow after one end of the faulted line relayed. 
Study of the problem revealed that it was 
necessary to govern the overload element by 
only allowing it to close contact when the 
direction was correct. In those early days 
the Edison system built a few sets of direc- 
tional-controlled relays, which were placed 
in service at a location where considerable 
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difficulty with false tripping had occurred. 
The results were gratifying. However, it 
took personal contact with the factory to 
prove that it could be done and was neces- 
sary. It is self sufficient to say that all 
inverse-directional overcurrent relays are 
now directionally controlled. 


2. The application of single-phase direc- 
tional overcurrent relays must be watched. 
If the currents in the unfaulted phases of a 
ground fault reach values above minimum 
trip setting of the relays, one of the un- 
faulted-phase relays on unfaulted lines will 
be in the direction of trip and will cause 
unnecessary tripouts. 


3. In all directional schemes operated by 
poten tial it is possible to have a short circuit 
that will reduce the voltage to a value so low 
that the relays will not function. Rigid 
inspection is required to keep relays in con- 
dition to operate at very low voltages. In 
fact, a very thorough study was made sev- 
eral years ago about changing the 66-kv type 
of protection. This study revealed that if 
the directional elements of the relays were 
modernized according to our requirements, 
we would have as good an operating system 
with the existing circuit breakers as possible. 
As a result the directional elements were 
modernized with about $35,000 worth of 
parts. The results have proved the study 
was right because it is now very seldom that 
a short circuit occurs which reduces the 
voltage sufficiently to cause false tripping. 


At present a program of rebuilding all 
220-kv circuit breakers so that they will 
range {from three to five cycles in opening 
time is under way. This will require 
slight changes in our relay system. The 
time-delay balanced-current relays will be 
replaced with high-speed balanced-cur- 
rent relays, and in some places the carrier 
will be speeded up slightly by using higher 
speed directional-relays. Another pro- 
gram of speeding up all 66-kv switches is 
being started and when that is done, 
changes in relays will be made to keep up 
with the progress. 

Relays and relay systems using an elec- 
tric circuit for preventing tripping has 
been avoided. The simple rule used is 
that a relay must act to complete a cir- 
cuit to cause tripping, and it must be ac- 
tivated by a definite minimum fault cur- 
rent. The simple tripping circuit of Fig- 
ure 2 holds true in our carrier schemes. It 
is very easy to have something happen to 
a holding circuit thus allowing the trip- 
ping of unnecessary switches. This per- 
haps is the main reason for not using dis- 
tance relays. In several placeswhere these 
were used in interconnections with other 
systems, outages occured more from false 
tripping than by actual faults. Much has 
been said about tripping currents of less 
than full-load value. In many 66-kv 
faults when the current was reduced by 
the opening of the first switch, the arc 
went out before the second end of the 
line could relay. Recently one 66-kv line 
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grounded several times without maintain- 
ing an arc long enough to trip any of the 
circuit breakers. 


Two instantaneous 3-phase short cir- 
cuits have occurred on the 220-kv system, 
both caused by an operator closing a 3- 
phase gang-operated grounding switch on 
a hot line. The first occurred before the 
addition of instantaneous overcurrent re- 
lays and automatic separation. This 
caused a severe hydroelectric system out- 
age and a much longer steam system out- 
age. The other was tripped out by in- 
stantaneous relays at the end closest to 
the station. Because it happened on a 
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Station layout for one transformer 
bank and two lines 


Figure 5. 


long section of line, the other end did not 
relay, therefore the automatic separation 
of the system allowed the steam to carry 
its load without interruption. The opera- 
tor cleared the line with an apparent 
heavy load on it and the hydroelectric 
system suffered only a slight interruption. 
This clearly illustrates the advantages of 
these two devices. It might be interest- 
ing to analyze the action of the normal 
carrier systems that rely upon voltage 
directional relays for tripping under these 
same conditions. In these cases with the 
voltage ratio of 2,000 to 1, not even a trace 
of voltage would appear across the voltage 
coils of the relays. This means there is 
no tripping with the normal setting. If 
the relays were biased to operate under 
these conditions, then all the lines would 
relay,as in the previously mentioned cases, 
and the entire hydroelectric load would 
be dropped. Because these two cases are 
the only instantaneous 3-phase short cir- 
cuits on record to date, it is apparent that 
not much risk is being taken in an over-all 
operation. Another fact that sometimes 
is overlooked, is that when some flash- 
overs do go 3-phase it is possible that 
the are will go out of its own accord on the 
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first or second slip cycle because of re- 
duction of voltage. 

The separation system‘ used operates on 
three slip cycles, and is adjustable for two 
to five slip cycles. Prearranged tripping 
setups are made so that Big Creek hydro- 
electric plant has its load, Boulder hydro- 
electric plant has its load, and Long 
Beach steam plant has its load to carry 
when they are separated. Many tripping 
operations have taken place without in- 
terruption of load and with all points re- 
synchronized in two minutes. 


PROTECTION FOR EQUIPMENT 


Synchronous machines generally are 
equipped with only the normal induction 
percentage differential relays for generator 
use. Even though generators have split 
windings no additional relays are used. 
All synchronous machines operate with 
neutrals ungrounded. A potential trans- 
former connected from neutral to ground 
is used to initiate an alarm when faults 
occur. In all major generating plants 
the unit system of generator and trans- 
former installation is used. In some lo- 
cations two generators are used with one 
bank of transformers. This is also true 
with synchronous condensers. No distri- 
bution circuits are taken directly from 
generator leads. The exception has oc- 
cured at small unimportant generating 
stations. The alarm is sounded when a 
ground of ten per cent or more has oc- 
curred. A ground detector then is used 
by the operator to determine the magni- 
tude of the ground fault. There has 
been much comment about using only a 
potential transformer for this purpose, 
but experience® has shown that it is more 
than justified. To date the results of op- 
eration with ungrounded neutrals have 
been most gratifying, and this practice 
has resulted in operation that has al- 
lowed use of a lower amount of spinning 
reserve because the chances of losing a 
machine have been reduced to a mini- 
mum. 

J. E. Allen and S$. K. Waldorf of Balti- 
more are to be complimented on their 
very valuable contribution to this subject 
by their work.’? The Edison system has 
had all forms of ground failures since the 
use of ungrounded neutrals and concurs 
in their findings. At the present time 
nothing is available to alter the operating 
setup. 

The advantages of this method of op- 
eration can be explained best by two ac- 
tual cases. One midafternoon, ground 
alarms occurred indicating trouble on a 
60,000-kva steam unit. Because the 
unit was required through the evening 
peak, it was left in service. During this 
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time visual inspection was made of as 
much of the installation as possible. It 
was discovered that a bus support-insu- 
lator had failed. All the necessary equip- 
ment for repair was gathered and as soon 
as the machine could be released the re- 
pair was made in short order. If this 
machine had been operated with solidly 
grounded neutral, a heavy fault would 
have occurred doing much damage and 
the machine would have been tripped off 
immediately. It would have been diffi- 
cult to pick up its load immediately from 
other sources and, of course, the unit 
would not have been available for that 
evening’s peak. 

In the other case, an 80 per cent ground 
occurred on a 45,000 kw hydroelectric 
generator. It was taken off the line as 
soon as it could be spared. Upon test, 
one phase was found to be solidly 
grounded. This 80 per cent-indicated 
ground showed the fault to be about 80 
per cent from the neutral to the terminal. 
Upon removing the faulted coil a burned 
spot the size of a silver dollar between 
coils was discovered. The lower coil 
showed some damage too, but had not 
failed yet. The coils were replaced. If 
this machine had had a solidly grounded 
neutral it would have been damaged se- 
riously. Also the instantaneous dropping 
of that amount of generating capacity 
would have caused system trouble. Many 
other gratifying cases could be listed. 

As a result of this satisfactory record 
of operation a study has been started re- 
garding new installations without direct 
generator protection and with only the 
over-all transformer and generator dif- 
ferential protection. By doing this, all 
current transformers are eliminated from 
generator leads, all being connected on 
the neutral end of the generator. The 
question is, do the current transformers 
present more of a hazard on the leads 
than the value gained by using the more 
sensitive generator protection? 

Transformers are protected by induc- 
tion percentage-differential relays with 
good results. It is pleasing to note that 
the manufacturers are doing something 
about the weakest point in transformers. 
Most faults on recent transformers have 
occurred in high-voltage bushings. Bush- 
ings have been redesigned completely for 
transformers for 69 kv use and above. 


PROTECTION OF DISTRIBUTION 


The normal inverse-time-delay relays, 
both plain overload and directional over- 
load, are used for phase tripping. The 
most difficult faults to isolate are ground 
faults. There is and perhaps always will 
be a discussion on merits of ungrounded 
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and grounded systems. The Edison sys- 
tem has many of both kind. Those oper- 
ating very satisfactorily ungrounded use 
a ground detector® for giving an alarm 
and a grounded feeder-selector® for indica- 
tion of a faulted feeder. This method cer- 
tainly gives the maximum service to cus- 
tomers with equal facilities, because a 
fault can be run down without de-ener- 
gizing the line. 

The grounded-neutral system has its 
disadvantages in that the fault-to-ground 
resistance’ varies so greatly that it is 
impossible to have a relay sensitive 
enough for all conditions. This fact led 
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Figure 6. Station layout for two transformer 
banks and two lines 


to the development of sensitive ground 
relaying.!° This scheme permits tripping 
on one per cent of current transformer 
rating; that is, with 100 to 5 wound cur- 
rent transformers, the line can be tripped 
with one ampere primary ground current. 
The maximum ground current is limited 
to approximately ten times minimum 
trip current. The two requirements for 
this sensitive ground protection are for 
when the lines run in hazardous territory 
and for when higher voltage circuits are 
used jointly with communication circuits. 
In the latter case tests have been made 
showing that upon contact, lines will trip 
out without even blowing subscribers’ 
fuses. Where power and telephone utili- 
ties are serving the same customers, 
much is gained in taking advantage of the 
economy of joint use of pole lines. Hun- 
dreds of circuits are equipped with sensi- 
tive ground relaying and the almost per- 
fect results have justified the small extra 
cost of installation. 


STATION LAYOUTS 


As previously stated, the protection 
group has had considerable influence on 
station designs and layouts. Figure 5 
shows the switch arrangement for a sta- 
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tion with two lines and one transformer 
bank, and Figure 6 shows the switch 
arrangement for a station with two lines 
and two transformer banks. It can be 
seen readily that from a protection stand- 
point with overlapping current transform- 
ers all electrical parts are protected with- 
out the addition of bus differential pro- 
tection, thus simplifying the over-all pro- 
tection, problem. 

If five circuits are required and two are 
alike, such as shown for Eagle Rock sub- 
station in Figure 1 where three lines and 
two transformer banks are used, the six- 
switch setup is used. Here the bus is in- 
cluded in the transformer differential. 
For Boulder, two lines and three trans- 
former banks are shown, and the bus is 
included in the line protection. With use 
of suspension busses a very economical 
installation is possible. The suspension 
bus requires a minimum of insulator 
strings, thus cutting failure hazards to a 
minimum. 

In many station layouts long current 
transformer leads have been necessary. 
The burden of these leads has been ex- 
cessive. To prevent such losses in the 
leads one-ampere secondary transformers 
are used! There is a 25 to 1 gain using 
the same leads. The smallest size conduc- 
tors from a mechanical standpoint are 
used which permits a considerable saving 
in copper and yet there is very little lead 
burden. 


RELAY TESTING 


All types of facilities have been tried 
for the testing of relays. As early as 1925 
a plug-in relay was developed and studies 
were made to determine its value. The 
relay was all right, but the problems en- 
countered in its application were more 
than could justify its complication. The 
most satisfactory method and the one 
that is standard in all installations in 
Edison stations is very reliable. On all 
important lines which are required to be 
kept in service while the relays are being 
tested two sets of relays with a roto- 
switch for switching from one group to 
another are installed. Where lines can 
be de-energized one set of relays is used 
with a roto-switch for testing. No lines 
are left in service without protection. In 
many installations, the second group of 
relays is identical to the first group; in 
other installations, the second group has 
somewhat fewer but adequate protective 
features. For machine differential pro- 
tection the relays are inspected and ad- 
justed during overhaul periods, but in 
some cases it has been justifiable to put 
in an altetnate set of relays for machines 
which operate for long periods. 
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Electromechanical Transient Performance 


of Induction Motors 


C. N. WEYGANDT 
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Synopsis: This paper is the result of a dif- 
ferential analyzer study of the starting char- 
acteristics of 2-phase induction motors. 
The prototype of the motors investigated is 
the small 2-phase machine commonly used 
in closed cycle control systems. The per- 
formance equations of the induction motor 
are solved, and summary curves based upon 
the conclusions reached are presented in a 
form useful to motor designers. No pub- 
lished data of this type have come to the 
attention of the authors. It is hoped that 
the results herein reported can be utilized 
in the design of better motors for servo 
applications. 


ARLY in the course of development 

of a new closed cycle control system 

for a-c motors, it became apparent 
to the authors that there was not 
sufficient information available about 
the transient performance of induction 
motors. High speed performance of a 
servomechanical system requires that 
the drive motor come up to required 
speed in as short a time as possible. At 
the same time other desirable features of 
motor design should not be subordinated. 
The performance of an induction motor 
can be represented adequately by the set 
of equations derived by H. C. Stanley.} 
Since the publication of his results, rela- 
tively little work has been done on the 
evaluation and solution of his equations. 
This failure has been mainly because of 
the mathematical complexity which is 
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involved in the solution of a set of simul- 
taneous nonlinear differential equations 
subject to arbitary boundary conditions. 

It is the purpose of this paper to pre- 
sent some solutions of the Stanley equa- 
tions for the case of suddenly applied 
voltages. Previous investigators solved 
these equations for the case of a motor 
with infinite inertia,2 a somewhat un- 
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Figure 1. Stator and rotor coils showing in- 
stantaneous angular position 


physical case; or they were concerned 
primarily with the effects of mechanical 
transients;? or they used constants typi- 
cal of large motors.4 

The motors studied have their proto- 
type in the small 2-phase squirrel cage 
induction motor used in low power servo- 
mechanisms, in particular, approximately 
the 4-watt size. In the analysis this 
theoretical motor is started from rest by 


applying voltage to the two phases, the 
rotor being accelerated to synchronous 
speed in the case where there is no exter- 
nal or friction load or to some steady 
state speed in the case of an external or 
friction load. 

The differential analyzer plotted the 
rotor speed, stator and rotor currents, 
and the applied voltage as functions of 
time. Machine parameters were varied 
and the results studied to determine de- 
sign parameters for a motor which could 
start and stop in an extremely short 
time interval. This characteristic is 
necessary for successful application to a 
closed cycle control system. 

Experimental verification for one of the 
motors investigated has been obtained 
to a degree which makes valid the broad 
conclusions drawn from the remainder of 
the work. 


Assumptions 


In accordance with the limitations of 
the performance equations for the induc- 
tion motor, the following simplifying as- 
sumptions were made in this analysis: 


1. Both rotor and stator have symmetrical 
windings. 


2. The coefficient of mutual inductance is 
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All relays are given careful inspection 
by test engineers. The 220-kv line pro- 
tection is given a routine check twice a 
year and others are inspected for periods 
varying from one complete secondary and 
tripping test a year to one every other 
year. 

The two group relay setups have proved 
valuable many times when system operat- 
ing conditions changed. At such times 
one group of relays was set for one con- 
dition of operation while the other was 
set for another. 

All important switches are given a trip 
test by the operators each month accord- 
ing to a prearranged schedule. With all 
this precaution and continual checkup 
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the comparatively simple relaying system 
of the Edison Company has performed 
most satisfactorily: 
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a S 
a cosinusoidal function of the electrical angle 
between the rotor and stator axes. 


3. The rotor is smooth, and the self-in- 
ductances of all windings are independent of 
rotor position. 


4. The effects of saturation, hysteresis, and 
eddy currents in the iron circuits are 
neglected. ; 


5. The machine impedances are independ- 
ent of rotor speed. 


6. The motor is connected to an infinite bus 
through zero impedance. 


7. All electrical switching is accomplished 
in zero time. 


8. The stator and rotor neutrals are un- 
grounded. 


Conclusions 


1. The performance of an induction motor 
may be specified completely by five parame- 
ters. 


7,= the stator time constant 
7,=the rotor time constant 

Tm =the mechanical time constant 
k=the coefficient of coupling 

Ty; =the load torque 


2. The mechanical time constant, 7m, 
should be small for rapid acceleration of the 
rotor. Methods for making tm small are 
discussed in a subsequent paragraph. 


3. Thestator and rotor time constants have 
optimum values for the rise time to be a 
minimum. ‘The ratio of the optimum time 
constants is approximately unity. 


4. The rise time is independent of shaft 
loads which are proportional to the velocity. 


5. Asmall air gap reduces the rise time, but 
a point of diminishing returns can be 
reached between further decreases in air gap 
and decreases in rise time. 


6. Starting an induction motor by applying 
voltage to one phase when the other phase 
has been previously energized yields the 
same rise time as if both phases were ener- 
gized at the same time, within the range of 
parameters investigated. 


Units Used in Analysis , 


In the analysis of problems involving 
many parameters it is usually convenient 
to rewrite the equations in terms of di- 
mensionless variables. This is done 
commonly in electric machinery analysis, 
and the equations so derived are said to 
be in a per unit system. Common kilo- 
volt-ampere and time bases are chosen 
in the usual per unit system, and voltage 
bases are chosen for each part of the sys- 
tem. In this paper it was more conven- 
jent to choose as a common voltage base 
the voltage actually applied to the ma- 
chine and separate impedance bases for 
the rotor and stator. Base time was cho- 
sen as the time in seconds for the revolving 
field to move 27 electrical radians as in 
the usual per unit system. Per unit 
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values as used in this paper mean the 
actual values divided by the appropriate 
base values. Thus, per unit current 
means the ratio of the actual current in 
amperes to the current that would be ob- 
tained if the voltage actually applied to 
the machine were applied to an impedance 
equal to the base value of impedance. 
Therefore, base values are not necessarily 
coincident with name plate ratings of 
the machine. 


Results From the 
Differential Analyzer 


The differential analyzer plotted di- 
rectly the stator current, the a and 6 
components of rotor currents, and the 
rotor speed as functions of time. Here- 
after, the « and 6 components of rotor 
current will be called simply rotor cur- 
rents. Typical curves are shown in Fig- 
ures 2 through 8. 


Errect oF MECHANICAL TIME CONSTANT 


Figure 2 indicates clearly that when 
the mechanical time constant 7,, is de- 
creased, there is a corresponding decrease 
in the rise time. For purpose of defint- 
tion, rise time is taken to mean the time 
required to reach 85 per cent of full steady 
state speed. JIn the case of no load, this 
corresponds to a slip of 15 per cent. 
There does not seem to be any uniformity 
on definition of rise time for motors. In 
fact, there is not much agreement among 
workers in closely allied fields, the general 
opinion being to define rise time to best 
suit a particular problem. The square 
of the mechanical time constant for the 
2-phase machine is defined as 


mee wSIL 
in ~ 2g? 2k? 


It is seen to be a function of six different 
quantities. Of these, only five can be 
varied at will without changing the other 
significant machine constants. In par- 
ticular, the curves shown can represent 
linear changes in the rotor inertia or the 
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Figure 2. Effect of varying tm 


k=0.75 
T,=0 


T3=4 
t, =2 


stator inductance; or the curves can 
show changes inversely proportional to 
the square of the product of applied 
voltage, number of pairs of poles, and 
coefficient of coupling. The curves are 
sufficiently general to admit interpreta- 
tion in either direction. 

It can be seen from these curves that 
an induction motor at normal voltage 
does not rise to speed in a smooth fashion. 
This can be explained by the fact that 
during the starting period there exists 
a damped oscillation in the electric 
torque. 


Errect oF RoToR AND STATOR TIME 
CONSTANTS 


The magnitude and duration of the in- 
duced voltage and current in the rotor 
circuit would be obviously a function of 
the rotor parameters. In the case of a 
squirrel cage rotor it is virtually impos- 
sible to measure inductance and resist- 
ance. However, it is possible by a series 
of physical measurements (Appendix III) 
to compute a number which can represent 
the ratio of the rotor inductance to the 
rotor resistance. The product of this 
ratio and the angular frequency is termed 
the rotor time constant and is given by 
the relationship 7,=wl/r. 

Figure 3 illustrates the effect of changes 
in this time constant, keeping other 
machine parameters fixed. It is seen that 
there is an optimum value for the rotor — 
time constant in so far as rapid rise time 
is concerned. The rather large oscilla- 
tions in speed, not at fundamental fre- 
quency, are oscillations at the natural 
period of the system, determined by the 
inertia and the electric torque acting as 
a spring. 

This figure also shows the variations of 
the rotor and stator currents as functions 
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5 EFFECT OF FRICTION LOAD 
W 
& h In the majority of applications of servo 
a SONBGHENT OF STATOR GUARENT motors used in low power controls, there 
= fosle is little or no load on the motor. The 
Ens . . 
ip curves previously discussed were all for 
wi , , 1 Figure 3. Effect of the case of no load. In certain other ap- 
COMPOWENT OF ROTOR CURR Varying t; plications, however, a damping load pro- 
Tm2=2.5 k=0.75 portional to velocity is of importance. 
ts=4.0 T,=0 The effect of a load on the performance 
. of an actual motor is illustrated by the 
(a). Per unit speed “Macee 
4 edi vol speed response curves shown in Figure 5. 
RRENT and applied voltage The tj h d die al 
versus per unit time Ane time to reach steady speed is almost 
(b). Per unit current independent of the load. Of course, the 
in a phase versus per final speed is dependent upon load. It 
unit time is interesting to see from this curve that 
(c). Per unit current for most loads encountered in servo work, 
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(c) 


of time. It is seen that when the rotor 
currents have decreased to a small value, 
the rotor has gone up to synchronous 
speed. The current surges in the rotor 
rarely last for more than one cycle. 
Therefore, little attention need be given 


1002 


in 8 phase versus per 
unit time 


to its peak heat dissipating properties. 

The stator inductance and resistance 
combine in an analogous manner to form 
the stator time constant 7,=wL/R. 
Figure 4 shows the motor speed as-a func- 
tion of time. It can be observed that 
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even up to a friction torque coefficient 
equal to the base torque of the machine, 
there is no appreciable change in the 
speed-time curve. It is only for the much 
higher values of load that there is a de- 
cided drop in speed. 


EFFECTS OF SWITCHING 


A servomechanism must have rapid 
response in accordance with variations in 
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input signal. Consequently, a servo 
motor must be able not only to rise to a 
steady state speed rapidly, but also to re- 
verse in a short time. An investigation 
was made of the reversing or switching 
of a motor, with possible application to 
plugging a motor to zero speed. Typical 
results are shown by the solid lines in 
Figure 6, where the variable parameter is 
Tm. The parameters used in this set of 
curves are those of an actual motor. It is 
seen that the lower the value of 7,,, the 
shorter can be the reversing time. Here 
again is observed the decided oscillation 
in the motor speed after the reversal. In 
this study, reversal of the motor was ac- 
complished by shifting instantaneously 
the phase angle of the voltage applied 
to one phase of the motor by 180°. The 
effect of this switching on the currents 
can be observed clearly. 

The 8 phase was switched in this in- 
vestigation. It is seen that the rotor and 
stator currents reverse in phase and go 
through a transient period, in which the 
magnitude of the transient current may 
be several times the normal steady state 
value. During this transient period, the 
a phase currents likewise change, due to 
induced effects, but here there is a change 
of magnitude only, accompanied by a 
time lag due to the electrical constants of 
the machine. The initially large rotor 
currents result in a large value of electric 
torque in a reverse direction; hence, the 
motor speed starts to drop almost instan- 
taneously. The acceleration during this 
period never can be infinite because of 
circuit time lags, but it can be extremely 
large. For example, the average accelera- 
tion of the steepest speed curve shown in 
Figure 6 is approximately 1. This means 
that the motor comes to rest from full 
speed in one direction in an interval of 
time of 1 unit, which for a 60-cycle volt- 
age is 1/377 second or 2.65 milliseconds. 
In terms of cycles, this is 0.159 cycle or 
about 1/6 cycle. Response of this order 
of magnitude is desirable for a rapid 
servomechanism. 


SEQUENTIAL ENERGIZING OF PHASES 


Most applications of servomechanisms 
which use a 2-phase induction motor for 
the output are operated with one phase 
permanently connected to a source, the 
second phase responding to a signal. 
Figure 7 proves that better over-all opera- 
tion of the motor may be achieved by 
connecting both phases simultaneously. 
In Figure 7, the initial conditions were as 
follows: 


1. Both phases were connected at the same 
time, and the motor accelerated up to syn- 
chronous speed. 
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2. With the motor at rest, the a phase was 
energized, and the @ phase was short-cir- 
cuited. This latter condition was continued 
for three cycles of the applied voltage. 
Then full voltage was applied to the 
phase. The speed response of the motor as 
a result of sequential application of voltage, 
was exactly the same as if both voltages 
were applied at the same time. 


As a result, it would seem desirable not 
to operate a motor with one phase always 
energized, if for no other reason than to 
keep the motor from heating when not in 
useful operation. 

In order not to confine this study to a 
small motor, a set of curves is shown in 
Figure 8 representative of a much larger 
machine. For the constants chosen, it 
is seen that the motor accelerates un- 
evenly, and when the average steady 
state is reached an oscillation in speed at 
approximately fundamental frequency oc- 
curs, Presumably, had the solution been 
carried further, these oscillations would 
have died out. The rotor and stator cur- 
rents are particularly interesting for this 
set of parameters. The transients are 
prolonged and of higher value than in 
the motors previously considered. A 
decided d-c component in the rotor and 
stator circuits is seen to be present. 


Analysis of Differential 
Analyzer Results 


The general results of this study may be 
summarized in a set of curves showing 
the over-all effects of varying the time 
constants and physical dimensions of the 
induction motor. Typical summary 
sheets are shown in Figures 9 through 14. 

The time for the experimental motor to 
accelerate from rest to 85 per cent of its 
steady state speed and the time for the 
current to decay to steady state value 


are plotted in Figure 9 as functions of | 


the square of the mechanical time con- 
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Figure 4 (above). 


Effect of varying 7s 
k=0.75 
T,=0 


Figure 5 (right). Effect of varying K;, 


— 9.35 
Cr eed 3.50 


Tm? = 0.356 
k=0.815 
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stant 7,,. After steady state was reached, 
for each of the values of 7, the voltage 
applied to one phase was reversed, result- 
ing in a reversal of the rotor rotation. 
This reversal introduced a transient cur- 
rent. The time curves for the speed to 
change to 85 per cent speed in the reverse 
direction are shown as a dotted line in 
Figure 9. The broken lines are drawn 
to represent a motor having a slightly 
different value of 7, and 7;. 

The effect of a low value for the me- 
chanical time constant can be obtained 
by increasing the applied voltage above 
normal. But in a machine this variation 
is limited by insulation difficulties and by 
a saturation, an effect wholly neglected 
in the present study. 

The coefficient of coupling k cannot be 
changed to any great extent, even by 
machine design, but the number of pairs 
of poles g can be changed. Since this 
factor does not appear in any other ma- 
chine parameter, it is reasonable to say 
that increasing the number of pairs of 
poles to a limit bounded by the physical 
size of the machine is to be preferred to 
increasing the voltage. 

Of course, when the number of poles is 
increased, the synchronous speed is de- 
creased and the torque increased in direct 
proportion. Servo motors usually drive 
a load through a step-down gear ratio, so 
that the output speed can be kept the 
same by reducing this ratio. This results 
in ‘more efficient. over-all operation. 
When the number of poles is increased, 
the rotor inertia probably must be in- 
creased also. If the ratio of the new mo- 
ment of inertia to the original moment of 
inertia is less than the square of the in- 
crease in the number of pairs of poles, 
Tm Will be reduced. 

The theoretical results obtained on the 
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Figure 6a. Comparison of theoretical and 
experimental curves for various 77's 


15=2.35 k=0.815 
17, =3.50 


Per unit speed and applied voltage versus per 
unittime. The dotted curves were determined 
experimentally 


differential analyzer were verified experi- 
mentally in the case of variations in ap- 
plied voltage or Tt. The parameters of 
an actual motor were used on the differ- 
ential analyzer, the results of which are 
shown in Figure 6. For an experimental 
check, this motor was shaft coupled to 
an a-c rate generator with one phase of 
the generator excited with 1,000 cycles. 
The voltage induced in the second phase 
was proportional to the speed of rotation 
of the motor rotor. The generator output 
was fed to a cathode ray oscilloscope, 
and a photographic record was made of 
this voltage as the motor accelerated 
from standstill. Measurements were 
made for applied voltages of one, two, 
and four times normal. The envelopes 
of the resulting curves are plotted on 
Figure 6 as a dashed line. It is seen that 
at voltages above normal there is better 
agreement between the theoretical and 
experimental result. For all voltages, 
the time to rise to full speed is approxi- 
mately the same for the theoretical and 
experimental tests, agreement being 
within 30 per cent at full speed. 

Some differences exist between the 
motor theoretically studied and that used 
in the experimental setup. The added 
inertia due to the rate generator rotor 
increases the effective inertia of the motor 
by 13.3 per cent. The effect of this in- 
creased parameter increases the square 
of the mechanical time constant by a like 
amount. As seen from the summary 
curve d of Figure 9, this increased 
inertia has the effect of increasing the rise 
time by a like amount. 

Measurements on the experimental 
motor indicated that the time constants 
of the stator and the rotor changed with 
variations in applied voltage. These 
changes were not recognized in the analyti- 
cal study, since the effects of saturation 
were neglected. It should be observed, 
however, that Figure 6, which compares 
the speed-time curves of the analyzer and 
actual systems, shows better agreement 
at the higher voltages, at which points 
it would be expected that saturation of 
the motor would enter the problem. As 
with the analyzer solution, the variation 
of rise time with mechanical time con- 
stant is linear in the case of the experi- 
mental motor. This is shown in Figure 9. 
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At first thought, it would be desirable 
that the rotor time constant be made as 
small as possible. The argument for 
this small value is that the rotor currents 
would die out rapidly, and, therefore, 
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Figure 6b. Comparison of theoretical and 
experimental curves for various 7,,'s 


73=9.35 k=0.815 
1, =3.50 T,=0 


Per unit current in @ phase versus per unit time 
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the motor at no load would reach syn- 
chronous speed in a short time. Inspec- 
tion of the summary curve in Figure 10 
shows that this is not the case. For a 
fixed set of machine parameters, other 
than the rotor time constant, it is seen 
that there is an optimum value to the 
rotor time constant, which will result in a 


effective values of the self-inductance and 
rotor resistance are functions of the ap- 
plied voltage. Of course, a wound rotor 
can be designed to fit any desired design 
parameters. The low values of 7, desired 
can be interpreted either as due to a low 
value of self-inductance or to a large 
value of rotor resistance. 
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Per unit current in @ phase versus per unit time 


minimum rise time. This value is not 
defined well. For the machine parame- 
ters whose curve is shown, the range of 
time constants would be from two to six. 
From other observed data, a general rule 
would be that 7,<7,;<37, for short rise 
times. The rotor time constant, 7,= 
wl/r, is rather difficult to ascertain theo- 
retically in the design of a rotor, because 
in the case of a squirrel cage machine the 
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low value of 7, or the high value of rotor 
resistance is transferred to the stator, 
which then has an increased effective 
resistance or a decreased ‘time constant. 
This in turn tends to shorten the period of 
the transient stator current. 


The rise time of the induction motor is a 
function of the stator time constant in 
much the same way as it is a function of 
the rotor time constant; namely, in the 
presence of an optimum value of stator 
time constant there is a minimum rise 
time. For the curve shown in Figure 11, 
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torque coefficient. 


T;A3T,. This is in the range of 7, as in- 
dicated from the 7, variation curve. Al- 
though the rise time increases with fur- 
ther decrease in stator time constant, the 
actual time for the stator current to reach 
its steady state value decreases with a 
decrease in stator time constant. This is 
understandable, because a low value of 
T; may be interpreted as an increased 
stator resistance, and hence a shorter 
transient period. 

Figure 12 shows some rather surprising 

results. This summary curve shows 
over-all results for changes in friction load 
The product of fric- 
tion load torque coefficient K,, and speed 
is the total damping torque. It is seen 
that the motor reaches 85 per cent of its 
final speed in a time independent of the 
load torque. Furthermore, the time for 
the current to decay to a steady state 
value is also independent of load condi- 
tions. The final speed obtained by the 
motor for each load is shown. It is seen 
that even for a load torque coefficient 
eight times base value the final speed is 
as high as 55 per cent of synchronous 
speed. ; 
It is apparent that changing the air gap 
will alter the magnetic structure in such 
a way as to reflect this change upon the 
parameters of the stator and the rotor. 
Although the inductance coefficients are 
related to the coefficient of coupling by 
the relationship k= M/ V/ LI, it is not 
sufficient to change only & in considering 
changes in air gap. That this is so may 
be seen from the following rather approxi- 
mate analysis. 

The magnetic circuit for both the stator 
and the rotor may be thought of as being 
composed of two flux paths, one through 
the iron structure itself, mutual to the 
stator and the rotor, designated by a 
permeance P,,, and the other a flux leak- 
age path, different for the stator and the 
rotor, designated by permeances P); and 
P,, for the stator and rotor, respectively. 
On the further assumption that the in- 
ductance coefficients are proportional to 
the square of a factor N, the number of 
turns, there can be" written 


L=N,(Pm+P is) (1) 
l= N,?2(Pnt+Pi) ‘ (2) 
M=N,N,P in (3) 


The coefficient of coupling then becomes. 
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If P,;=P),=P), a not too approximate 
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This term is seen to be dependent upon 
the ratio of the permeance to leakage 
flux to the permeance to mutual flux. 
For most cases it is sufficient to consider 
only the first two terms. The self-induct- 


ance of the stator and rotor now can be 
written 
Te. 
YE d N,2 Pisa! 7 
b (7) 
l=N,? Pn (8) 
ere 


The mutual permeance, being depend- 
ent upon the magnetic path through the 
rotor and the stator, must include the 
effect of the air gap. The mutual perme- 
ance can then be written as 


een 
ae 
P; Peap 
P;Pap 


Sera t= 9 
PitPeap (9) 


P= 


and, because the permeance is propor- 
tional to the factor w/t, where p is the 
permeability and ? is the effective length 
of the magnetic path, it is seen that to a 
first approximation, Pi> > Pgap, and 
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t 
Pm=Pgapa ar (10) 


tgap 


Therefore, from equations 7 and 8, we 
have 


(11) 
(12) 


N2= kL gap 
N,2=kllgap 


These relationships were used to vary 
theoretically the parameters of the proto- 
type motor under investigation. A sum- 
mary curve of the effect of changing the 
air gap spacing is shown in Figure 13. 

As would be anticipated, decreasing 
the air gap decreases the rise time. 
Cutting the air gap in half decreases the 
rise time by 21 per cent. Since the air 
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Figures 76 and 7c. Per unit current versus 
per unit time, showing effect of energizing one 
or both phases 


(6). Ina phase 
(c). In 8 phase 


Curve a is for the case when both phases were 
energized at the same time 


For curve b, the a phase was energized for 

three cycles of the applied voltage with the 

B phase short circuited. Then the 6 phase 
was energized 


Ts= 7.00 
73.50 T,=0 
Tm? = 3.85 
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gap in the prototype motor as presently 
manufactured is greater than required 
from physical considerations, it would 
seem desirable to revise the design of such 
motors to decrease the air gap and so de- 
crease the rise time. There is, however, 
a point of diminishing returns. If the 
air gap were made infinitely small, even 
zero, there would be a finite rise time, 
for zero gap would, on our assumptions, 
result in the coefficient of coupling ap- 
proaching unity and in a complete re- 
vision of the performance equations. 
The greatest effect would seem to be the 
finite inertia of the rotor, which, in it- 
self, would not allow a rise to full speed 
in zero time. The stator currents, it is 
seen, do not die out rapidly when the air 
gap is decreased. In fact, the tendency 
is to increase the length of the transient 
current with a decrease in the air gap. 


The prototype machine was investi- 
gated for changes in applied frequency. 


_ The applied frequency enters into the 


definition of the machine constants 
T, and T;, varying linearly with frequency, 
and 7,,, varying as the square of the fre- | 
quency. For the constants chosen, the 
minimum rise time occurred at a fre- 
quency of 60 cycles, with an almost linear 
increase in rise time with increase in fre- 
quency. 


Appendix |. Nomenclature of 
Terms Used in the Analysis 


E=voltage applied to the motor, volts 

L=stator phase inductance, henrys 

1=rotor phase inductance, henrys 

M=mutual inductance between rotor and 
stator, henrys 

R=stator phase resistance, ohms 

r=rotor phase resistance, ohms 

p=number of phases 

q=number of pairs of poles 

w=angular frequency of applied voltage, 
radians per second 

J=rotor moment of inertia, watt seconds 
cubed 

t’=actual time, seconds 

6m =rotor position with respect to the stator, 
mechanical degrees 

@=rotor position with respect to the stator, 
electrical degrees 

Ty’ =actual total load torque, watt seconds 

Iq’, Ig’=actual stator currents in positive 
a and 6 axes, respectively, amperes 

Za’, ig’ =actual rotor currents in positive 
a and 8 axes, respectively, amperes 

Iq’, Jg=per unit stator current in positive 
a and 8 axes, respectively 

te’, ig=per unit rotor current in positive 
a and 6 axes, respectively 

Ty, =per unit load torque 


Ky, =1load torque coefficient; T,= Ky, ae, 
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ol b 
™Z= R =stator time constant 
wl , 
f= - =rotor time constant 


J 1/2 
™m =| —~ ] =mechanical time constant 
qIn 


_ pq Ek? 


Tr 
oL 


=base torque, watt seconds 
E 

i — aL = base stator current, amperes 
w. 


‘ M 
n= LI =base rotor current, amperes 
43) 


t=wt’ =base time 


Appendix Il. Derivation of 
Equations Solved on the 
Differential Analyzer 
The Stanley equations for the operation of 


a 2-phase induction motor can be written 
as follows: 


dT’ dig! 
eS ye 3 
= a! + di! E cos wt (13) 
dlp’ _ dig’ 
RIg'+L-+ Mo =E sin wt! (14) 


aig! di'« do 
M SR is PELL BT g ia De Pama 
ge eT | Alaris), 
? (15) 


dIp’ dig’ do 

M—. +rig'+i—= — (MIq'+lia’)—= 

2! rig vy (MI, lia Fr 0 
(16) 

dm gp 


Jr = g Mpa! —Tat'ip!) — Tr! 


(17) 


Define now a base stator current, 
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Figure 8a. Per unit speed and applied 
voltage versus per unit time 


Ts=32 k=0.815 
Tr =16 T,=0 
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R dq 
oret dt ae 


In=E/wL, and a base rotor current, 
in=EM/wLl. Then, dividing equations 13 
and 14 by these base values, there results 


(18) 


Figure 8b(below). Per unit current in a phase 
versus per unit time 
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Figure 8c (right). Per unit current in 6 phase 
versus per unit time 
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In a similar manner equations 15 and 16 
transform to 


(Hi TA thls «ld 
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The developed electric torque and the 
load torque are balanced by the product of 
the moment of inertia of the rotor and its 


1007 


TIME - SECONDS 10° 
3 
Ske 
SS 


30 
i// 
ool AA 
ay, 
10 
ce) 


OM Che ara Cnnr Ss Mla OMEN mE MI4 eanG 
MECHANICAL TIME CONSTANT SQUARED 
Tm2 
Figure 9. Rise time and decay time versus 
mechanical time constant squared 


(a)—Rise time from 0 to 85 per cent full speed 

(b)—Time for current transient to disappear 

(c)—Rise time from 100 per cent to —85 per 
cent full speed 

(d)—Rise time from O to 85 per cent full speed 
(experimental) 


r= 35 k=0.815 
=3.50, w=377 z= 


(e)—Rise time from 0 to 85 per cent full speed 


(f)—Time for current transient to disappear 
Ts=4 k=0.75 
tT =2 OS 27 lin 
acceleration. Hence, for the whole machine 
(p phases), 
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Figure 10. Rise time and decay time versus 
rotor time constant 


(a)—Rise time from O to 85 per cent full speed 
(b)—Time for current transient to disappear 
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(24) 
Equations 18 through 21 and equation 24 
describe the performance of the induction 
motor on a per unit base, in accordance with 
our definitions of base values. If these 
equations are rewritten in terms of the time 
constants defined in Appendix I, we have 


TIME — SECONDS x 103 


oO 
PER CENT SYNCHRONOUS 
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Figure 12. Rise time and decay time versus 
Ip , dp dig friction load torque coefficient 
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tT, dt dt (a)—Rise time from O to 85 per cent full speed 
(b)—Time for current transient to disappear 
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Figure 11. Rise time and decay time versus 
stator time constant 
(a)—Rise time from O to 85 per cent full speed 
40 


(b)—Time for current transient to disappear 


Tm? =2.5 k=0.75 
tr=2.0 Pp 
w=377 


do 
2Tm sia —- = (lpia —lntg) 217, (29) 


It is now convenient to define the currents 
Xq and xg 
Xa=Latte (30) 
xp=Ig+ig (31) 

Equations 25 through 29 now may be 
written 


dia 
24s si +(e 1) S4c0s 1 (32) 
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Figure 13. Rise time and decay time versus 
relative air gap spacing 


(a)—Rise time from 0 to 85 per cent full speed 
(b)}—Time for current transient to disappear 


~- AIEE TRANSACTIONS 


ee 
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(e} 50 100 [ISORBF2OO== 250) 
APPLIED FREQUENCY — CPS 
a f 
— | wzsdt+xg— Xo.d0 =0 (40) 
Tr 


do E ‘ 
Zin” <a Tpigdt — Taigdt — 
2 Tydt (41) 


(42) 


Equations 37 through 42 were solved on 
the differential analyzer, subject to various 
boundary conditions and various sets of 
parameters as discussed in the body of the 


paper. 


Appendix Ill. Experimental 
Determination of Machine 
Constants 


The range of parameters to be investi- 
gated was determined by making the stand- 
ard blocked rotor and free rotor tests, under 
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Figure 14. Rise time and decay time versus 
applied frequency 


(a)—Rise time from 0 to 85 per cent full speed 
(b)—Time for current transient to disappear 


the assumptions that the motors had no 
hysteresis or iron circuit losses. 

The equivalent circuits for these tests 
are shown in Figures 15a and b. From the 
first of these figures, for the blocked rotor 
case, the equivalent input impedance is 


given by 
3M] 
Die (43) 
72+ a2]? 


If measurements of the current J, volt- 
age Ez, and power Pz are now made, there 
result 


bby 72+ 2]? ( 
Hip\*? {Pa \* 3M] 
Iz Tp? 72+)? 
R  (t-m) r (L-M) 
743 
(a) 
R (Le 
Zot ae 
(b) 
Figure 15. Equivalent circuits for one phase 


of an induction motor 


(a)—Rotor blocked 
(b)—Rotor free 


Weygandt, Charp—Induction Motors 


For the free rotor case shown in Figure 
15b, similar measurements are made, with 
like quantities designated by the subscript 0. 
There result 


Po 

jae (46) 
E, \? IPA \e 

4(=) -(#5) met ae 


Combining the results of the blocked rotor 
and the free rotor tests, we have the ratio 
tr=wl/r, the rotor time constant. The coef- 
ficient of coupling can be determined from 
these same measurements as follows: 


_ M4 
~ L(r?+al?) 


~ LI\A+7,2 
Since the quantity A can be computed 
from the test measurements, we have im- 


mediately that the coefficient of coupling is 
given by the square root of the term 


(48) 


(49) 
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Oscillations of a High-Voltage 
Secondary Winding 


A. BOYAJIAN 


FELLOW AIEE 


HE PHYSICAL THEORY of the 

characteristic oscillations of a high- 
voltage winding as a primary, that is, 
when the voltage disturbances are im- 
pressed directly across its terminals, is 
now well known.! However its behavior 
as a secondary with respect to the dis- 
turbances is not as well known. Al- 
though papers?‘ have been published on 
this latter subject, this paper presents a 
physical theory believed to be novel and 
helpful. 

The theory is of interest not merely as 
basic knowledge of transformer tran- 
sients, but also as having applications to 
design. For instance, contrary to what 
generally is assumed, it is found that de- 
pending on its constants, the same oscil- 
latory winding may develop higher 
transient voltages as a secondary than 
as a primary winding. This has a bear- 
ing on the design of both windings and 
ratio adjusters, the latter for the reason 
that taps from the various parts of the 
winding are brought together into a small 
space. 

While the main feature of the present 
theory is the physical picture which it 
yields, it is not merely qualitative, but is 
fully quantitative and is formulated in 
terms of constants with which designers 
are familiar and which may be calculated 
or tested by methods well known to them. 


General Nature of Theory 


As a primary the characteristic modes 
of oscillation of a winding with the neu- 
tral end grounded are half waves (and 
their multiples). As a secondary they 
are neither half waves nor quarter waves 
but intermediate fractions of a wave. 
They might be described as chopped 
half waves—chopped at the isolated end 
of the winding. That is, the half wave 
is longer than the winding, and its exten- 
sion beyond the winding is chopped off. 
In general, the higher the harmonic the 
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greater percentage of the wave is chopped 
so that the oscillation approximates the 
quarter-wave mode. The lower the har- 
monic, the smaller is the fraction of the 
wave which is chopped, and thus the 
fundamental wave may be nearer to a 
half-wave length than to a quarter-wave 
length. 

The leakage reactance of the trans- 
former causes these modes of oscillation, 
a fact that cannot beignored. If anideal 
transformer were assumed with no re- 
actance, magnetizing current, and so 
forth, no difference would be found be- 
tween the oscillations of a winding as 
primary and those as secondary. 


|| 


IF y dip EC A 

Figure 1. Essential elements of a transformer 
of the type here considered; considerable dis- 
tributed capacitance in the secondary winding, 
negligible capacitance in the primary winding. 


Primary suddenly closed through a battery 
circuit 


In the case of an oscillation that is in- 
termediate between a quarter wave and a 
half wave, the maximum voltage to 
ground is in the interior, not at the ter- 
minal, of the winding. If the ratio of the 
maximum internal voltage (to ground) to 
the terminal voltage (to ground) be repre- 
sented by u, for the mth harmonic and if 
the actual angular length of that oscil- 
latory wave of the harmonic on the wind- 
ing be represented by 6,, then 


fn =1/ sin Oy, 


This might be called the amplification 
factor of the harmonic voltage. 

The angular length 6, of the harmonic 
wave on the winding is found to be a 
certain function of the ratio of the nth- 
harmonic oscillatory leakage inductance 
L, of the winding to the normal leakage 
inductance L, of the winding, therefore 
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if L,/L, equals 50, 20, 10, 5, 2, and 1, then 
Mn equals respectively, 19, 6.6, 3.3, 2.2, 
1.1, and 1. The conclusion follows that 
in order to keep uy low, the ratio L,/L, 
must be kept low. 

The magnitudes of the various har- 
monic voltages for a rectangular wave are 
determined as follows: 


1. Determine the angular length 6, of each 
harmonic. This is a characteristic mode of 
the winding. 


2. Determine the turn-ratio voltage dis- 
tribution of the secondary winding, which 
will be a straight line stretching from zero 
at the grounded end to the maximum turn- 
ratio voltage at the other end of the wind- 
ing. This sloping line is the normal (mag- 
netic) initial voltage of the secondary wind- 
ing. Because the presence of capacitance 
along the winding makes the actual initial 
voltage along the winding zero, the various 
harmonics at each point must initially add 
up (algebraically) to a value equal and op- 
posite to the normal voltage at that point. 


8. Choose as many points along the wind- 
ing as the number of the harmonics desired 
to write enough simultaneous equations to 
determine the unknown magnitudes of the 
desired harmonics. 


An example is shown in Figure 19. 
The Circuit 


Figure 1 illustrates the actual circuit. 
Its features are 


1, One end of the high-voltage winding is 
grounded, the other isolated. 


2. The high-voltage winding is associated 
with a network of coil-to-coil and coil-to- 
ground capacitances. 


3. The voltage rating of the low-voltage 
winding is assumed so low that its associated 
capacitive kilovolt-amperes, varying as the 
square of the voltage, is negligible compared 


Figure 2. Tentative equivalent circuit of the 
transformer and of an analogous transmission 
line 


Initial and final distributions of 
rectangular voltage wave 


Figure 3. 
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with that of the high-voltage winding. 
Hence no low-voltage capacitance network 
is shown. 


4. The magnetizing current, whether pri- 
mary or secondary, is ignored. 


5. The resistances and leakage reactances 
are to be given quantitative consideration. 


-6. Excitation consists of a long-tail rec- 
tangular wave, like voltage from a battery, 
impressed across the low-voltage terminals. 


7. The battery impedance is negligible. 
Method of Analysis 


The 2-winding system described can 
be replaced tentatively by an equivalent 
single-circuit network as shown in Figure 
2. L, is the leakage inductance between 
the two windings and R, their effective 
resistance expressed in terms of the high- 
voltage circuit. Similarly, E, is the 
battery voltage stepped up by the turn 
ratio. Although Figure 2 is not an exact 
equivalent of the transformer for these 
phenomena, it is very helpful in suggest- 
ing a simpler analogous problem in trans- 
mission lines to develop certain physical 
conceptions. After these conceptions 
have been developed the transformer 
equations will be based rigorously on 
Figure 1. 

The problem is to formulate the 
transient phenomena of the high-voltage 
circuit following the closing of the battery 
switch, Figures 1 and 2. 

Considering Figure 2, when the switch 
is closed the capacitance network  evi- 
dently will behave as a short circuit mo- 
mentarily and the entire voltage then 
will be consumed by the leakage induct- 
ance L, so that the actual initial voltage 
distribution along the entire high-voltage 
winding will be zero, Figure 3. The nor- 
mal voltage distribution, in the absence 
of the capacitance network, would have 
been along some slanting line like that 
shown in the same figure and will be the 
same for the secondary as for the primary 
winding, corrected for turn ratio. The 
normal voltage distribution of a winding 
frequently is spoken of also as the final 
distribution, and in the present case this 
may appear to be ultimately zero along 
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Figure 4. Standing wave in a transmission 
line which is grounded at both ends, as viewed 
from a point P on the line 
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all of the secondary winding. But as the 
transient is the result of the simultaneous 
magnetic and capacitive action and not 
the result of a prophetic vision of this 
winding into the distant future, a final 
voltage distribution can be a factor in 
calculation only in so far as it represents 
a component that was present at the be- 
ginning to co-operate with the other fac- 
tors to control every detail of the tran- 
sient phenomena. When so considered 
the desired reference axis for the oscilla- 
tion will be recognized as the inductive- 
voltage distribution. The inductive volt- 
age in the secondary winding does di- 
minish with time but very slowly and for 
the present purpose may be considered as 
constant. This may be verified as fol- 
lows. 

The average value of a harmonic wave 
is 90 per cent of itsrms value. Therefore 
if starting with zero flux in the core a 
battery voltage equal to the rated rms 


(c) 


Figures 5A, B, C. Three equivalent oscilla- 
tory networks of Figure 4 as viewed from the 
point P on the line 


voltage is impressed across a 60-cycle 
transformer winding, it will be trans- 
formed magnetically to a secondary wind- 
ing for at least a quarter of a cycle (4,000 
microseconds) without drawing a mag- 
netizing current sufficient to cause a no- 
ticeable voltage regulation through re- 
sistance drop. If a rectangular impulse 
voltage 20 times as large as the rated rms 
voltage of the winding is impressed under 
the same conditions, the inductive volt- 
age transformation from the primary to 
the secondary winding will be as good as 
before for 200 microseconds. That is, it 
will be time enough for the maxima of the 
natural oscillations of many transformer 
windings to be exhibited fully. 
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Figure 5D. Fundamental oscillatory wave 

length on a transmission line solidly grounded 

at one end and grounded through an induct- 
ance at the other end 


The transition phenomena from initial 
to normal voltage distribution is then the 
crux of the problem. These will consist 
of a complex set of oscillations, but the 
question is what kind. So far as mathe- 
matics is concerned, the difference be- 
tween the initial and the final curves of 
Figure 3 can be resolved into a set of 
harmonics in an infinite number of differ- 
ent ways, but only one of those sets would 
be acceptable, namely, that set of which 
each component constitutes a stable 
single-frequency mode of oscillation of 
the system. The modes of oscillation of 
the high-voltage as a primary winding as 
developed in reference 1 cannot be ap- 
plied here unmodified for reasons as 
follows. ; 

The fundamental mode of oscillation of 
the secondary as a secondary winding 
cannot be a half wave because 


1. One end of the winding is open, Figure 1. 


2. Such an oscillation in the secondary 
winding would not produce a voltage across 
the primary terminals and therefore it 
could not be produced in its turn by a volt- 
age across the primary terminals. Also, 
the secondary oscillation cannot be a quarter 
wave because if the leakage reactance be- 
tween the primary and secondary windings 
is zero or negligible, the oscillation would 
become short-circuited. If the leakage re- 
actance is not negligible the oscillation will 
be short-circuited through that reactance 
and proportionately modified. 


The first task evidently is to determine 
the normal modes of oscillation of the 
system in the presence of a leakage re- 
actance L,. In order to keep physics and 
mathematics together, and build the 
mathematics on the physics as far as 
possible, some pertinent basic physical 
conceptions first will be developed by 
considering the simpler problem of the 
analogous phenomena of a transmission 
line. These conceptions then will be 
developed further to adapt them to the 
transformer phenomena. 


Analogous Problem in 
Transmission Lines 


The system represented by Figure 2 is 
grounded at both ends and its oscillatory 
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characteristics therefore must be related 
to those of a line grounded at both ends. 
We therefore start with the consideration 
of the line shown in Figure 4. It does not 
contain an L, but that will be introduced 
after some conceptions are developed 
based on this simpler circuit. 

Let the line of Figure 4 be assumed to 
oscillate at its fundamental mode—a half- 
cycle wave in space, not in time. The 
voltages to ground are zero at both ends, 
maximum in the middle. The conductor 
current is zero in the middle, maximum 
at the two ends, positive at one end and 
negative at the other. It should be borne 
in mind that we are dealing with a stand- 
ing wave, not a traveling wave, which is 
alternating in time but stationary on the 
wire. 

Let us make some observations and de- 
ductions at an intermediate point P on 
this line. 

Looking from P into section A towards 
O, we find at P a voltage e, and a current 


Uae 
ea=E, sin [27(sa/X)] cos [2r(c/d)t] (la) 
= F, sin 64 cos wt (1b) 
ta = — (E1/X1) cos [2r(s4/d)] X 
sin [2r(c/d)t] (2a) 
= —(E,/X)) cos 64 sin wt (2b) 


where 


E, =the maximum of the voltage wave 

sa4=the length of section A in linear measure 

04=the length of section A in angular 
measure 

\=the wave length in linear measure 

c=the velocity of wave propagation along 
the line in the same linear measure 
(per second) as used in measuring \ 

X,=the surge impedance of the line 


For ease of reference 


04 =21s4/d 
w=2mrc/r 


The negative sign in equations 2a and 
2b follows from the consideration that at 


20 150 
@sn , DEGREES 
Figure 6A. Angular wave length of the 
fundamental oscillation of the line of Figure 5D 
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a short distance from ground, 6, small, 
the current must appear as lagging behind 
the voltage. 

Looking from P into section B toward 
the other end of the line, the same voltage 
will be found as before but an opposite 


current. It is opposite because the cur- 

rent is flowing from section A into section 

B or vice versa. Accordingly 

ép = FE, sin [2r(se/d)] cos [2r(c/d)Et] (3a) 
=F, sin 6g cos wt (3b) 
=F, sin 04 cos wt (3c) 


tp = —(,/X,) cos [2r(se/d)] sin [2r(c/d)é] 


(4a) 
= —(E,/X)) cos 6g sin wt (4b) 
=(E£,/X1) cos 64 sin wt (4c) 


From the fact that 0, and 0, are sup- 
plementary angles it follows that equa- 
tion 8c is equal to equation 8b, and 
equation 4c is the opposite of equation 
4b. The sines of supplementary angles 
are alike, the cosines opposite. 

Based on these current and voltage 
observations, we are justified in deducing 
that no matter what the actual structure 
of the two sections A and B of the circuit 
may be, viewed from the chosen point P, 
they offer the effective impedances X 4 
and X, defined by 


E, sin 04 
#77 cos @ ie 
=X, tan 64 (5b) 
=— X, tan 6g (5c) 

EF, sin 6g 
ae Te 1 COS 0B X62) 
= X, tan 6p (6b) 
=— X, tan 04 (6c) 


X,, equal to £;/I;, will be recognized 
as the surge impedance of the line to the 
fundamental wave of the line. Although 
the surge impedance of a transmission 
line is the same to all waves, for the sake 
of generality (to be utilized later in trans- 
former windings) the subscript will be 
retained. 
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The signs of these equations are so 
chosen that positive X means a lagging 
reactance, negative leading. 

If 04 is more than 90 degrees as shown 
in Figure 4, X4, the reactance of section 
A effective at the point P, will be nega- 
tive, that is, equivalent to a capacitive 
reactance. 9, will be less than 90 de- 
grees and therefore X, will be positive, 
equivalent to an inductive reactance. 

Thus considered from the standpoint 
of our chosen point of observation P, the 
oscillating system can be represented by 
any one of three equivalent networks. 


1. Figure 5A consisting of a massed capaci- 
tive reactance X 4 and a massed inductive 
reactance X z. 


2. Figure 5B consisting of a distributed 
line of length s4 at the left terminating 
through a massed inductive reactance Xp 
at the right. 


38. Figure 5C consisting of a massed 
capacitive reactance X44 at the left and a 
line of length sz on the right. 


Conversely, if we have an actual circuit 
as illustrated in Figures 5A, B, or C, it 
can be represented by a transmission 
line of length \/2, Figure 4, with no 
massed reactance anywhere. 


FUNDAMENTAL MODE OF OSCILLATION OF 
A LINE TERMINATING IN A MASSED 
INDUCTANCE 


Several important general conclusions 
and novel concepts follow from the fore- 
going text. 

(a). The fundamental mode of oscil- 
lation of a line of linear length s, Figure 
5D, terminating through a massed in- 
ductance L, and grounded at both ends 
is not a half wave but a fractional or 
stub-ended wave of angular value 6, 
given by 


1/tan 6;= —Xj/wL, 
6;/tan 0; = —L;/L, 


(7a)* 
(7b)* 


Iy/L, is the ratio of the distributed 


*Note that Xi, is the surge impedance of the line, 
not its inductive reactance. Therefore Xi, is not 
equal to wl but to wL1/6s, as defined by equation 
7e. 
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inductance L; of the line to the massed 
inductance L, at the end. The values 
of @, corresponding to given values of 
I,/L, can be obtained from Figure 6A. 

Equations 7a and 7b are derived from 
equation 6c by substituting into the 
latter the following relationships. 


Xp=oly; w=2rc/; \=2rs/O, 
Therefore 
w=c6,/s 


Let L and C be the line constants per 
unit length, so that LZ, equals sl. Then 


CN N/E 
Therefore 
C =1/Le? (7c) 
X= VLC 
=Le (7d) 
Hence 
X1/@=Lc/(c6s/s) 
=L,/6; (7e) 


Substituting equation 7e into equation 
6c and remembering that X, is also 
equal to wL,, we obtain 


6,/tan 6,= —L;/L, (7b) 


Just as 6, is the portion of the wave 
(in angular measure) subtended by the 
line, 0,(0,=7—6;) is the portion of the 
wave subtended by the massed induct- 
ance L,. Substitution of 0,=a—@, into 
equation 7b yields 


(x —6,) /tan 6,=+11/L, (8) 


With increasing values of L,/L,, 6, be- 
comes smaller approximating the value 


(8a) 


Eee HDs, 

As equations 7b and 8 are solved for 
6, and @, conveniently with the help of 
the curves of Figure 6A, equation 8a 
need not be resorted to except for a rough 
estimate. 

It can be seen from either the equations 
or the curves that no matter how large 
L, may be, its angle 0, will be less than 
90 degrees and 0; between 90 and 180 
degrees. 

As a matter of theoretical interest, if 
the line terminates through a massed 
capacitance instead ‘of inductance, these 
relations between the two 6@’s will be 
interchanged. 6, will be between 0 and 
90 degrees, 0, between 90 and 180 de- 
grees. 

(b). A line of length s terminating 
through a massed inductance and 
grounded at both ends oscillates as if it 
were part of a line of a greater length s’ 
supporting a full half wave. | 


s’ =5s(/6s) 
NSP 


(9a) 


(c). The frequency of oscillation of 
such a standing wave is given by 


w=2nc/d 


=IC08/'S (10) 


This means that series massed induct- 
ance lowers the frequency of oscillation 
of a line in the ratio of 7 to 8. 


Figure 7. Angular wave length of the 
fundamental and harmonic oscillations of 


eeu 


ai 


the secondary winding of the transformer 
of Figure 1 
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Figure 8. Harmonic wave on a transmission 
line grounded at both ends 


(d). If the circuit conditions are such 
as to fix the line terminal voltage es 
Figure 5D and to compel £, to adjust it- 
self to it, then there will be a voltage am- 
plification along the line in the ratio of A, 
to e, given by the equation 


ju = EF, /e, =1/sin 6s =1/sin 4 (11) 


Since in equation 8 the larger the ratio 
L,/L, the smaller is 6 and for small 
values of 0, sin 0=0=tan 9, the substitu- 
tion of this into equations 8 and 11 
yields the approximation 


pa ~ Ly / (Lom) 


That is, the higher values of harmonic 
amplification are of the order of one- 
third of L,/L,. 


(11a) 


HicHER Harmonic MopgEs 


In Figure 8 the transmission line of 
Figure 4 is shown as oscillating under a 
standing wave of the mth space-harmonic 
of wave length \,. Observations made 
as before will lend to the same «general 
equations as before for current and volt- 
age and therefore for X 4, Xz, 6; (equation 
7b), 6, (equation 8), and pw (equation 11) 
by substituting the appropriate value of 
\ for the desired harmonic and by multi- 
plying m by m in equation 8. 

Of major interest are 0, and yu for the 
line of Figure 5D for the nth harmonic. 

Equation 7b for #, does not seem to 
have provision for different harmonics 
although it does inasmuch as it has an 
infinite number of solutions, one for each 
harmonic. Figure 6A shows only a frag- 
ment of the complete plot—just enough 
to cover the fundamental mode. Figure 
6B shows a more extended one with the 
curves of 6, up to the fifth harmonic; 
and Figure 7 is in terms of #, up to the 
eleventh harmonic. Thus it is seen that 
equation 7b (or equation 8 modified) de- 
fines all of the infinite number of different 
possible normal modes of oscillation of a 
line terminating through a massed in- 
ductance and grounded at both ends. 


GENERAL FORMULAS 


We now put the more important form- 
ulas in a form applicable to all harmonics 
of the transmission line, including the 
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Harmonic wave on a trans- 


Figure 9 (above). 

mission line solidly grounded at one end and 

grounded through an inductance at the other 
end 


a 


Figure 10 (top right). Fundamental wave on 
a line open at one end, grounded at the other 
end 


Figure 11 (bottom right). Fundamental wave 
on the line open at one end, grounded through 
an inductance at the other end 


fundamental (half wave) for which n=1. 


9sn/ tan Os, = —Ln/Lo (12) 
and 
Gon = nT —Osn (13) 


8s, can be obtained more conveniently 
from Figure 6B, or 


—8§ 
ee ae bint (14) 
tan On 
and 
Isn =Nt —Oon (15) 
Also 
Bn =1/sin O5n (16) 
=1/sin 0n 
On = COgn/S 
= Osn/(sV LC) (17) 
=¢(nr—On)/s 
5! =5(nr/Osn) (18) 
An =25'_/n 
=275/Osn 


The fact that the equations for 6,,, and 
sn are transcendental forbids any ex- 
pectation that s’,, that is, the equivalent 
length of the system will be the same for 
all harmonics. 


Open Line 


The stable modes of oscillation of an 
open line like those shown in Figures 10 
and 11 are analogous to those of the iso- 
lated high-voltage winding and are ana- 
lyzed in Appendix II. Equations 20-27 
also will be found there. 


Other Combinations 


A line may have stable modes of oscil- 
lation with massed reactances introduced 
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at intermediate points as in Figures 14 
and 15.’ These are discussed in Appen- 
dix III. 


Applications to the Transformer 


CONSTRAINTS OF THE TRANSFORMER 


It will be shown now how a fractional 
standing wave, like that of Figure 5D 
for instance, is also the normal mode of 
oscillation of the secondary winding of a 
transformer satisfying its current and 
voltage constraints. 


Current Constraints of the Secondary. 
The voltage wave of Figure 5D is repro- 
duced in Figure 16 as e,. The current 
wave appropriate to Figure 5D is shown 
in Figure 16 as 7’, with the value 7’, at 
the stub end. This current wave does 
not satisfy the terminal conditions of the 
winding of Figure 16 because it is entirely 
open at the end in question and cannot 
have any current at that point. The 
winding current therefore must be an 
offset wave like 7,, zero at s. This is 
equivalent to the addition of a uniformly 
distributed current — 7’,. Then the cur- 
rent 7, along the winding will consist of 
two components. 


‘ - oe 
ty =U +0", 


(29a) 
= Imax { cos[(x/s).] —cos 65} 


(29b) 


Because all of the current in the high- 
voltage winding must flow into its capaci- 
tance network as a distributed load, the 
question arises how this new 7, in the 
conductor is to be fitted to the current 
and voltage of the capacitance network. 

The distribution of 7, in the winding 
represents, no different current distri- 
bution in the capacitance network than 
the distribution of 7’, in the winding. 
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The former means that the current of the 
right-hand portion of the capacitance net- 
work, instead of flowing through the 
winding toward the right (toward the 
open end) to return, flows toward the 
left (the closed end) to return to the 
ground. 

The component 2’, produces the voltage 
é, while 72”, contributes to the leakage 
reactance voltage across the primary or 
low voltage. 


Primary (Low-Voltage) Current. A 
complete half wave of current in the high- 
voltage winding, like that shown in Figure 
4, would call for no current 2, in the low- 
voltage primary winding, but one similar 
to either the unsymmetrical 7’, (with un- 
equal half cycles) or the offset 7, would 
do so, by the general formula, 


ip= —(1/s) fy igde 


As all turns are in series in the primary 
winding and there are no shunt paths, 
this current 7, will flow in all of its turns 
uniformly, not as a function of x. 

Substituting equation 29b into equa- 
tion 30a and integrating, 


(30a) 


pet Bay de E LS he | (30b) 
8s 
and 
1p [ts = —ty/Tmax cos 6, 
an | 
n (24 -1) (31) 
Os 


As the low-voltage terminals are con- 
nected to a zero-impedance source, the 
total oscillatory voltage at its terminals 
must be zero. This consists of two com- 
ponents: e, and 1,wL, where L, is the 


leakage inductance. Hence 

€s+ipwly=0 (32a) 
or 

€s = —tpwlg (32b) 


We see that the same applications can 
be made here as in the case of the trans- 
mission line except for the numerical 
value of the current causing a drop 
through L,. In the transmission line 
the current was Imax cos @, and in this case 
it is given by equation 30b. How this 
affects 0, and 6, will be determined. 


Equations for 0, and @;. Developing 
equation 32b by substituting into it the 
value of 7, from equation 30b, 


es = Ey sin 0 = (E,/X1) E BFE os sot. 
(33a) 

or dividing through by E sin 6, 

1=(1/X1)[1/0,— cot &]wL, ’ (33b) 
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X;/wly= (1/85) — (1/tan 6) 
Equation 7e stated 
Xi /w = I /05 


(33c) 


which when substituted into equation 
33c and interpreted for the mth harmonic 
yields 


(05,/tan Os) —1= =LnfLo (34) 
and 

ies 

ae = (L,/L,) (34a) 


Given L,,/L,, 95, can be obtained con- 
veniently from Figure 7. 

Ly is involved also in the formula for 
the frequency of the oscillation of the 
harmonic and will be formulated under 
that topic. Meanwhile for the purposes 
of equations 34 and 34a, the following 
thought may be found helpful. 

In these equations the ratio, not the 
absolute values, of Z, and L, is needed. 
Therefore factors like (47/10) that enter 
into all inductance formulas can be can- 
celled out from both numerator and de- 
nominator leaving finally 

Ales is 


L,,/Lo=1.25—"xX— 
a ee O71, tg 


where 


A =the effective cross section of the leakage 
path 

h=the effective length of the leakage path 

1.25=a factor derived in the following text 


The impedance condition to which A, 
and h, apply are illustrated in Figure 21 
for the first three harmonics with current- 
flow diagrams familiar in transformer 
design practice. 


Comments on Figure 7. Figure 7 
shows that, with varying values of L,,/L,, 
65n Varies over a wide range for the funda- 
mental, and narrower ranges with the 
increasing order of the harmonics. As 
L,/L, itself gets smaller with the in- 
creasing order of the harmonics for a 
given winding, it follows that the reduc- 
tion in range is even more pronounced 
than it appears at first sight. For in- 
stance, to a rough approximation’ (Ap- 
pendix V) L, may be assumed to vary 
inversely as the square of the order of the 
harmonic, and on that basis ‘the exhibit 
in Table I for two values of L,/L, may 
be enlightening. 

It is seen that the oscillation approaches 
the quarter-wave type for all harmonics 


above the fundamental in case 2 and. 


above the second in case 1. It can be 
less than 1/2. 
Aside from the visual picture this gives 


of the character of the various harmonics, 
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it also affords an opportunity for simpli- 
fication of the harmonic analysis of com- 
plex waves by approximation. 


GENERAL EQUATIONS OF THE HIGH- 
VOLTAGE (SECONDARY) WINDING 


Based on the foregoing analyses the 
equation of the voltage to ground along 
the secondary winding, at a distance x 
from neutral, with a rectangular voltage 
impressed across the primary, and with 
allowance also for damping, will be of the 
form 


€ = Ey (x/s)+ Ene nk sin [(%/s)0sn] X 
1 COS wt (35) 


This involves the unknowns E,, kp, 
Asn, and w,. Of these 4,, already has 
been defined and is obtainable from 
Figure 7 in terms of ,,. As k,, the damp- 
ing exponent, is influenced strongly by 
stray inductive and dielectric losses diffi- 
cult to formulate, it is better to estimate 
it from experience. That leaves two 
unknowns to formulate—E, and o,. 


Amplitude of Harmonics, En 


Given the initial actual and the normal 
voltage distributions Fig. 3, how are the 
amplitudes of the fundamental and the 
higher harmonics to be determined? 

The well-known Fourier analysis does 


‘not apply here because, if the integration 


is done for the actual winding length s, 
the waves are incomplete. If the inte- 
gration is done for s’, that is, the equiva- 
lent length, then s’ is not the same for 
each harmonic. 


Still, the harmonics can be obtained ~ 


by one of several different methods. 


Method 1. Calculate 0,, (or 6;) for 
as many harmonics as desired and plot 
the waves, each with. 100-per-cent maxi- 
mum amplitude, together with the final 


Ss 


voltage distribution curve. If this is 
done on co-ordinate paper, then at any 
point along the winding it is seen at a 
glance that a certain percentage of the 
fundamental harmonic plus certain other 
percentages of the various harmonics at 
the first instant must be equal and oppo- 
site to the local value of the final voltage 
distribution. Therefore with the help 
of the plot equations may be written for 


Table | 
Case 1: Case 2: 

Li/Lo=9 Li/Lo=5 
Gon, Sony 
De- De- 
Harmonic In/Lo grees Ln/Lo grees 
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as many points of the winding as the 
number of the simultaneous equations 
needed, that is, the number of the har- 
monics. 


Method . 2. A set of simultaneous 
equations can be written without the 
initial plot of method 1 as follows. 

Let it be assumed that only three har- 
monics are required. At x=s, the tran- 
sient component of e,=—E,. Hence 


E, sin 01: +E2 sin 6j2+Es sin 03= —E, (39) 


In all cases at x=s’,/2 the second har- 
monic is zero, and the transient com- 
ponent of voltage is —(s’2/2s)E,. Hence 


E, sin [(s'2/2s) 0.1] +E sin [(s’2/2s) 6.3] 


= —(s'2/2s)E (40) 


Finally, at x=5’;/3, the third harmonic 
is zero, and the transient component of 


Figure 12. Angular wave length of the 
various harmonic oscillations of the line 
open at one end and grounded through 


Lo an inductance at the other end 
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the voltage is —(s’3/3s)E,. Hence 


Ey sin [(s’3/3s)0.1] + Ee sin [(s’3/3s) 59] 


= —(s's/38)Eq (41) 


Thus we have three equations to deter- 
mine the three unknowns F,, Fo, and £3. 

When few harmonics are considered, 
for example three, both methods are 
approximate and the answers depend on 
the choice of points used for setting up 
the equations. 


Example — Calculation of Harmonics. 
For simplicity only three harmonics will 
be considered. 


Let 
leyfibg = 
Lo) La —2:8 
Leyte n 
Then 

O1= 30° 

On 10e 

3 =90° 

Pe = Oe 
Os. = 290° 
053 =450° 
sin 65:=0.5 
sin O55 = —0.94 
Sin 65; = 1 


The plotting of the harmonics by 
method 1 is facilitated by laying out the 
scale of angles for each harmonic as shown 
in Figure 19A. The bottom scale is for 
the fundamental harmonic, the middle 
scale for the second harmonic, and the 
top scale for the third harmonic. The 
waves with 100 per cent amplitude are not 
reproduced there in order to avoid con- 
fusion with the actual curves of the har- 
monics. 

At the open end 


E, sin 150° (or 30°) + E> sin 290° (or 70°) + 
E; sin 450° (or 90°) = —100 per cent 


That is, 
0.50E,+0.94E.+ E;= —100 per cent (39a) 


At 60, the fundamental degrees, the 
third harmonic is zero. Hence 


0.864, —0.9H:= —40 per cent (39b) 


Finally, at 90, the fundamental degrees, 


—,+0.1£,+ E; = —60 per cent (39c) 


Solving these three equations simul- 
taneously, 


E, = —85 per cent; E,.=38 per cent; 


E;=—22 percent (40) 


These waves are plotted in Figure 19A. 
As a check the initial actual voltage 
distribution which these three harmonics 
represent is shown in Figure 19B which 
is seen to be a crude sort of a zero line 
because only three harmonics are utilized. 
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Figure 13. Higher harmonic wave on the line 
open at one end, grounded through an induct- 
ance at the other end 


Figure 14. Oscillation of a line having a 
massed series inductance in the middle 


Example—Voltage Distribution a Half 
Cycle Later. To determine the re- 
sultant voltage distribution a half cycle 
(of the fundamental) later, let it be as- 
sumed first that w.=3w,, that the third 
harmonic is almost damped out, and the 
fundamental and second harmonic are 
substantially undamped. The result is 
shown in curve A of Figure 19C. The 
maximum voltage to ground is 188 per 
cent of the impressed (turn-ratio) voltage. 
The maximum gradient is near the middle 
and is about 3.2 times that corresponding 
to uniform distribution. 

As an alternative and more realistic 
assumption, let it be assumed that the 
third harmonic will be damped out 100 
per cent, the second harmonic 75 per 
cent, and the fundamental 30 per cent. 
The resulting distribution is shown by 
curve B, Figure 19C. The maximum 
voltage is now 142 per cent instead of 188 
per cent; and the maximum gradient is 
2.2 instead of 3.2 times that correspond- 
ing to uniform distribution of the turn- 
ratio impulse voltage. 

The amplitudes and wave shapes of 
these subsequent voltages vary widely 
with varying assumptions of relative fre- 
quencies and damping. The foregoing 
example is intended to be nothing more 
than illustrative. 


Frequency of Oscillation, Inductance, and 
Surge Impedance 


Frequency of Oscillation and Induct- 
ance. In a standing wave of unit 
amplitude, Figure 20, with C, and C, 
representing constants per unit length, 


€g= sin [(2r/d)x] (41a) 
€s = (2m/X) cos [(2r/d)x] (41b) 
1g =wCyeg 
=wC, sin [(20/))x] (42) 
Ig =C.€, 

=wC;(2mr/d) cos [(22/d) x] (43) 
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in=ist f igdx (44a). 
= w(Cs2r/X+ Cd/2r) cos [(2r/d) x] 
‘. (44b) 


It may be recognized in equation 44b 
that C,(27/X) represents the series capaci- 
tance per radian and may be symbolized 
by~—C’,. Similarly, C,(A/27) is ground 
capacitance per radian and may be sym- 
bolized by C’,. Equation 44b then may 
be written as 


tp =a(C's+C’,) cos [(2r/d)x] (44c) 


It may be interesting to observe that 
when the series and ground capacitances 
are entered per radian they enter addi- 
tively to each other with equal weight, 
as equivalent to each other, or inter- 
changeable, so to say. We therefore 
might represent C’,+C’, by the single 
symbol C’ as the total effective capaci- 
tance per radian. 

The physical meaning of this is that a 
C, distribution of one microfarad per 
radian constitutes identically the same 
burden on the winding as a C, distribu- 
tion of one microfarad per radian. 

Now we must determine what value of 
w (if any) will enable the 7, of equation 
44c to produce the e, of equation 41b 
through whatever inductive effect the 
winding may offer to it. 

Let 


N=the number of turns per unit length 
h=the effective length of the harmonic-flux 


path 
L 
TS Smit bee 
<+sS;> 
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Figure 15. Oscillation of a line having a 
massed series inductance at a voltage node 
other than midpoint 


Figure 16. Components of current wave to 
satisfy the primary and secondary terminal 
conditions of Figure 1 
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Figure 17. Actual fractional wave and cor- 
responding complete half wave 
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Figure 18. Equivalent inductance and ca- 
pacitance network of shielded transformer 


p=the mean perimeter of the winding 


Then 


B= (4m/10)(N/h) f, "ixdx (45) 
dg =1.26(Np/h) f-? indx (46) 
des 126 10-8(N2p/h f(iza 47 
mest (N2p/hjw J, trdx (47) 


y= 1.26 X10-8(N2p/h)w f-”" ff “indo? (48a) 


Substituting the value of 7; from equa- 
tion 44c, 


és = 1.26 X10-8(N2D/h)w?(C’s + C’g) X 
SO” {cos [(2r/d)x]dx? (48b) 
= 1.26 X10-8(N2p/h) (X/2ar)2w2(C’s + C’y) 
cos [(27/d)x] (48c) 


If e, is multiplied by A/27, it becomes 
volts per radian. Doing this to both 
members of equation 48c, 


(A/2m) és =1.26 X 107 8(N*p/h) X 
(A/2ar)8w?(C’s+C’y) cos [(22/d) x] 


(49a) 
=wl'w(C’;+C',) cos [(2r/d)x] 
(49b) 
=wL'iz (49c) 
in which 
L! =1.26X10-8(N2p/h) (d/2m)8 (494) 


From equation 49c it is clear that L’ is 
the effective inductance of the winding 
per radian under a sinusoidal current 
wave. 

To solve for w we equate the e, in 
equation 41b to the e, in equation 49b. 
Cancelling similar factors from both sides 
leaves 


130°6/(C'st C’5) (50) 
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Hence 
1 


PE ERC EC) ae 
1 
“Vie ($1) 
where in per-radian quantities 
C=C £C', (51c) 


Because the values of both L’ and C’ 
vary with the harmonic, it is better to 
write the constant with the subscript 
to make this thought more explicit so 
that equation 51b would be written as 


1 
On = VL',C!, 


Because L’, is the inductance per ra- 
dian and L, in previous equations was the 
total inductance of the winding, it follows 
that 


(51d) 


Ln =Osnk'n (5le) 


where 6,,, is in radians. 

It may be recognized that equations 
51b and 51d also are applicable to trans- 
mission lines. By expressing the con- 
stants of the system per radian, we have 
secured a generality of formula applicable 
to any harmonic whether on a transmis- 
sion line or on a transformer winding. 
This also is true of surge impedance. 


Inasmuch as it is not practical to secure 
a sinusoidal distribution of current for 
the experimental determination of the 
inductance at low frequencies, it may be 
well to determine the relationship of L’ 
to the nearest quantity that can be deter- 
mined by test and with the conception of 
which we may be familiar. 

The nearest familiar inductance con- 
cept to L’ is the leakage inductance L” 
corresponding to an ampere-turn dis- 
tribution that has the same wave length 
but is triangular instead of sinusoidal, 
with equal current in each turn. A half 
group with triangular magnetomotive- 
force distribution corresponds to (though 
does not equal) the sinusoidal half wave. 
We assume that the current is one ampere . 
in each turn in the triangular magneto- 
motive-force case and one ampere maxi- 
mum in the sinusoidal case. 

The leakage inductance L” of such a 
half group of length \/2 with triangular 
ampere-turn distribution is 


L” =1.26X10-8(N2p/h)d?/96 (52) 


L” can be either calculated or meas- 
ured. Calculation may sometimes in- 
volve the uncertainty of the effective 
value of h and direct measurement then 
is desirable. 

As the half group corresponds to 7 ra- 
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A. Angular wave 


length of three har- 


monics of a_ trans- 
former 


B. The 3-harmonic 


initial resultant volt- 


age distribution 


C. Voltage distri- 


bution a half cycle 


after start «| 


Boyajian—High- Voltage Secondary Winding 


1017 


dians, the equivalent value of the induct- 
ance per radian will be the L” of equa- 
tion 52 divided by 7. 


L "per radian = L "lax (53a) 


= 1.26 X10-8(N2p/h) d3/96r 
(53b) 


Comparing equations 53 and 50, it may 
be seen that 


Te = (12 /rr?) L per radian 


54 
— Manly s, oe radian ( ) 


This is an interesting result. The 
effective inductance per radian for a 
sinusoidal distribution of magnetomotive 
force is 12/7? or 1.2515 times that for a 
triangular distribution of magnetomotive 
force. 

Based on equations 5le and 54, L, for 
the whole winding is given by 


(55a) 
(55b) 


Ibs = il PAS, "per radian x Gon 
=1,.25L65,/a4 


When @,,, is almost a whole multiple of 
a, there are half groups and 


Ly=1.25nL" (55c) 


When making measurement it is de- 
sirable to do so for complete waves and 
then interpolate for fractional waves. 


Measuring the Inductance. Three 
inductances have been discussed. 


1 ge 
radian. 


the harmonic inductance per 


2. Ln, the harmonic inductance of the 
whole winding. 


3. LL”, the inductance of a half-group for 
uniform current. 


It also has been pointed out that the 
harmonic inductance is 1.25 times the 
uniform-current inductance. It follows 
therefore that L,/1.25 can be measured 
directly in accordance with the illustra- 
tive impedance diagrams of Figure 21 for 
the fundamental, the second, and the 
third harmonics. Then 


Ln =Ln/Osn (55d) 


where 0,,, is in radians. 


Surge Impedance. The surge im- 
pedance Z, of an oscillatory system for 
the mth harmonic is the ratio of the volt- 
age maximum to the current maximum 


for that harmonic. Therefore, from 
equations 41a and 44c, 
max 1 1 
Zin surge se ewer Le ee 
VL max wn(C st Co)n wnC n 
(56a) 


Substituting the value of w, from 
equation 51d into equation 56a, 


, 
1G)! 


C, (56b) 


figs surge = 
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which also applies for transmission lines 
and for all harmonies. This generality 
also is secured by expressing the con- 
stants per radian. In the transmission 
line the values of L’ and C’ vary similarly 
with wave length and therefore their 


ratio, the surge impedance, is constant | 


for all harmonics. In the transformer 
winding the values of L’ and C’ vary as 
different functions of the wave length and 
accordingly the surge impedance varies 
with the harmonic. It is the more 
creditable for equation 56b therefore that 
it fits both cases. 


Oscillations of a Shielded 
Secondary 


Because a shielded secondary main- 
tains the same voltage distribution along 


HALF - GROUP 
Ve AMPERE- TURN 
ji x DISTRIBUTION 


Figure 20. Ampere turn distributions— 
sinusoidal and triangular 


its capacitance network as along its in- 
ductive circuit, there is no tendency for 
cross currents to flow from one to the 
other at their intermediate cross connec- 
tions. These intermediate cross connec- 
tions therefore may be opened (on paper) 
leaving only the end connections intact 
without modifying the phenomena. With 
the intermediate cross connections open, 
the capacitance network becomes equiva- 


lent to a single massed capacitance . 


Ce and the system equivalent to that 
shown in Figure 18. If the magnetizing 


current is assumed zero and the magne-. 


tizing inductance infinite, then we have a 
simple circuit consisting of C,yy in series 
with the leakage inductance of the trans- 
former having only one possible mode of 
oscillation 


w=1/VL, Cory (57) 


The effective capacitance will be some- 
what larger thanWC,C, of the unshielded 
transformer because of the capacitance 
introduced by the shielding. 

As the inductance in the formula for 
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w is the normal leakage inductance and 
the capacitance is of the same order as 
(though greater than) that of the un- 
shielded transformer, the frequency of 
oscillation of the shielded transformer 
may be higher than that of the funda- 
mental of the unshielded design. 

_ Under a rectangular impulse and with 
no damping, this system will oscillate 
between zero voltage and double the im- 
pulse voltage, both to ground and across 
the coils, maintaining uniform distribu- 
tion all the time. 

While damping data have to be ob- 
tained experimentally, 50 per cent damp- 
ing per cycle (or even per half cycle) may 
be expected. Hence, as a rough estimate, 
increases in gradients and major insula- 
tion stresses may be of the order of 50 per 
cent. 

Inasmuch as all internal stresses of a 
shielded design are proportional to its 
terminal voltage, whenever it is assured 
that the terminal voltages will be held 
down to a safe value, no greater concern 
need be felt for the simple shielded 
winding when acting as the secondary 
than when acting as the primary wind- 
ing. 


\ 


Appendix |. Welocity of Propa- 
gation in Transformer Windings 


The concept of velocity of propagation is 
ill-fitting to the concept of a standing wave— 
bad enough in the case of a transmission 
line, worse in that of the transformer wind- 
ings. Therefore any symbol that may be 
taken for velocity of propagation will be 
interpreted in terms of standing waves. 

In some of the early equations of a trans- 


‘mission line, a velocity of propagation c was 


utilized because originally (in classical 
analyses) the standing wave is derived as 
the resultant of two waves traveling in op- 
posite directions. But after the concept of 
a standing wave has been established, c 
may as well be given a new interpretation 
better fitting the standing wave concept. 
As c appears in our formulas for w, and 
w=2nf=2nc/d, it follows that c=fr; and 
forf=1,c=. That is, c is the wave length 
of a standing wave oscillating at one cycle 
per second. 

If the frequency of oscillation has con- 
stant proportionality to the reciprocal of the 
wave length, as in a transmission line, the 
foregoing formula gives the same value of c 
reckoned from any harmonic c=fpXn. 
Since the ratio of f to 1/) is not constant for 
all wave lengths in the case of windings, ¢ 
will have a different value cy as reckoned 
from different harmonics, ¢y=fyXn. 

The meaning of c, in windings then is 
that wave length which a standing wave 
would have to have in order to oscillate at 
one cycle per second if the winding had 
linear characteristics proportional to those 
of the nth harmonic. Thus the 1-cycle-per- 
second wave length is different as reckoned 
from different harmonics. ptt 
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Appendix Il. Hracsmisston Line 
Completely Open at One End 


This is a further discussion of “Open 
Line” of the text. The circuit is illustrated 
in Figure 10 and is analogous to the isolated 
high-voltage winding. 


Fundamental Mode of Oscillation 


The standing wave of the longest possible 
wave length on such a line is a quarter of a 
wave length (A=4s), and the voltage and 
current equations referred to the open end 
as origin are 


€z = E, cos [2r(x/d)] cos [2r(c/d)t] 
= EF, cos 6, cos wit 20) 
ty = —(E1/X1) sin [2r(x/d)] 
sin [27(c/d)é] (21) 


= —(£,/X)) sin 6; sin wit 


The algebraic sign is so assumed as to 
make the current lead the voltage. 

At any point x along the line, the effective 
reactances of the two sections of the line 
will be 


Xa=z/iz = —X cot 6, (22) 


L,/1.25 


Sn 
<___. $s 
(A) 
Xp=—Xa=X, cot 6, (23a) 
Bee tan a) (23b) 


As 6;<90 degrees and all trigonometric 
functions are positive in the first quadrant, 
X 4 will be negative or capacitive and Xz 
positive or inductive. 

A massed inductance connected to the 
open end (but without closing the circuit to 
ground) can have no current and no voltage 
drop and therefore no effect whatever on the 
oscillation of the line. However, if in- 
serted at the grounded end, Figure 11, it 
becomes equivalent to an extension of the 
line from s, the actual length, to s’, an 
equivalent length, derived as follows. 

If the terminating reactance is capacitive, 
the circuit cannot oscillate to a quarter 
wave length of any modified dimensions be- 
cause two capacitive reactances cannot os- 
cillate—cannot resonate—with each other. 
Oscillation can take place, however, under 
a harmonic wave for which the line subtends 
an angle between 90 and 180 degrees and 
becomes positive or lagging. 

From equations 23a 


Xi =X, cot Os (24a) 
wl =X, cot 6; (24b) 
But 
w=2nrc/r (25a) 
and 
A=45’ = 45(1/2)/Os (25b) 
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It follows that 


w=0,/5 (25c) 


which is the same as equation 10. 
The substitution of equation 25c into 
equation 24b yields 
X s/cL =6;/cot 0;=6, tan 06; =L;/Ly (26) 
This equation is solved conveniently with 
the help of Figure 12. 
From equation 20 we obtain for u 


m=) /es 
=1/cos 6; (27a) 
=1/sin 4%, 

and from equation 25b 

s'=5s(r/2) /, (27c) 


It may be observed that Figure 10 also 
may be considered as one-half of Figure 4, 
because the line of the latter could be cut 
in two without altering the oscillation of the 
system in any way. The foregoing equa- 
tions differ from those of the closed line only 
because the origin of co-ordinates now cor- 
responds to the middle of the line of Figure 4. 
The equations of the open and closed lines 
could be correlated along this idea, but no 


L2/1.25 


Figure 21. Connection to measure the in- 
ductance offered to various modes 


A. The fundamental oscillation 
B. The second harmonic oscillation 
C. The third harmonic oscillation 


space will be devoted to it here. 


Higher Harmonic Modes of the Open 
Line 


Equations 20 and 21 apply to harmonic 
voltages and currents by substituting the 
appropriate value of \. Therefore equa- 
tions 24a and 26 which are derived from them 
also apply to the higher harmonics, Figure 
13, and can be calculated with the help of 
the curves of Figure 12. When @; is deter- 
mined for any harmonic, py, for it -follows 
from equation 27b. 


Appendix Ill. Other 
Combinations of Transmission 
Line and Massed 


Inductance 


Although not all combinations of lines 
with massed inductances are capable of sup- 
porting standing waves, there is an enormous 
number that can. A few comments here 
on the general principles of these may be 
interesting and helpful. 
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1, For a stable standing-wave oscillation, the 
massed inductance must be adjacent to a voltage 
node (zero). Conversely, only those oscillations are 
possible as standing waves which bring the massed 
inductance to a voltage node. 


2. As the current at both ends of a massed induct- 
ance has to be the same, such an inductance can be 
inserted into an interior nodal point only when the 
current and voltage of the inductance can be fitted 
to both sides of the circuit. For instance, a line 
open at both ends, Figure 14, with a massed induct- 
ance in the middle can oscillate in the manner 
shown. Figure 15 illustrates a possible case in 
which the massed inductance is located at approxi- 
mately a quarter of the line and the oscillation is a 
full wave. 


8. Figure 15 might be analyzed as a repetitive ex- 
tension of Figure 11. In Figure 15, if s1 is the short 
section of the line, s the total, and sz the equivalent 
additional length of line introduced by Lo, then 
for a stable standing-wave oscillation like that 
shown, s1 wil] not be s/4 but 


sit(sz/2) =(s+sz) /4 


Appendix IV. Effect of Massed 
Capacitance at Transformer 
Terminals 


If one high voltage terminal is grounded, 
as assumed in the foregoing text, and the 


L3/1.25 


<< —-> <+ -—- =< -—> 


(c) 


other not entirely isolated but connected to 
an idle network of appreciable capacitance, 
not large enough to be considered a short 
circuit to the transient phenomena, the 
situation is as if the winding is grounded 
through a capacitive reactance, and the fore- 
going equations are modified as follows. 

Now 7, will not be zero at x=s but some 
value z; determined by 


1s = —es/X¢ 
= — E, (sin 6;)/X¢ (42) 
= — Imax (sin 63) (X1/Xe) 
Equations 29a and 29b now become 
dy =1',+1"7+is (43a) 
=Imax {cos [ («/s)@.] —cos 6,— 
(sin 65)(Xi/X-)} (43b) 
Then 
ip = —(1/s) finde (44a) 


in 6, 
= Ton] —cos 6,—(sin 65) (X) x0] 
ey 
(44b) 
Equation 33a now becomes 


E sin 6s 
E, sin 6,= e/)) 9 


s 


—cos 6— 


(sin 0;) (0) fo (45a) 


=(1/X,)[1/0,—cot 0;5—X1/X-JwL,  (45b) 
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The Development of Modern Excitation 


Systems for Synchronous Condensers 


and Generators . 


F. M. PORTER 


MEMBER AIEE 


URING the past 15 years and par- 
ticularly in the past ten years, there 
have been many major developments in 
excitation systems for synchronous con- 
densers and generators. These changes 
and improvements were stimulated in 
1928 by the introduction of the hydrogen- 
cooled synchronous condenser which 
necessitated a reconsideration of the 
excitation arrangement and_ brought 
about a change from a direct-connected 
exciter to separate excitation. This, to- 
gether with the desire to obtain maximum 
speed of response and to eliminate main- 
tenance caused by moving parts asso- 
ciated with rotating exciters and with 
mechanical regulators, led to the trial of 
electronic applications on the systems of 
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the American Gas and Electric Company 
A development program along these 
lines was carried on over a period of ap- 
proximately 15 years and included specifi- 
cally 15 exciter applications on large 
generators and condensers. About six 
years ago a review of the performance 
and operating experience on the ma- 
chines involved in this plan resulted in 


‘the design and trial of a system using a 


direct-connected exciter with amplidyne 
control for excitation of a large synchro- 
nous condenser. Following this, four 
similar installations were provided. Thus 
there has been obtained a wide variety of 
experience with excitation systems and 
associated equipment. It is the purpose 
of this paper to recount these develop- 
ments, describe typical installations, and 
discuss the operating results obtained 
with them. 


History of Development and 
Description of Installations 


INTRODUCTION OF HyDROGEN-COOLED 
CONDENSERS 


Until 1928 the conventional type of ex- 
citation system used with synchronous 
condensers consisted of a direct-connected 
or motor-driven exciter with mechanical 
regulator. Although satisfactory per- 
formance was, and still is, being obtained 
from rotating exciters, periodic shutdowns 
of the equipment were necessary for main- 
tenance purposes. Also, the wear on the 
moving parts of the mechanical type volt- 
age regulators necessitated frequent ad- 


justments and replacements. In addition 
the quality of the performance of the 
regulating system was limited by the 
characteristics of the regulator and by 
the time lag of the exciter. At this time 
the first large hydrogen-cooled synchro- 
nous condenser, a 20,000-kva unit, was 
placed in service at the Turner station of 
the Appalachian Electric Power Company. 
The complication involved in attempting 
to build a gas tight machine with a direct- 
connected exciter discouraged the use of 
such an arrangement, and therefore a 
motor-driven exciter with a vibrating 
type regulator was provided. 

In 1930 and 1931, four additional hy- 
drogen-cooled synchronous condensers 
ranging in size from 15,000 to 30,000 kva 
were installed. This was discussed in a 
previous paper.1. The excitation system 
for each of these machines likewise con- 
sisted of a motor generator set with me- 
chanical type regulator. 


ELECTRONIC PILOT EXCITERS 


The possibility of taking advantage of 
high speed response characteristics of a 
tube type regulator had been studied for 
some years. To obtain experience with 
such an arrangement, an electronic pilot 
exciter and regulator, the first installations 
of this kind, were placed in service in 1930 
with a 15,000-kva outdoor air-cooled syn- 
chronous condenser at the Howard station 
of the Ohio Power Company. The field of 
the motor-driven exciter of this unit is 
excited by means of a thyratron rectifier 
arrangement as described about ten years 
ago.” Pertinent data covering this ma- 
chine and exciter are included in Table I, 
which lists all of the machines and excita- 
tion systems involved in this development 
program carried out on the systems of the 
American Gas and Electric Company. 

Satisfactory performance obtained from 
this initial installation resulted in provid- 
ing two similar thyratron pilot exciters 
and regulators for the direct-connected 
exciters of two large turbogenerators at 
the Glen Lyn station of the Appalachian 
Electric Power Company. These equip- 


Ls: /Lp=1—6;/tan 6,—6;2C/Cs (45c) 


in which 


C=the line capacitance connected to the 
transformer 

_the effective winding capacitance 
(analogous to L,) for the harmonic 
under consideration 


iC = 


These two constants Zs and C; are related 
to each other by the X; and the w of the 
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winding for the harmonic 


Xn= Valea) Ore: On = On) Nate x Con 


If Xn, wn, and Os, are obtained by test, 
Lsn and Cs, can be calculated. 


(46) 
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ments were placed inservice in April 1931 
and were installed primarily to prevent 
the occurrence of out-of-step conditions 
following severe faults. This is accom- 
plished by employing a regulating system 
which maintains a steady bus voltage by 
controlling it continuously. This ar- 
rangement is provided with a grid-con- 
trolled 3-phase thyratron rectifier in 
place of a separate pilot exciter. The 
thyratron grids are energized by a 60- 
cycle voltage which lags the anode volt- 
age by 90 degrees, and on this voltage is 
superimposed the variable direct voltage 
output of an electronic regulator. 

Figure 1 shows the electronic regulator 
panel at Glen Lyn and Figure 2 is a sche- 
matic diagram of the circuit employed 
which is typical for both exciters as well as 
for the one at Howard. The diagram does 
not include filter circuits which are not es- 
sential to an understanding of the princi- 
ples involved. The regulator employs a 
Wheatstone bridgé having two legs of 
thyrite and two of standard resistors. 
The 3-phase voltage to be regulated is 
rectified and impressed on two terminals 
of this bridge. Because of the character- 
istics of thyrite, small changes in this im- 
pressed voltage produce relatively large 
changes in the voltage across the other 
two bridge terminals. This latter voltage 


Table I. 


is applied to the grid of a pliotron, pro- 
ducing an amplified voltage across a re- 
sistor in the pliotron plate circuit. This 
amplified voltage is used as the variable 
d-c grid control voltage for the thyratron 
rectifier. The thyratron tube heaters 
are supplied from the same potential 
transformers which supply the regulator. 
A means is provided for transferring the 
main exciter from electronic pilot excita- 
tion to self-excitation when necessary to 
change tubes or to work on the regulator 
pilot exciter system. 


ELECTRONIC MAIN EXCITERS 


The desire to obtain the maximum 
benefit from an electronic system follow- 
ing the satisfactory performance of the 
tube type pilot exciters previously men- 
tioned resulted in the installation in 
August 1933 of the first all tube regulator 
and thyratron excitation system at 
Scranton, Pa. This equipment was 
placed in service with a 15,000-kva hydro- 
gen-cooled synchronous condenser and 
has been described elsewhere. In the 
original installation the six power tubes 
were air-cooled thyratrons, but they were 
replaced several years later with water- 
cooled ignitrons. 

A similar combined electronic exciter 
and regulator of improved type were in- 
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stalled at Fostoria, Ohio, on a 36,000-kva 
synchronous condenser in 1936.1. The 
outstanding feature of this machine 
was its design for operation at a gas 
pressure of 15 pounds per square inch, 
utilizing for the first time the advantage 
of more efficient cooling, obtainable by 
operating at higher gas pressure. 
Satisfactory performance of the elec- 
tronic exciter at Fostoria as well as the 
one at Scranton led to the installation of a 
third exciter for a similar 36,000-kva 
synchronous condenser at the Torrey 
Station of The Ohio Power Company. 
This equipment was provided in 1939 
for maintaining the voltage of a 22-kv bus 
which serves a highly fluctuating load 
consisting primarily of large electric fur- 
naces. Figure 3 shows a front view of the 
Torrey electronic excitation equipment 
which is mounted on the three left panels 
of the switchboard. The tube compart- 
ments were designed as an integral part 
of this switchboard, two tubes being 
mounted behind each panel. Access for 
changing tubes is from the rear and the 
anode circuit breaker must be tripped 
before the compartment door can be 
opened. Furthermore, the main field cir- 
cuit which is normally ungrounded must 
be tested for grounds, and if it is found 
clear the cathode bus must then be 


Typical Synchronous Condensers and Generators Associated With Development of Excitation Systems 


Synchronous Machine 


Main Exciter 


Revo- Rating 
Kilovolt- lutions 
Starting Am- Per Cooling Kilo- 
Location Operating Company Date Type peres Minute Medium Type watts Volts Field Supply or Control 

Howard, Ohio..;... The Ohio Power Com-.. March 1930...... Condenser. .15,000... 900 Re PEE eee heen ete Motor 80....250...Electronic pilot exciter 
pany driven 

Glen Lyn), Vas... 2). Appalachian Electric..*April 1931....... Turbogen-, .25,000...1,800 ..Air./...... Direct con-.,..100....250... Electronic pilot exciter 
Power Company erator nected 

Glen Lyn, Va....... Appalachian Electric. .*April 1931....... Turbogen=y.0d5250)....1, 800 62 Aits once Direct con-...150....250...Electronic pilot exciter 
Power Company erator ® nected 

Scranton, Pa.......The Scranton Electric... August 1933..... Condenser..15,000... 900 ..Hydrogen..Electronic.... 78....150 
Company : 

Fostoria, Ohio......The Ohio Power Com-.. November 1936. .Condenser. .36,000...1,200 ..Hydrogen. .Electronic....175....200 
pany 

Fostoria, Ohio......The Ohio Power Com-.,*February 1938...Condenser.. 5,000... 600 ..Air........ Direct con-... 54....125...Electronic pilot exciter 
pany nected 

orrey; Ohios....0... The Ohio Power Com-.. July 1939........Condenser. .36,000. . .1,200 Hydrogen. . Electronic. ...175....200 
pany 

KVAV EOL WV Altern sce Appalachian Electric.. October 1939. ...Hydrogen-..20,833... 138.5..Air........ Direct con-...150....250...Electronic pilot exciter 
Power Company erator nected 

Clay tor, Wan igrete sl Appalachian Electric... October 1939... .Hydrogen-..20,833... 138.5..Air........ Direct con-...150....250...Self-excited amplidyne 
Power Company erator nected control 

New Carlisle, Ind..,Indiana and Michigan.. March 1940...... Condenser. .30,000...3,600 ..Hydrogen..Electronic....125....250 
Electric Company 

Muncie, Ind........Indiana and Michigan... May 1941....... Condenser. .18,750... 900 ..Hydrogen.. Direct con-...120....250...Self-excited amplidyne 
Electric Company nected control 

Danville; Va... ..-- Appalachian Electric.. August 1942..... Condenser. .18,750... 900 ..Hydrogen.. Direct con-...120,...250...Self-excited amplidyne 
Power Company : nected control 

weima VORMOn «tere ne The Ohio Power Com-. October 1943... .Condenser..18,750... 900 ..Hydrogen.. Direct con-...120....250...Self-excited amplidyne 
pany nected control 

Beaver Creek, Ky...Kentucky and West.. January 1945....Condenser..18,750... 900 ..Hydrogen.. Direct con-...120....250...Self-excited amplidyne 
Virginia Power nected control 
Company, Inc. 

Anderson, Ind......Indiana and Michigan... January 1946....Condenser..18,750... 900 ..Hydrogen.. Direct con-...120....250...Self-excited amplidyne 


Electric Company 


nected control 


* Electronic pilot exciters placed in service on this date on machines installed previously. 
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Figure 1. 


citer and regulator 


Glen Lyn 31,250-kva generator of the Appa- 
lachian Electric Power Company 


grounded before the door can be opened. 
With these precautions tubes may be 
changed without shutting down the ma- 
chine. A means is provided for cutting 
out the electronic regulator and leaving 
the exciter itself on manual control. 
Figure 4 is a schematic diagram show- 
ing the circuit employed for this unit. 
As in the case of the pilot exciters, all 
filter circuits not essential to an under- 
standing of the fundamentals of the con- 
trol are omitted. The rectifier is 6-phase 
and the point at which the igniters fire is 
controlled by six thyratrons, the grids of 
which are energized from a grid trans- 
former which supplies a voltage lagging 
the anode voltage by 120 degrees. On 


Figure 2. Schematic diagram of electronic 
pilot exciter and regulator 


Glen Lyn 31,250-kva generator 
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Back view of electronic pilot ex- 


this voltage is superimposed a variable d-c 
output voltage from the electronic regu- 
lator in a manner similar to that employed 
for the electronic pilot exciters. Each 
power tube has an individual anode cir- 
cuit breaker provided with reverse current 
protection. 

The regulator employs a glow tube 
which provides a constant voltage against 
which variations in regulated voltage are 
compared. The 3-phase voltage to be 
regulated is rectified and impressed on 
the glow tube through a resistor. The 
voltage across the glow tube provides a 
constant potential for the cathode of a 
pliotron tube whose control grid voltage 


is obtained from a potentiometer con-_ 


nected across the rectified regulated volt- 
age. Small changes in regulated voltage 
therefore produce changes in control grid 
voltage, which are amplified by the plio- 
tron, producing large changes in the volt- 
age across a resistor in its plate circuit. 
Asin the case of the bridge-type regulator, 
this amplified voltage is applied to the 
thyratron firing tube grids to control their 
output and the output of the ignitron 
rectifier. Although omitted from the dia- 
gram for simplicity, all tubes in the regu- 
lator are provided in duplicate and con- 
nected in parallel so as to provide pro- 
tection against tube failures. 

A fourth installation of an electronic 
main exciter and electronic voltage regu- 
lator was completed in 1940 on a 30,000- 
kva synchronous condenser at New Car- 
lisle, Ind. As reported elsewhere, 
this condenser was designed to take maxi- 
mum advantage of the low density of hy- 
drogen gas by using for the first time a 
speed of 3,600 rpm. This rating of the 
machine is based on operation at a gas 
pressure of 15 pounds per square inch. 
Figure 5 shows a front view of the exciter 
installation. The three panels at the left 
of the switchboard are used for the control 
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of the condenser and its switching. As 
in the case of Torrey, the power tubes 


‘may be changed without shutting down 


the machine. The regulator which sup- 
plies variable d-c bias for the thyratron 
tube control works on a somewhat dif- 
ferent principle from that of Torrey. The 
control grid voltage for the pliotron tube 
is made up of two components. The first 
is a rectified voltage which varies di- 
rectly with the regulated voltage and 
which therefore acts similarly to the Tor- 
rey arrangement. The second is a volt- 
age drop across a hot cathode tube which 
varies with the filament voltage. The 
filament voltage of this tube is obtained 
from the regulated voltage. A change in 
regulated voltage therefore produces an 
instantaneous change in the pliotron con- 
trol grid voltage, followed by a somewhat 
slower further change as the tube filament 
temperature changes. This arrangement 
is designed to keep hunting at a minimum 


MISCELLANEOUS DIRECT-CONNECTED 
EXCITER SYSTEMS 


In October 1939, four 20,833-kva hy-_ 


drogenerators were placed in service at 
the Claytor station of the Appalachian 
Electric Power Company. All of these 


machines were provided with direct-_ 


connected exciters, but in order to obtain 
comparative experience on various types 
of pilot exciters and regulators, two of the 
machines were supplied with direct-con- 
nected pilot exciters and rheostatic type 
voltage regulators, and one was equipped 
with an electronic pilot exciter similar to 
those previously installed at Glen Lyn 
and Howard and with a regulator similar 
to that at Torrey. An amplidyne excita- 
tion system with a static type voltage 
regulator was provided for controlling ex- 
citation of the fourth machine. This was 
the first time that an amplidyne excita- 
tion system had been provided for a syn- 
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chronous generator. 


An explanation of 
this type of arrangement is included later. 

During the period from 1930 to 1940, 
other waterwheel generators and turbo- 
alternators were installed which were 
provided with the customary arrangement 
of direct-connected or gear-driven exciter 


and pilot exciter. Also air-cooled syn- 
chronous condensers in capacities up to 
7,500-kva were placed in service at vari- 
ous locations and these were provided 
with direct-connected exciters and im- 
proved types of mechanically operated 
voltage regulators. During this time 
there was considerable development on 
regulator applications for the purpose of 
obtaining greater reliability and better 
performance. 


REVIEW OF DEVELOPMENT UP ro 1940 


In 1940 the performance record of, and 
Operating experience obtained with, all 
of the synchronous condensers and gener- 
ators and their excitation and regulation 
systems previously described were re- 
viewed in order to determine whether 
definite conclusions could be reached as to 
an ideal arrangement. The excellent per- 
formance anticipated from the electronic 
exciter facilities was demonstrated with- 
out question. However, the initial cost 
of such equipment in addition to the 
heavy expense of making tube replace- 
ments offered objections to continuing this 
arrangement. The superior performance 
and reliability of the electronic regulator 
definitely had been proved. Difficulties 
resulting from operating synchronous 
condensers at speeds of 1,200 and 3,600 
rpm indicated the desirability of returning 
to the previously conventional speed of 
900 rpm. The use of hydrogen at gas 
pressures up to 15 pounds per square inch 
was established definitely as being a 
highly satisfactory and desirable practice, 


Figure 4. Schematic diagram of electronic 
main exciter and regulator 


Torrey 36,000-kva synchronous condenser 
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Figure 3. Front view 
of electronic main ex- 
citer and regulator 


Torrey 36,000-kva 

synchronous conden- 

ser of The Ohio Power 
Company 


and therefore consideration was given 
to the design of a machine suitable for 
still higher gas pressure operation. Also, 
the possibility of providing a direct-con- 
nected exciter for a hydrogen-cooled unit 
had been given considerable study by the 
manufacturers, and there was reason to 
believe that a satisfactory design could 
be made. The superiority of a direct-con- 
nected arrangement, as far as electrical 
performance is concerned, could be ob- 
tained in this way. Furthermore, such a 
design would offer the many advantages 
of hydrogen atmosphere operation for 
the exciter as well as for the condenser. 
The amplidyne excitation arrangement 
at Claytor was providing excellent per- 
formance and therefore was given due 
consideration in the final decision for ob- 
taining the most suitable excitation ar- 
rangement for a synchronous condenser. 


DIRECT-CONNECTED EXCITERS WITH 
AMPLIDYNE CONTROL 


As a result of this careful survey of the 
whole problem, an entirely new type 
synchronous condenser running at 900 
rpm was designed by one of the manufac- 
turers and placed in service in 1941 at the 
Muncie station of the Indiana and Michi- 
gan Electric Company. This is a hydro- 
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‘lated machine. 


gen-cooled machine and its rating at one- 
half pound-per-square-inch hydrogen pres- 
sure is 18,750 kva. It was designed 
for operation at gas pressures up to 25 
pounds per square inch and a maximum 
capability of approximately 25,000 kva is 
obtained on this basis. This capability is 
realized partly because of the advantages 
of operating at the increased hydrogen 
pressure and partly because of the mar- 
gins which exist in the machine at the one- 
half pound rating. The outstanding 
development in connection with this unit 
is that for the first time a direct-connected 
exciter is provided in a hydrogen venti- 
The normal air-cooled 
rating of this exciter is approximately 100 
kw but by utilizing the efficient cooling 
effect of hydrogen at a gas pressure of 25 
pounds per square inch, the capacity is 
increased to approximately 150 kw. The 
amplidyne regulation system was pro- 
vided for controlling the excitation to the 
condenser field and an electronic regulator 
was installed for controlling the amplidyne 
generator. Thus an ideal arrangement 
for an excitation system for a synchro- 
nous condenser is obtained when consid- 
eration is given to the various factors in- 
volved such as greatest reliability, best 
performance, highest economy, and least 
maintenance. Along with this improve- 
ment there evolved a superior design for 
the condenser itself. 

A schematic diagram showing the elec- 
trical connections for this installation is 
shown in Figure 6. Excitation is con- 
trolled by the amplidyne generator which 
is connected as a source of voltage in se- 
ries with the field of the main exciter, and 
which is provided with two control fields. 
Its buck field is supplied with constant 
excitation by a small rectifier while its 
boost field is supplied by the same recti- 
fier through a pliotron tube, the grid of 
which is controlled by the output of an 
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electronic voltage standard type regulator 
similar to that shown in Figure 3 for 
Torrey. Thus the amplidyne serves as 
the final step of amplification of the vari- 
ations in regulated voltage and provides 
the necessary power to change the field 
current of the main exciter quickly. The 
amplidyne driving motor power source is 
taken from the station auxiliary power 
supply. It may be noted from Figure 6 
that a fixed resistance is connected in se- 
ries with the amplidyne. This resistance 
limits the voltage which the main exciter 
will attain as a self-excited exciter to a 
value only slightly in excess of normal 
voltage, and therefore makes accidental 
loss of amplidyne motor driving power 
not immediately serious. 

As a result of the fact that initial tests 
and operation over a short period of time 
indicated that this new combination of 
hydrogen-cooled synchronous condenser, 
direct-connected exciter, and amplidyne 
excitation system was superior to any of 
the previous arrangements, there re- 
sulted the installation of a similar ma- 
chine at Danville, Va., in 1942. This was 
followed by three more condensers with 
excitation systems of the same kind, which 
were placed in operation at Lima, Ohio; 
Beaver Creek, Ky.; and Anderson, 
Ind.; during the past four years. 

It is interesting to note that following 
the satisfactory performance of the ampli- 
dyne excitation arrangement on one hy- 


1024 


Figure 5. Front view of electronic main ex- 
citer and regulator 


New Carlisle 30,000-kva synchronous con- 
denser of The Indiana and Michigan Electric 
Company 


drogenerator and five condensers over the 
past six years, the same system is being 
utilized for a 32,500-kva turbogenerator 
which will go into service this year at 
Atlantic City, N. J. A similar arrange- 
ment is being provided for another 
32,500-kva turbogenerator now being 
built for installation at Scranton, Pa. 


Operating Experience and 
Performance Data 


ELECTRONIC PILOT EXCITERS 


An idea of the performance character- 
istics of the electronic pilot exciters is 
given in Table II. With normal voltage 
supply to the thyratron power transformer 
the exciter is capable of applying to the 
main exciter field a voltage of about 170 
per cent of the main exciter rated voltage. 
A 3-phase short circuit on aline a short 
distance away from the high voltage bus 


produces the lowest thyratron power 


transformer voltage during which the 
generator or condenser excitation must be 
maintained. Under this condition the 
transformer voltage is 14 per cent at 
Claytor and 35 per cent at Glen Lyn, giv- 
ing a voltage applied to the main exciter 
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field of 25 per cent at Claytor and 60 per 
cent at Glen Lyn. This is equivalent to 
about full load excitation in the case of 
Claytor. There have been no cases of loss 
of synchronism resulting from excitation 
failure at either plant. 

It must be borne in mind that 3-phase 
faults are comparatively rare and, in addi- 
tion, that such a fault on any line at either 
station will be cleared in a maximum of 
nine cycles. Furthermore, at Claytor it is 
possible to operate two machines simulta- 
neously connected to the low voltage side 
of the transformer bank and this is a nor- 
mal operating condition whenever the 
stream flowpermits. In thiscase the maxi- 
mum pilot exciter output voltage would 
be about 50 per cent of the main exciter 
voltage rating. Likewise at Howard where 
the maximum instantaneous pilot exciter 
output voltage for a 3-phase high voltage 
fault is 30 per cent of the main exciter 
rating, there has been no indication of 
loss of synchronism. In this case where 
the machine is a synchronous condenser, 
momentary loss of synchronism might go 
undetected because there is no out-of-step 
relay for protection. 

Table II shows the types of thyratron 
tubes employed and the life obtained 
from them. At Howard it can be noted 
that two types of tubes have been used. 
The original tubes were chosen conserva- 
tively to have about five times as much 
current carrying capacity as was required. 
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Table Il. Application Data and Performance Record of Electronic Pilot Exciters 


Listing as of January 1, 1946 


Per Unit Reactance 


Gen- 
erator Pilot Thyratron Tubes Average Tota 
or Main Exciter ————— . Operating Operating 
Con- Trans- Max Rated Total Hours Days of 
: denser former Output Plate Tube Per Tube Pilot 
Location Xa x Volts Type Amp Failures Failed Exciter 
Howard (original)....... On2265 10,048 neee4ooue = RC-O9 magne bat: See Me 9,998 1,745 
Howard (modernized)....0.226...0.048....425...FG-95 .... 2.5...... 19} heats US 63 2igo nie 3,650 
Glen Lyn units 2 and 4 
(oniginial)~ stisoncen. . ORG Sr On OSG miraco ne GOO ene Loe a5 cee Send acs 23,016 
Glen Lyn units 2 and 4 eres. 7,625 
(modernized)......... OMGe 2 0n08626 6420200 Gl 72 6.4. cies Dhbaauetees 12,613 
HOStOrta’s he.ancel St oa 3s OFZOU 08029... 160m. wh G-172 6 Asan diac Oe one LOMOSS oe ote 2,942 
Glaviohstisauin tens OF27 1 07044.,....440 5. sk G-172 ie: ee 24 eae Bip Omen es 1,208 
EXSTSRED, oo Ka Ry Sige OSE BE a ee Oe tanh Og, Se ok a ae 115735 
TRO le a -r.5 a oe) Slatin p Sct Ne ee aa ne Se eh Oe ot cg SS Mtn cneatee tuan te cone 17,170 


The tubes now used have a current rat- 
ing about equal to the exciter field re- 
quirements. In spite of this difference 
the original tubes did not give as good 
service as the new ones. However, these 
original tubes were subjected to more se- 
vere service because of the type of con- 
trol circuit used which caused unbalanced 
tube currents with relatively small 
changes in grid characteristics. A similar 
change in tubes but not in control was 
made at Glen Lyn, and in this case the 
performance of the original tubes appears 
to be almost twice as good as that of the 
new ones. However, this change has 
been made quite recently, and it will be 
noted that only five of the new tubes have 
failed so far. 

At both Glen Lyn and Howard the tube 
life record for the original installation in- 
cludes the operating hours of the tubes 
which were in service but had not failed 
when the exciter was modernized. The 
tubes now in service at Glen Lyn have an 


average operating record of over 17,000 
hours, and it therefore appears that the 


_ average operating hours of the tubes 


which fail will increase considerably as 
time goes on. The record for the thy- 
ratrons of the Claytor exciter is not as 
satisfactory as that for the other 
machines. The exciter field ampere re- 
quirements are well within the tube rat- 
ings and so far no explanation has been 
found for this relatively shorter life. 
Aside from expense for replacement of 
thyratron tubes, the maintenance cost of 
these exciters has been negligible. Be- 
cause tubes may be installed without 
shutting down the machine, tube replace- 
ment does not represent an operating 
hardship. From the data in Table II it 
will be noted that the average operating 
time per tube for all installations has been 
11,7385 hours. There have been about 2.2 
tubes required per exciter for each year of 
actual operation and it is expected that 
further operation will reduce this. figure. 


Sue 132 kv Bus 


MOTOR DRIVEN 
AMPLIDYNE GENERATOR 


Total combined operating time for all 
electronic pilot exciters as of January 1, 
1946 was 17,170 days or approximately. 
47 years. 


ELECTRONIC MAIN EXCITERS 


The performance characteristics of 
electronic main exciters are given in 
Table III. With normal voltage supply 
to the excitation power transformer the 
exciter has a ceiling voltage of 275 per 
cent of maximum continuous slip-ring 
voltage rating in the case of Torrey, Fos- 
toria, and New Carlisle; and of 244 per 
cent in the case of Scranton. When a 3- 
phase short circuit occurs on the high 
voltage bus, the output voltage varies 
from 127 per cent of slip-ring voltage in 
the case of New Carlisle to 41 per cent in 
the case of Scranton. As in the case of 
the electronic pilot exciters, there has 
been no indication of loss of synchronism 
on any of the machines equipped with this 
type of exciter. Figure 7 shows regulated 
voltage of the 22-kv bus and condenser 
loading for a portion of a typical day’s 
operation at Torrey. The 36,000-kva con- 
denser is connected through a 3-winding 
48,000-kva transformer bank to the 132- 
and 22-kv station busses as shown in Fig- 
ure 4. The condenser load may be seen to 
vary between 40,000kilovarout and 11,000 
kilovar in, the latter being the zero field 
current load, with variations in regulated 
voltage of less than one per cent. These 
charts are typical of those obtained from 
the other machines. The Torrey unit was 
chosen for illustration because it is sub- 
jected to frequent large changes of load 
caused by the fluctuating nature of the 
are furnace load served from the 22-kv 
bus. 

Table III shows the types of thyratron 
and ignitron tubes employed and the tube 
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Condenser 


Total 
Operating 
Days of 


Avg 
Operating 
Hrs of 
Tubes in 


*Avge 
Operating 
Hrs Per 
Tube 


Power Tubes 


Avg 
Operating 
Hrs Per 
Tube 


Thyratron Firing Tubes 


Field 
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Max 
Con- 
tinuous 


tinuous 
Slip- 
Ring 


Max 
Con- 


Exciter 
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Volts 


Main 
Trans- 
former 


Per Unit Reactance 
Con- 
denser 
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Failed 
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Volts 


x 
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10,742 (Total) 


Failures during first year of exciter operation are omitted. 


life obtained from them. In the case of 
the power tubes, failures during the first 
year of operation have been omitted be- 
cause in each case this proved to be a 
trial period during which various modifi- 
cations were made to improve perform- 
ance. In the case of the firing thyratrons, 
the entire life of the exciter is included be- 
cause the initial trial period made little 
difference in the averages. In order to in- 
dicate the trend of averages with further 
operation, the average operating hours of 
the power tubes now in service have been 
included. These figures indicate that 
much longer tube life is to be expected 
both at Fostoria and New Carlisle where 
the tube designs have been improved and 
the tube failure hours have been in- 
fluenced by the record of those of earlier 
design as well as by a few defective tubes 
which failed with comparatively short 
service records. The record for the 
original installation at Scranton includes 
the tubes which were in service but had 
not failed when the exciter was modern- 
ized. 

As in the case with the pilot exciters, 
the maintenance cost of these exciters has 
been negligible with the exception of the 
expense for tube replacements. From the 
data in Table III it will be noted that the 
average operating hours per power tube is 
16,340 and per firing tube is 12,021. Since 
six tubes of each type are employed per 
exciter there have been 3 power tubes and 
4.4 firing tubes required for each year of 
actual operation, and it appears that 
further operation should produce a sub- 
stantial improvement in the record for 
the power tubes. The total combined 
operating time for the four electronic 


main exciters as of January 1, 1946 was 
10,742 days or approximately 29 years. 


AMPLIDYNE EXCITATION SYSTEMS © 


The amplidyne excitation system per- 
formance has been similar to that ob- 
tained from the electronic pilot and main 
exciters. From the standpoint of power 
system operation, no essential difference 
has been observed on the condenser in- 
stallations between the performance of 
excitation systems with ultrahigh speed 
response and those having more coriven- 
tional speeds. For small changes in 
regulated voltage the speed of response of 
the amplidyne system is comparable to 
that of the electronic pilot exciter. This 
is true because the controlling factor in 
both cases is the amount of antihunt 
which must be introduced to produce 
stable operation. The ceiling voltage of 
the amplidyne generator is not affected 
by large dips in system voltage because its 
driving motor is designed with consider- 
ably more power than normally required 
and, in addition, its inertia contributes to 
the total energy required for quick 
changes in excitation. Figure 8 is an os- 
cillogram of a special test made at Muncie 
in June 1941, and shows the rate of re- 
sponse of the amplidyne generator to a 
sudden change of 21/, per cent in regulated 
voltage starting with a slip-ring voltage of 
45. The measured maximum rate of 
response of slip-ring voltage as obtained 


Figure 7. Typical charts of regulated voltage 
and condenser load 


Torrey 36,000-kva synchronous condenser of 
The Ohio Power Company 
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Figure 8. Oscillo- 

gram showing re- 

sponse of ampli- 

dyne control sys- 
tem 


Muncie 18,750- 

kva synchronous 

condenser of The 

Indiana and Michi- 

gan Electric Com- 
pany 


from this oscillogram is 380 volts per 


second. The maximum rate of response 


of the amplidyne generator voltage was 
2,800 volts per second. : 

» Because the amplidyne generator can 
produce either a buck or a boost voltage, 
it is suited ideally to produce a reversed 
slip-ring voltage by which additional lag- 
ging capacity can be obtained from the 
condenser. This feature is made use of in 
all cases and gives an increase in capacity 
of about 18 per cent above that obtained 
with zero slip-ring voltage, without 
approaching the point at which the con- 
denser would slip a pole. This feature 
cannot be obtained with an electronic ex- 
citer and can be obtained with an elec- 
tronic pilot exciter only by the addition of 
a differential field and some source of ex- 
citation for it. 

Maintenance of an amplidyne excita- 
tion system is essentially the same as for 
other arrangements using rotating ex- 
citers. The amplidyne generator driven 
by an ordinary induction motor requires 
very little attention. The direct-con- 
nected exciter operating in hydrogen has 
given very satisfactory results. The ab- 
sence of external dirt and oxygen in the 
cooling gas for the exciter compartment 
has simplified the maintenance problem. 
Periodic cleaning and inspection of the 
exciter compartments is made three times 
a year, with the total annual outage for 
this reason amounting to approximately 
one day. As of January 1, 1946, these 
five machines have operated for a com- 
bined total time of 3,994 days or approxi- 
mately 11 years. 


ELECTRONIC REGULATORS 


The performance of both types of elec- 
tronic regulators described has been ex- 
cellent. Both are capable of holding 
regulated voltage within about three- 
quarters of one per cent while varying the 
condenser loading from maximum kilo- 
vars in to rated kilovars out. The 
bridge type is somewhat more sensitive 
to large changes in ambient temperature, 
but as all are installed in heated control 
rooms, this is of little practical impor- 
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tance. The tubes used in these regulators 
have given long life and their replacement 
cost is low. As_ stated, charts 
of regulated voltage and condenser 
loading are similar for all the excitation 
systems described, and this is the case 
because all are controlled by sensitive 
electronic regulators which have no 
dead band and respond to the slightest 
change in regulated voltage. Aside from 
tube changes, only a few minor replace- 
ments of parts have been required. In 
two cases copper oxide rectifiers have 
been replaced and in one case a voltage 
adjusting rheostat of the conventional 
slide wire type was changed. 

The electronic regulator lends itself 
readily to the addition of special features 
when desired. Some of those which have 
been employed are as follows: 


1. A definite slip-ring voltage set auto- 
matically for transferring the condenser from 
starting to running. 


2. A definite maximum slip-ring voltage 
set automatically when the condenser ap- 
proaches a dangerous temperature. 


3. Adjustable amounts of droop obtained 
in regulated voltage. 


4. Adjustable maximum reverse slip-ring 
voltage used in the case of amplidynes. 


Its accuracy and the fact that it has no 
dead band make the electronic regulator 
readily adaptable to parallel operation in 
that compensator or droop settings can be 
made with minimum attention to errors 
in the regulator itself. 

However, the primary purpose of a 
voltage’ regulator when used with a 
synchronous condenser or generator is to 
control voltage, and the more sensitive 
and accurate the regulator is the more 
nearly this aim can be realized. From 
a maintenance viewpoint an ideal regu- 
lator would have no moving parts and 
require no periodic adjustments or re- 
newal of parts. Although the electronic 
regulator does require periodic replace- 
ment of tubes its absence of moving 
parts brings maintenance attention to 
a much lower level than is the case with 
any of the various types of mechanical 
regulators. The total combined operat- 
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ing time as of January 1, 1946 for the 14 
electronic regulators installed on the 
exciters previously discussed amounts 
to approximately 87 years. 


Conclusions. 


Operating experience with 5 elec- 
tronic pilot exciters, 4 electronic main ~ 
exciters, 14 electronic regulators, and 6 
amplidyne excitation systems on 15 large 
synchronous generator and condenser 
applications, dating as far back as 1930, 
permits the drawing of rather definite 
conclusions. 


1. More than 47 machine years of opera- 
tion of electronic pilot exciters have demon- 
strated the reliability and satisfactory per- 
formance of this type of excitation when 
used with either generators or condensers on 
a large power system. 


2. Operating experience with four elec- 
tronic main exciters over a combined period 
of approximately 29 years has demonstrated 
the excellent performance and reliability of 
this excitation arrangement. 


3. Initial cost of electronic exciter equip- 
ment and the heavy expense of making tube 
replacements offer objections to use of this 
otherwise most desirable equipment. It is 
hoped that further developments in the 
design of more satisfactory tubes for this 
purpose will occur which will reduce origi- 
nal and maintenance costs thus making 
the electronic system more attractive. 


4. Approximately 11 machine years of 
satisfactory operation of five hydrogen- 
cooled ‘direct-connected exciters indicates 
that the many benefits and fine results now 
being obtained by the operation of numer- 
ous generators and condensers in a hydrogen 
atmosphere can be duplicated in the case of 
exciters. The feasibility of gas pressure 
operation up to 25 pounds per square inch 
has been demonstrated. This results in in- 
creased capacity for both the exciter and 
the synchronous condenser to which it is 
connected. 


5. More than 87 machine years of opera- 
tion of electronic regulators applied on 14 
large rotating machines have proved the 
reliability and the desirable characteristics 
of this method of control. 


6. The performance of the amplidyne con- 
trol system with direct-connected exciters 
has been essentially equal to that obtained 
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Performance Criteria for Current- 


Limiting Power Fuses—I 


C. L. SCHUCK 


ASSOCIATE AIEE 


OWER fuses are used at many loca- 

tions on transmission and industrial 
power systems to insure the prompt inter- 
ruption of serious short-circuit currents. 
An engineer making such an application 
primarily desires assurance that the fuses 
will be capable of safely interrupting all 
magnitudes of short-circuit current up to 
the maximum the system can produce. 

This available short-circuit interrupt- 
ing capacity may be expressed either in 
terms of 3-phase symmetrical kilovolt- 
amperes, or as maximum rms current. In 
computing the latter, the initial sym- 
metrical alternating component of current 
is multiplied by the factor 1.6 to provide 
for the maximum practicable d-c com- 
ponent which may be involved in the 
short circuit. 

Either or both of these ways of ex- 
pressing the interrupting requirements 
may be compared with manufacturers’ 
interrupting ratings for power fuses. The 
maximum current method of rating has 
been in use longer, but in recent years in- 
creasing use has been made of the 3-phase 
kilovolt-ampere rating, to facilitate di- 
rect comparison with the ratings given 
circuit breakers. In making reference to 
such ratings, the user is relying on the 
manufacturer to have made adequate and 
sufficiently severe tests on the fuse units 
to insure that they will interrupt safely 
fault current such as may occur within 
their interrupting ratings. 

The proving of the interrupting ratings 
of power fuses usually is done in a short- 
circuit testing laboratory, where all fac- 
tors affecting the test severity can be 
controlled and measured. Figure 1 shows 
power fuses arranged for test in the short- 
circuit cell of a high power testing labora- 


tory. If practicable, tests on an actual 
power system are valuable to demon- 
strate the ability of the fuses to interrupt 
fault current at the location where their 
use is proposed. Such tests are likely to 
be less severe than those made in a short- 
circuit’ testing laboratory because of the 
presence of line resistance, and because 
the operating voltage usually will be less 
than the voltage rating of the fuse unit 
for the same voltage class. At the labora- 
tory, it is also possible to vary all factors 
contributing to test severity, and to 
measure their separate effects on fuse per- 
formance. One important device avail- 
able at the testing laboratory is the syn- 
chronous closing switch, with which it is 
possible to explore the regions of fault 
starting angle which analysis indicates 
might be severe. Such facilities permit 
the rapid accumulation of useful data, 
which could be obtained only with con- 
siderably greater difficulty by making 
tests at random closing angles, as would 
be necessary on a power system where 
synchronous closing means are not avail- 
able. With laboratory facilities, the 
fuse designer can carry interruption tests 
to the point of destruction of his develop- 
mental fuse samples to disclose critical 
design factors. It is necessary to have 
such data to design power fuses having a 
factor of safety above the required inter- 
rupting ability. 

Modern power fuses are of two prin- 
cipal types; those that permit approxi- 
mately the full available short-circuit 
current to flow during the first half cycle, 
and those which have a substantial cur- 
rent-limiting effect. 

The latter is the more recently de- 
veloped type? and is a more efficient in- 


terrupter because the considerably smaller 
energy dissipated within the fuse unit can 
be absorbed there without external dis- 
turbance. In fuses which do not have 
this current limiting effect, the arc energy 
released in the fuse is usually so high 
that it must be expelled to the outer 
atmosphere or into a chamber where the 
ionized gases can be condensed. As 
might be expected, the interrupting 
ability of fuses of the expulsion type is 
limited as compared to the interrupting 
ability of fuses of the current-limiting 
type. Figure 2 shows oscillograms taken 
during interruptions by both these types. 
Symbols have been added to the oscillo- 
grams appearing in this portion of the 
paper to assist in their interpretation. 
These symbols are defined in Appendix I, 
and are defined and used similarly in the 
analytical study presented in part II of 
this paper.} 

Of the two types, the current-limiting 
fuse lends itself better to the study of 
severity. This results primarily from the 
prompt action in interrupting the avail- 
able current, and from the fact that an 
oscillogram taken during the test will 
show very definitely whether the current 
was interrupted easily or with difficulty. 

Increasing severity can be detected 
both by oscillographic records and by the 
visible evidence of distress shown by the 
fuse test sample. Figure 3 shows four 
test samples of current-limiting power 
fuse units after tests at the same voltage, 
but with progressively increasing avail- 
able short-circuit current. In these, the 
excess filler has been removed, showing 
the “fulgurites” or fused tubes of granular 
quartz where the elements were before 
they were melted. These formations 
seemingly have become heavier as severity 
increased, and in the case of sample 4, 
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from the electronic main or electronic pilot 
applications. 


7. The evolution of an ideal combination 
consisting of a standard speed synchronous 
condenser with direct-connected exciter 
operating in a hydrogen atmosphere at 25 
pounds gas pressure and with amplidyne 
control and electronic regulator, illustrates 
the interdependence of a machine and its 
associated equipment and shows-what can 
be accomplished by a co-ordinated develop- 
ment program over a period of years. 
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enough damage was done to the interior 
of the sample by the arcing to cause the 
tube to break. Differences in test 
severity such as those between samples 1, 
2, and 3 cannot be judged accurately 
from the remains of test samples, but os- 
cillograms of the tests give dependable 
comparisons. For this reason, oscillo- 
grams of power fuse tests are included in 
part I of this paper to illustrate differences 
in severity resulting from changes in the 
variable circuit factors. 

The severity of an interruption test on 
a power fuse depends on the following 
factors or variables of the test circuit: 


Generated voltage. 
Available current. 

Fault starting angle. 
Voltage angle at melting. 
Frequency. 

Power factor. - 

Number of phases. 


ND ovR to 


It is the purpose of this portion of the 
paper (part I), to appraise the separate 
effect on severity of each of these vari- 
ables, with the object of arriving at 
recommendations for the testing of power 
fuses. 


Generated Voltage 


The circuit voltage at which interrup- 
tion tests are made directly affects test 
severity, other factors remaining constant, 
as will be noted from the oscillograms 
shown in Figure 4. These record three 
tests on the same developmental design of 
test sample with progressive increases in 
circuit voltage. At 110 per cent of rated 
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voltage (Figure 4A), the fuse had no diffi- 
culty in developing enough are voltage 
drop to more than exceed the generated 
voltage and bring the current down to 
zero within one-quarter of a cycle. The 
are current, 7, was substantially constant 
during the first portion of the arcing 
period and then was forced down to 
zero without apparent difficulty. At 
115 per cent voltage (Figure 4B) the 
fuse apparently had greater difficulty 


SHORT GIRGUIT 
CURRENT Teo 


ARG 


60 Bnew 
eS MT tee 


rooms 


A. Expulsion fuse 


B. Current-limiting fuse 


Figure 2. Typical oscillograms of short- 
circuit interruptions by the two principal types 
of power fuses 


Figure 1 (left). 


Figure 3 (above). 
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in interrupting the circuit because the 
arc current reached a higher value 
than the melting current, and lasted 
somewhat longer than at 110 per cent 
voltage. In both these tests the fuse in- 
terrupted with no external disturbance. 

At 120 per cent voltage (Figure 4C) the 
are voltage drop developed by the fuse 
was insufficient to exceed this higher test 
circuit voltage, and after an initial dip 
the are current 7 was permitted to rise to 
substantially the available short-circuit 
values. The resulting high release of 
energy within the fuse test sample caused 
the tube to break, arc current of short- 
circuit magnitude persisted, and the cir- 
cuit had to be opened by the backup cir- 
cuit breaker. In these tests, different de- 
grees of severity were imposed upon a fuse 
unit of given design capable of developing 
only a given arc voltage drop. In part II 
of this paper,! the arc current is deter- 
mined analytically, assuming certain 
ratios of fuse arc voltage to the circuit 
voltage, the results showing the same 
trend as the empirical results of Figure 4. 
These observations emphasize the im- 
portance of making interruption tests of 
power fuses at the rated voltage of the 
fuse units in accordance with established 
standards. 


Available Current 


SHORT-CIRCUIT CURRENT 


Asia result of the fact that the heat 
capacity of the current responsive element 
of a power fuse is relatively small, melting 
by a high short-circuit current can take 
place early in the first half cycle. The 


Power fuses connected in circuit at short-circuit 


testing laboratory 


Current-limiting power fuse units after interrup- 
tion tests of progressively greater severity 
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melting time and the instantaneous value 
of current when melting takes place can 
be calculated with a high degree of ac- 
curacy.! The factors affecting the melting 
point are 


1. The material and cross section of the 
current responsive element. 


2. The frequency. 
3. Theavailable short-circuit current. 


4. The degree of asymmetry of the avail- 
able current. 


The magnitude of an available sym- 
metrical short-circuit current implies a 
certain initial rate of rise of current. The 
initial slope of the current-time curve is 
zero when considering a fully displaced 
asymmetrical current. For a symmetrical 
current, the peak current admitted by a 
fuse unit of low ampere rating varies 
directly as the cube root of the available 
short-circuit current, and for asym- 
metrical current, directly as the fifth root. 
For larger ampere ratings, a more in- 
volved calculation is necessary to obtain 
exact values of peak current. This re- 
sults from the fact that the sine wave 
veers away from a linear rise, the depar- 
ture making significant differences for 
greater melting angles than 30 degrees. A 
detailed treatment of this subject is con- 
tained in part II of this paper. 
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Figure 4. Illustrating 
progressive increase in 
test severity resulting 
from increasing test 
voltage 


Developmental test 
samples 


A. 110 per cent of 
rated voltage 

B. 115 per cent of 
rated voltage 

C. 120 per cent of 
rated voltage 


The peak current at melting is one of 
the most important factors contributing 
to test severity. In view of this alone, it 
would be expected that higher available 
short-circuit current leads to greater 
severity in interruption. Existing stand- 
ards!* state that tests to establish time-— 
current characteristics should be made at 
room temperature with no initial load 
current. Similarly, interruption tests 
sbould be made with no preloading, which 
would cause a reduction in the peak cur- 


rent at melting and in the melting time.: 


However other factors contribute to the 
severity, notably, the magnitude of the 
circuit voltage during the early arcing 
period. It is during this time that a cur- 
rent-limiting power fuse either succeeds or 
fails to develop sufficient arc resistance, 
hence are voltage drop, to exceed the 
generated voltage and cause the current 
to be brought back to zero. The arc volt- 
age must exceed generated voltage during 
this critical interval in order to effect a 
reduction of arc current and subsequently 
create the current zero necessary for in- 
terruption. It is possible for arc voltage 
to be less than generated voltage for short 
intervals during the arcing period and 
still obtain interruption. The arc current 
increases during such an interval, as in 
the borderline interruption of Figure 4B. 
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(B) 
Test records of this type are invaluable to 
the fuse designer, as they indicate the 
threshold of safe operation and the direc- 
tion in which design features must be 
changed to provide the desired factors of 
safety. 

The energy released in the fuse during 
the arcing period is another important 
severity factor and may be computed by 
integrating the product of are voltage and 
arc current over the arcing period. Arc 
energy is not necessarily a maximum at 
the maximum available short-circuit cur- 
rent, and for this reason it is recommended 
that interruption tests be made not only at 
the current representing the interrupting 
rating of the fuse unit, but at several in- 
termediate values to cover any variations 
in the energy released in the fuse unit it- 
self. A full discussion of the effect of cir- 
cuit variables upon the energy absorbed 
by the fuse is included in part II of this 
paper. 


Low CURRENT OPERATION 


The ability to interrupt low available 
currents barely capable of causing fuse 


_ operation, is expected of power fuses 


manufactured to meet existing stand- 
ards.18 Depending on its heat capacity, 
a fuse may require between a few minutes 
and an hour to reach its final temperature 
and have its element melted. 

Existing National Electrical Manu- 
faccurers Association Standards, call for 
the assignment of ampere ratings on the 
basis shown in Table I. j : 

A sufficient number of interruption 
tests should be made in the range of such 
low available currents to prove the ability 
of the fuse unit to interrupt under these 
conditions. The most likely causes for 
prolonged overload currents of such mag- 
nitudes are internal transformer faults, 
usually in the insulation between turns of 
the primary winding, leading to a progres- 
sive drop in primary impedance. It is 
estimated that the power factor of such 
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> 
Table | 
Per Cent Melting 
of Rated Time, 
Ampere Ratings Current Minutes 
Up to and including 100 E 
AMIPELES He cat hice vis ws 200-240....... 5 
125 E amperes* and above. . .220-264....... 10 


*Current ratings include the letter E to denote 
conformance with the standards. 


faults will be at least 20 per cent; hence it 
is recommended that the test circuit have 
a power factor of 20 per cent maximum. 


Fault Starting Angle 


The angle of the generated voltage, at 
the instant of inception of the short cir- 
cuit, has an important influence on 
severity. Until melting occurs, the only 
effect of this fault starting angle is to pro- 
duce displacement of the available cur- 
rent. If a highly inductive circuit is 
closed at an instant when voltage is zero, 
the displacement will be the maximum, 
and the available current will be fully 
asymmetrical (Figure 5). With the fault 
starting at 90 degrees (peak voltage), 
symmetrical available current will result. 
For intermediate starting angles, the dis- 
placement will be partial, and a ‘‘major 
loop” of available current will be ob- 
tained. A starting angle greater than 90 
degrees (or after peak voltage) will result 
in a ‘‘minor loop” of current which af- 
fects the fuse as a symmetrical current of 
smaller magnitude and higher frequency. 

In Figure 5 the degrees of asymmetry 
are compared for different fault starting 
angles. The available short-circuit cur- 
rent is 20,000 symmetrical rms amperes, 
and peak currents obtained are indicated 
for typical current limiting fuses of vari- 
ous ampere ratings. 

For a fuse of low ampere rating, maxi- 
mum peak current is obtained on a sym- 
metrical short circuit since its initial rate 
of rise is greater than could be obtained 
with any asymmetry. Although the 
symmetrical current has the greatest 
initial rate of rise, the melting angle of 
fuses of large ampere ratings can be so 
great that the departure from a linear 
rise becomes significant, this effect taking 
place over the same range of voltage an- 
gles at which the asymmetrical current is 
approaching its maximum slope. Thus, 
if the ampere rating of the fuse is large 
enough, the peak current obtainable on 
an asymmetrical current can be even 
greater than that obtained on a sym- 
metrical current. In the case of the 200- 
ampere fuse unit (Figure 5) melted on a 
circuit capable of producing 20,000 sym- 
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metrical rms amperes, slightly higher 
peak currents can be obtained when the 
current is asymmetrical than when it is 
symmetrical. It is also interesting to 
note that in the range between, in which 
major loops of short-circuit currents are 
obtained, the currents can be slightly 
higher than either of these values because 
the effective slope is higher during the 
melting interval. 


Melting Angle 


It is to be expected, and it has been 
borne out-by tests, that maximum sever- 
ity occurs in fuse units of low ampere 
rating if melting takes place at, or slightly 
before, peak voltage. For such a fuse, 
this is also the closing angle producing 
maximum peak currents. This would call 
for closing the circuit at approximately 80 
degrees for such ratings. The higher am- 
pere ratings require a considerable num- 
ber of degrees to melt. An example of 
this is the case of the 200-ampere fuse in 
Figure 5 which requires approximately 
76 degrees to melt on the 20,000-ampere 
asymmetrical short circuit. It has been 
found empirically and it is shown analyti- 
cally in part II of this paper,! that maxi- 
mum severity is obtained if the circuit is 
closed at such a voltage angle as to cause 
melting to take place in the region be- 
tween 70 and 80 degrees. This results in 
high effective generated voltage during 
the critical early arcing period. 

In Figure 6 oscillograms are shown of 
three tests on the same circuit, on three 
developmental fuse samples of high cur- 
rent rating, the circuit being closed at 
different angles after voltage zero. The 
test of Figure 6A was evidently the most 
difficult, as the short-circuit current was 
not interrupted,and the fuse sample broke 
apart as a result of the high release of 


CIRCUIT CAPABLE OF 
PRODUCING 20,000 rms 
AMPERES (SYMMETRICAL) 


energy inside the fuse tube. In this test, 
the circuit was closed at 11 degrees and 
melting took place at 68 degrees. At this 
time, circuit voltage was approximately 
90 per cent of maximum and still increas- 
ing. The subsequent attempt on the part 
of the fuse to produce arc voltage equal to 
effectively maximum circuit voltage was 
unsuccessful. In Figure 6B the circuit 
was closed at 90 degrees of voltage pro- 
ducing a symmetrical current, but melt- 
ing did not occur until 138 degrees, when 
voltage was already down to 67 per cent 
of maximum voltage. In Figure 6C the 
oscillogram shows a relatively easy inter- 
ruption resulting from closing the circuit 
after voltage maximum, resulting in a 
minor loop of current, with melting 
occurring in the following half cycle. Al- 
though circuit voltage was near maximum 
when melting did take place, the melting 
current was somewhat less in this test 
and alleviated the severity. None of the 
possible fault starting angles after 90 de- 
grees have been found to cause as much 
test severity as those before 90 degrees. 


Circuit Frequency 


The frequency of the test circuit de- 
termines the time interval between volt- 
age zeros and therefore has an important 
bearing on test severity. This leads to 
the recommendation that interruption 
tests be made at rated frequency. In the 
time between melting and the subsequent 
voltage zero, a current limiting power fuse 
must develop enough arc voltage drop to: 
force the current down to zero before ex- 
cessive energy is released within the fuse 
tube. 

On a circuit of lower frequency, the 
longer time between voltage zeros brings 
with it an increase in test severity, other 
factors being equal. This is reflected in 
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lower interrupting ratings at 25 cycles 
than at 60 cycles for many present-day 
high current rated fuses. Figure 7 shows 
oscillograms of tests made at 25 and 60 
cycles at the same circuit voltage, on the 
same design of a high current rated fuse 
test sample. In all other respects except 
frequency, the 60-cycle test would be re- 
garded as more severe because the avail- 
able and melting currents were higher, 
and because melting occurred nearer 
maximum voltage. However, the lower 
frequency test was clearly more severe, 
as evidenced by the higher are current 
(Figure 7A) following melting and the 
longer arc duration. 

A d-c circuit is the extreme case of low 
frequency. Here the fuse must force a 
current zero without any help from volt- 
age zeros. A full treatment of the rela- 
tive severity of a-c and d-c test circuits is 
beyond the scope of the present paper, but 
a few observations may be made. 

For a fuse of low ampere rating, the a-c 
test probably will be more severe because 
the peak of generated voltage bears a 1/2 
ratio to the same nominal value of d-c 
voltage. In the d-c case, the same 
nominal current may be available as 
in the a-c circuit, but the time con- 
stant of the d-c circuit may cause a 
faster ot a slower rise of current than in 
the a-c case. Thus for d-c circuits some 
description of the circuit time constant, 
such as the initial rate of rise of current, 
must be specified. For a fuse of high cur- 
rent rating, indications are that the d-c 
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Figure 6. Influence 

on test severity of 

voltage angle at melt- 

ing of a current limit- 
ing power fuse 


Developmental test 


samples 


A. Melting at 68° 
B. Melting at 138° 
C. Melting at 260° 


test might be more severe on account of 
the absence of voltage zeros. 


Power Factor 


To some extent the power factor of the 
test circuit will have an effect on severity. 
At a low power factor with a symmetrical 
short-circuit current, a fuse of low am- 
pere rating which melts quickly will have 
nearly a 90-degree wait until the next 
voltage zero. At higher power factors, 
with the current and voltage more nearly 
in phase, the delay of the subsequent volt- 
age zero is even longer, up to the maxi- 
mum of 180 degrees. For a fuse of high 
current rating, severe test conditions 
apparently will result if the power factor is 
such that voltage is in the critical 70- to 
80-degree region at melting. Tests have 
been made at high power factors by in- 
serting resistance in an otherwise highly 
inductive circuit. The results of such 
tests indicate that the interrupting duty 
is not as severe as that of low power fac- 
tor tests made at full short-circuit current. 

If very low available currents are to be 
interrupted, the power factor has a greater 
importance, as mentioned previously 
under ‘“‘Low Current Operation.” 


Number of Phases 


It generally is agreed that a single- 
phase test made with full line-to-line volt- 
age across a single fuse sample is more 
severe than a 3-phase test, made more or 
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less simultaneously on three fuse samples. 
Since a power fuse is essentially a single- 
phase interrupter, it is logical to compare 
the severity experienced by a fuse unit 
interrupting in any phase of a 3-phase 
system with the severity if tested on a 
single-phase circuit. Examination-of the 
possible faults on a 3-phase system yields 
few possible cases as severe as a single- 
phase test at full line-to-line voltage, be- 
cause the recovery voltage across any one 
fuse is usually less than this value. Also, 
the operation of at least two fuses of the 
three in rapid succession greatly de- 
creases the possibility of obtaining con- 
ditions of maximum severity on either 
fuse. In Figure 8A oscillograms are shown 
of a 3-phase interruption of a triple line- 
to-ground fault (generator windings con- 
nected in delta with no ground connec- 
tions) by current-limiting power fuses, 
and Figure 8B is the record of a single 
developmental sample fuse of the same 
design tested line-to-line on the same 
circuit. The single-phase test was more 
severe, because it resulted in failure, 
and because the records of current in 
each phase show (Figure 8A) definite 
current-limiting action. In the 3-phase 
test there were no signs of high are 
current, a characteristic of difficulty in 
interrupting. Although the short cir- 
cuit was closed with a 3-phase circuit 
breaker, not all the poles closed exactly 
at the same time. Even with simultane- 
ous closure of the three lines at the fault, 
unbalanced currents generally would re- 
sult because of phase differences in the 
generated voltages. In the 3-phase test of 
Figure 8, the fuse in phase one operated 
first and opened phase one before the fuse 
in phase two melted, and at approxi- 
mately the same time as the fuse in phase 
three melted. This left the fuses in phases 
two and three effectively in series, and 
they then assisted each other in clearing 


the circuit, the burden being apparently 


more on the fuse in phase three, as may be 
noted from the small rise in are current 
after melting, and the corresponding dips 
in arc voltage in phase three. Phase two 
apparently cleared easily as may be noted 
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Figure 8. Single-phase and 3-phase inter- 

ruption tests on the same current-limiting 

power fuse design showing the greater severity 
of the single-phase test 
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Peak amperes at melt- ( Phase 1—21,000 
ing  (instantane- Phase 2—12,200..... 19,800 


ous) Phase 3—13,400 
Series reactance, 
OhMStte es «vtec Phase 1,2, 3;0.04.... 0.04 
Fuses in all three Fuse failed 
formance menor phases interrup- to inter- 
Resformance ted without dis- rupt the 
turbance circuit 
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Figure 7. Effect of circuit frequency on 
test severity 


A B 
Circuit frequency....... 25 cycles.. 60 cycle 
Test voltage (rms)....... 2,500 volts .. 2,500 volts 


Available current (rms)... 20,000 amp. . 25,000 amp 
Current at melting....... 18,000 amp .. 28,000 amp 
Angle of inception...... 62° ae 502 
Angle at melting........ 136° eetOse 
AYcing times aeon)sstesiee 0.0086 sec ..0.0024 sec 


from the concave shape of the arc current 
and the resultant arc volts which re- 
mained well above generated voltage from 
melting onward. This mutual assistance 
by the phases is characteristic of 3-phase 
tests, and in many similar tests has re- 
sulted in the ability to interrupt a greater 
nominal kilovolt-amperes than the 3- 
phase kilovolt-amperes computed from 
single-phase interrupting ability. 

The symmetrical rms short-circuit cur- 
rent obtainable by making single-phase 
tests phase-to-phase on a 3-phase gen- 
erator is only 86 per cent of the line cur- 
rent obtainable in a 3-phase short circuit. 
It is recommended that the 3-phase 
kilovolt-ampere interrupting ability be 
computed from the measured current 
interrupted by a single fuse tested line-to- 
line. It is believed that this basis of rating 
will cover all short-circuit conditions 
(whether faults are single line to ground 
or phase-to-phase) and justify the use of 
the maximum rms ampere rating, includ- 
ing cases where single-phase applications 
are proposed, and the single-phase inter- 
rupting requirements are known. 


Specific Applications 


In some cases, a given rating of power 
fuse is designed for a specific application 
rather than being made available for 
general use. Typical cases are 


1. Fuses for high voltage motor controls. 
For such cases, not only the interrupting 
capacity of the fuse unit itself must be 
determined, but tests must be made with 
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.0024 SEC. 
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vents pach Miieitenenttnppiiti) 
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& SEC.——— 
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the contactor and current transformer in 
the circuit to check the ability of these de- 
vices to windstand the let-through current 
of the fuse, both from a thermal and mag- 
netic standpoint. The phrase let-through 
current implies not only the peak current per- 
mitted by the current limiting action of the 
fuse, but also the magnitude and duration 
of arc current until interruption is com- 
pleted. 


2. Fuses for use with banks of capacitors. 
For these, safe limits of application must be 
determined, within which the fuse let- 
through current will not cause the case of a 
faulted capacitor unit to be ruptured, en- 
dangering apparatus and personnel, and 
possibly allowing the fault to become ex- 
ternal and spread to the other phases. 


Conclusions 


In establishing the interrupting ability 
of current-limiting power fuses, it is 
recommended that tests be made as fol- 
lows: 


1. In a short-circuit testing laboratory 
where circuit variables can be controlled 
and measured. Tests on systems may give 
additional data, providing adequate control 
and measuring means are used. 


2. Single-phase. 


3. At the fuse unit rated voltage in accord- 
ance with established standards. 


4. With the starting angle of the short- 
circuit current at zero of voltage to justify 
the maximum rms ampere interrupting rat- 
ing (asymmetrical—including d-c com- 
ponent) to be assigned. 


5. With the starting angle of the short- 
circuit current near 90 degrees after voltage 
zero (preferably earlier) in the case of fuse 
units of low ampere ratings, and at such 
a current as to cause melting of the 
fusible element between 70 degrees and 80 
degrees on the voltage wave, for fuses of 
high ampere ratings. 


6. At several other values of short-circuit 
current less than the interrupting rating, 
the angle of inception being in each case 
such as to cause melting somewhat before 
maximum voltage. Three-phase kilovolt- 
ampere interrupting ability, when assigned, 
to be calculated from the symmetrical a-c 
component of short-circuit current J, suc- 
cessfully interrupted single-phase as in pre- 
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ceding 4 and 5, that is, kilovolt-amperes = 
V3 X kilovolts XJ. 


7. At rated frequency. 


8. On a circuit of low power factor, for 
short-circuit tests. 


9. At low available currents in the region 
of those specified by existing standards! for 
the assignment of ampere ratings, and on a 
circuit the power factor of which is 20 per 
cent maximum. 


10. In conjunction with other devices 
with which their application is intended. 


Appendix |. Definitions of 
Symbols Shown on Oscillograms 


E, =generated voltage 

é@z =arc voltage of fuse 

I=available symmetrical rms short-circuit 
current 

I;, =short-circuit current 

4=actual circuit current 

6, =fault starting angle 

6.=arc voltage angle 

Om =0,—6, =melting time of fuse in degrees 

62=angle when are current becomes zero 
(interruption) 

é.=instantaneous generated voltage at 62 

A, B, A’, B’=volt-—time areas 
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Performance Criteria for Current- 


Limiting Power Fuses—Il 


E. W. BOEHNE 


FELLOW AIEE 


HIS PAPER is part of an analytical 

study conducted for the purpose of es- 
tablishingasound fundamental interpreta- 
tion of observed performance character- 
istics of high interrupting-capacity power 
fusesofthecurrent-limiting type. Some of 
the moreimportant conclusions, whichhave 
been verified by a study of test perform- 
ance, are presented and discussed in the 
foregoing part of this paper by C. L. 
In another sense this paper is 
an application of the analytical methods 
developed in the two papers on ‘‘Geom- 
etry (on Ate. Interruption) einis 
application to fuse performance is par- 
ticularly fitting since the interval from the 
inception of a short circuit until the arc 
voltage of the fuse is introduced, may be 
predetermined quite accurately from the 
melting characteristics of the fuse. Con- 
ductor heating and energy equations are 
presented for the first time which include 
all the essential variables to predetermine 
the are energy to be developed by the 
interrupter for various magnitudes of arc 
voltage, degrees of circuit asymmetry, 
and melting times of the fuse. 

Although the analytical methods used 
in this paper are applied to the analysis 
of current-limiting power fuse perform- 
ance, they are by no means restricted to 
this application. When applied to a cir- 


“cuit breaker, for example, the so-called 


melting time of the fuse (0,,) becomes the 
contact parting time of thecircuit breaker. 
Indeed, many high speed interrupters!” 
whose contact parting times may be pre- 
determined accurately are subject, in 
some degree, to the analysis and conclu- 
sions here presented. One such applica- 
tion of this treatment to power circuit 
breakers for rectifier service has been pre- 


sented previously!” before the AIEE. 

In particular, this paper approaches 
the problem of fuse performance on an 
analytical basis, to establish certain funda- 
mental trends which result as one or 
more of the circuit variables is altered. 
The work is carried out on a quantitative 
basis in such a way as to enable the equa- 
tions and curves to be applied to any 
single-phase circuit regardless of the fre- 
quency, voltage, or current magnitudes. 
No attempt is made to enter into a dis- 
cussion of the physics of the are within 
the interrupter or to explain the methods 
used to develop the are voltage charac- 
teristics essential to good current-limiting 
fuse performance. The study is of par- 


ticular value to the testing and applica-- 


tion of the interrupter as well as render- 
ing considerable data of use to the fuse 
designer. Regions of maximum circuit 
severity may be predicted and test pro- 
grams arranged to explore these regions. 


It is particularly fortunate that the 
-straight forward application of the funda- 


mental concepts of linear circuit theory 
may be applied to solve what otherwise 
appears as a nonlinear circuit problem. 
In several places this analytical study 
sheds new light on the performance char- 


acteristics of current-limiting power fuses: 


and clears up what otherwise might ap- 
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pear to be inconsistencies in the labora- 


-rory and field performance of this inter- 


tupter. 


Assumptions and Nomenclature 


Any quantitative analytical treat- 
ment which is devoid of empirical data 
reincorporated into the analysis is re- 
stricted by certain assumptions which 
usually are made to facilitate the treat- 
ment. In spite of these assumptions, how- 
ever, it is the duty of the analyst to ren- 
der a solution which indicates the salient 
trends to be found in the device under 
study, although it is recognized that no 
one single performance ever will be dup- 
licated exactly in the analytical study. 
In the study under consideration, it will 
be shown, for example, that the ratio of 
the magnitude of the are voltage de- 
veloped by the interrupter to the gener- 
ated voltage is a controlling factor in its 
performance. For this reason the study 
includes a solution for numerous assumed 
tatios of arc voltage to generated voltage 
and such results are plotted with this 
ratio as the variable. 

Because the study at hand is concerned 
with fuses applied for the interruption of 
short-circuit currents, the assumption of 
a zero power factor circuit is made for the 
great majority of the data developed. It 
is to be made clear, however, that the 
analytical method employed is not lim- 
ited to the zero power factor circuit. 
Moreover, it is not to be implied that 
zero power factor always presents the 
most severe condition in all cases. 

Field, laboratory, and analytical stud- 
ies all confirm that the fuse experiences its 
most difficult tasks when clearing single- 
phase short circuits. For this reason (as 
discussed more fully in the foregoing part 
I of this paper by C. L. Schuck), the 
analytical treatment presented here is 
concerned entirely with single-phase 
interruptions. 

In order that the relations developed 
might be applied to circuits of any volt- 
age, any current, and any frequency, a 
per unit system of nomenclature was se- 
lected which expresses the arc energy as 
a coefficient k which must be multiplied 
by the circuit MVA (based upon a sym- 
metrical current) to obtain the true arc 
energy in watt hours. Similarly, the 
time scales are expressed in degrees in or- 
der that the results might be applied to 
circuits of any frequency. The reference 
point for measuring the major angles, 
namely, 0,, 0, and O,, as listed following, 
is the zero of the generated voltage. This 
has many advantages in the mathematical 
treatment. The ‘salient nomenclatures 
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Figure 1. Relation- 
ship between volt- 
time areas and short- 


circuit current in a 
single-phase zero- 
power-factor a-c cCir- 
cuit o 
S 
The short-circuit cur- 5 
rent iz is equal at all & 
times to the volt-time e 
area under the gen- 2 
erated voltage. Note z 
that the current axis © 
depends upon the 
angle ©, 


O° ESOS 6OS Be 0F. 


as used in the paper are 


0, = power factor angle 
90 degrees =all inductive, no resistance 
0,=fault starting angle (measured from 
voltage zero) 
90 degrees =symmetrical fault current 
when 6, =90 degrees 
0 degrees =fully displaced current 
0, =arc voltage angle (measured from volt- 
age zero) 

On = (O,—91) =melting time of fuse 
0,=angle when final current zero occurs 
(measured from voltage zero) 

Oz = (0@.—0,) =arcing time 

Oy; = (O2—0;) =fault duration 

E, =generated voltage (single-phase, rms) 
Em =crest of generated voltage 


ég=arc voltage of interrupter in per unit ~ 


Ole, 

é.=instantaneous generated voltage at in- 
terruption in per unit of E,, 

T=available symmetrical, rms, short-circuit 
current (no are voltage) 

Is,=short-circuit current available (in- 
cludes d-c component) 

Im = peak value of available current 

ip =current that would flow if eg acted alone 
in the circuit 

14=actual current in the circuit =/,,—7g 

tm = peak value of actual current 

Q=the integral of arc current over the arcing 
time 

L =inductance of the circuit in henries 

MVA=E, XI X10 *=available, symmetri- 
cal, zero-power-factor, megavolt- 
amperes 

k=are energy coefficient, watt-hours per 
megavolt amperes (60-cycle circuit) 

k,=maximum inductive energy in circuit 
in watt-hours per megavolt-amperes 

W=arc wattage in watt-hours=k Xmega- 
volt amperes (60-cycle circuit) 

wo =2rf 

f=circuit frequency 

Lit=summation 774 of a fuse. This is ob- 
tained from the basic fuse design data 
and concerns the material and cross 
section of the fusible element. See 
equation 7 
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Figure 2. Fundamental circuits used in the 
analytical determinations in this paper 


Here the principle of superposition is used to 

show the concept of a backward moving or 

cancellation current produced by the fuse 
voltage 


=v?tXw F é ‘ 
= P =heating function (equation 5) 
x, =inductive ohms of circuit 


=oLl =E,/I 
A,A’, B, B’, C=voltage-time areas 


Analytical Approach 


The student of short-circuit protection 
will achieve a clear insight into the be- 
havior of interrupting devices by applying 
a few fundamental laws of circuit theory. 
The simplest of these concerns the volt- 
age-current relationship in a purely in- 
ductive circuit. The majority of a-c 
short circuits is limited primarily by the 
inductive reactance of the circuit. Short- 
circuit current calculations on transmis- 
sion systems usually neglect circuit re- 
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sistance and can do so with a high degree 
of accuracy. Although the most pessi- 
mistic conditions cannot be predicted al- 
ways on the basis of the purely reactive 


circuit (zero power factor), nevertheless 


a working understanding of the purely 
inductive circuit forms the foundation of 
this phase of the protection engineers’ 
art. Just as the current in a noninduc- 
tive circuit is given by E/R so the current 
in the purely inductive circuit may be 
expressed as the voltage-time area di- 
vided by the circuit inductance. The 
fundamental equation of current in the 
purely inductive circuit hence becomes 


pa eX 


L (1) 


This is just another way of expressing the 
well-known voltage drop in an inductance, 
namely, 
di 

e=L 5 

This volt—time area concept is only ap- 
plicable to the purely inductive circuit 
and is the foundation of a simple geome- 
try which requires that from current zero 
to current zero the net area under the 
circuit voltages is zero. Figure 1 shows 
this law applied to the generation of the 
reactive short circuit in a purely induc- 
tive circuit, giving a pictorial under- 
standing of the cause of the asymmetrical 
short circuit. The voltage E, in Figure 1 
is the fixedsinusoidal a-c generated voltage 
with its fixed axis. The current J,, is the 
short-circuit current, the current axis be- 
ing determined by the instant of short- 
circuit initiation. For example, if the 
fault starts at s, on the generated voltage, 
a vertical from the voltage to the current 
determines the current axis for that con- 
dition. The magnitude of the current at 
any instant is then proportional to the 
volt-time area from fault inception up to 
that instant. The current 7,, for example, 
is equal to the volt-time area A = s-b-m- 
u-s divided by the circuit inductance as 
defined in equation 2. It follows that in 
this case, peak current J, will occur at a 
voltage zero, its magnitude being de- 
pendent upon the volt-time area s-d-u. 
Hence current zero will occur when an 
equal area under the negative voltage has 
been covered, that is, when area s’du’ = 
s-d-u. The magnitude of the minor loop 
of current which follows will be propor- 
tional to the area s’o’u’. Inspection will 
reveal now that a fault starting at voltage 
peak will produce a symmetrical fault 
current (constant inductance) having a 
peak value d-P. Similarly a fault start- 
ing at a voltage zero will produce a fully 
displaced short-circuit current having a 
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peak twice this magnitude. These area 
concepts therefore produce results which 
agree with other approaches to the same 
problem and will be extended now in 
simple graphical form to cover the per- 
formance of fuses. 

When more than one voltage acts 
within a circuit, the current resulting 
from each source can be determined in- 
dependently and the resulting currents 
added to determine the net current. A 
study of Figure 2 reveals this principle 
applied to the problem at hand. This 
superposition of currents is well known 
and often applied to the solution of cir- 
cuits in cases when the multiple source of 
voltages are all generated electromotive 
forces and batteries. The broadening of 
the superposition principle to consider 
voltage drops acting in the circuit just as 
if they were generated electromotive 
forces generally is not used and its power 
is not appreciated fully. This extension 
of the fundamental superposition princi- 
ple, as an analytical tool, finds its greatest 
usefulness in the analysis of many cir- 
cuits containing devices whose voltage 
drops are nonlinear, such as tubes, cir- 
cuit interrupters, arc furnaces and weld- 
ers. This is particularly true when the 
performance of these devices depends 
upon their voltage drops and this char- 
acteristic, in turn, can be controlled by the 
designer. Such is the case with most cir- 
cuit interrupters and in particular with 
power fuses of the current-limiting type. 


Figure 4. Master plot 
of the essential data 
from Figure 3 as a 
function of the magni- 
tude of the ratio of arc 
voltage to generated 
voltage crest 


The voltage drop characteristics of a 
power fuse determine the energy lib- 
erated in the fuse, the recovery voltage 
which appears following interruption, its 
current-limiting ability and, in general, 
controls the performance of the fuse. 
These facts may be demonstrated most 
easily by considering the voltage across 
the fuse to take a rectangular shape fol- 
lowing the melting of the current-re- 
sponsive element in a zero power factor 
circuit. The current ig (Figure 2) pro- 
duced by a rectangular or d-c voltage, eg, 
in a purely inductive circuit is, as out- 
lined before, proportional to the area un- 
der the voltage. This current, i, is 
hence a linearly rising current, at a rate 
ep/L, and given in this case by the equa- 
tion 


JS epdt 
L 


Lip= 


Bx 


The scale of this current, for graphical 
analysis, is obtained most readily from 
Figure 1 by observing that, for a sym- 
metrical fault originating at crest voltage, 
Em = 2g, a linearly rising current zy 
would have resulted in one radian (57.3. 
degrees) had the crest voltage E,, been 
maintained over the interval. When the- 
fuse voltage, eg, is rectangular, it produces. 
a current which rises at a rate e;/E,, times. 
the slope of zy on Figure 1. It follows. 


NOTE: THESE BAR INDICATIONS 
REFER ONLY TO THE ARC VOLTAGES 
SHOWN IN ABSCISSA AND ARE 
EXPLAINED IN TEXT ON PAGE 8 


Note that peak arc 
energy occurs for an 


arc voltage whose 
magnitude is about 0.5 
of the crest of the 


generated voltage. 
The horizontal bar 


lines at the top of the 
figure pertain only to 
the nominal relative 


arc voltage range of 
the following inter- 


rupters: 


1. Air blast breaker 


2. Oil circuit break- 
ers 


iy ES 
=a 


PER UNIT CURRENT, VOLTS AND ENERGY IN WATT HRS/MVA 
iS 


3. Expulsion fuses 
4. Magne - blast 
breakers 
5. Current - limiting 
power fuses 


—,] 


o2 


ae 4 
_ RECTANGULAR ARC VOLTAGE, €g5 
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that the current 7,, so developed as a re- 
sult of the fuse voltage é, is a current 
which flows in opposition to the short- 
circuit current J,, (see Figure 2) and is 
plotted in all figures in a positive sense 
to visualize better its algebraic addition 
to I,,. A typical example of such an 
analysis is shown in‘Figure 3A which will 
be described in detail as a demonstration 
of the method used to determine all the 
analytical data developed in this paper. 
Here a fault is assumed to originate in a 
zero power factor circuit (0, = 90 de- 
grees) at an interval of 0; = 45 degrees 
following the voltage zero. This would 
have produced a short-circuit current, 
I,, rising to 1.707 times the normal sym- 
metrical current crest. At an interval of 
30degrees following current initiation, the 
current-responsive element in the fuse 
~ melts (0,. = 30 degrees) and gives rise to 
an assumed rectangular arc voltage eg of 
1.2 times the generated voltage peak. 
This arc voltage accordingly would pro- 
duce the linearly rising cancellation cur- 
rent 7, which rises at a slope of 1.2 times 
the slope of the short-circuit current at 
maximum voltage (1.2 zy on Figure 1). 
When this current ig becomes equal to 
the short-circuit current J,,, that is where 
the two currents intersect on the diagrams 
in this paper, current zero occurs. The 
fuse current 7, following the melting of the 
curtrent-responsive element, is therefore 
the difference between the two currents 
I,, and t;. This resulting current is 
shown plotted on the current axis. As 
current zero is reached, and if interruption 
occurs, the voltage which appears across 
the fuse is naturally the generated voltage. 
Hence at interruption the arc voltage e, 
‘drops to the generated voltages E, at this 
point as revealed on all the figures and 
oscillograms in part I of the paper. It 
tnight be advisable, to point out here that 
high frequency recovery voltage oscilla- 
tions at interruption, such as accompany 
the operation of oil and air blast breakers, 
are not associated with current-limiting 
fuse operation. This is borne out further 
by the fact that current-limiting fuse per- 
formance is essentially independent of 
the amount of capacitance to ground as- 
sociated with the circuit in which the fuse 
operates. Hence the recovery voltage 
across the fuses, discussed here, is the 
generated voltage. The fuse, however, 
does recognize the initial magnitude of the 
generated voltage e, at interruption, par- 
ticularly if the generated voltage is ris- 
ing following interruption. This fact 
becomes an important element in deter- 
mining the severity of the operation and 
will be discussed more in detail later. In 
Figure 3A the initial recovery voltage ¢ is 
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—0(.50E,,, the minus sign indicating that 
the current zero leads the voltage zero or 
that the generated voltage is falling. 
This represents a favorable operation. 


Area Criterion 


Since current is proportional to the 
volt-time area covered in the purely in- 
ductive circuit, it follows that equal volt— 
time areas must have been covered by 
both the generated voltage EZ, and the 
arc voltage eg at the instant the two cur- 
rents become equal. The volt-time area 
A+C must be equal, therefore, to the 
volt-time area C+B in Figure 3A, and 
accordingly A=B. This fact finds 
mathematical expression in the equations 
found in Figure 2. From these facts 
emerge some of the more obvious gen- 
eral conclusions as can be deduced by the 
reader by an inspection of Figure 3A, 
namely, 


1. The arc voltage of the fuse must exceed 
the generated voltage and remain above the 
generated voltage for a time sufficiently long 
to create a volt-time area B equal to the 
volt-time area A developed during the 
melting time of the fuse. 


2. Fuses of low current rating and thus 
having small melting times (6m) will pro- 
duce a small volt-time area A and accord- 
ingly make it easier to create the neutraliz- 
ing area B resulting from fusion. 


@p= 90° 
@,72(@e-0))= 30° 
€,=RECTANGULAR 
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Figure 5. Relative arc energies for various 
fault initiating angles ©, plotted with respect 


to the magnitude of a rectangular arc voltage 
ratio ep 


The curve for 0,=45 degrees is replotted 

from Figure 4. In the upper right-hand corner 

is shown the relation between arc energy 

and the arc voltage angle ©, for a melting 

angle of 30 degrees. Note that peak energy 

occurs when fusion takes place just before the 
peak of generated voltage 
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3. Because the arc voltage is controlled - 


by the fuse design, it follows that fuses ap- 
plied in circuits having higher than the 
rated voltage of the fuse will make it diff- 
cult to create the area B and in any event 
the current zero will be delayed. 


These facts will be made clearer and 
some of the less obvious facts will emerge 
with the modulation of some of the vari- 
ables associated with fuse performance. 


Arc Energy 


The energy released by a current-limit- 
ing fuse preferably is absorbed within the 
fuse without any display of expelled 
gases or mechanical breakage. This is 
one of the reasons why the energy re- 
leased is important to the fuse designer. 
Of more importance, however, is the in- 
fluence of the energy released upon the 
interrupting ability of the fuse. Arc 
voltages of sufficient magnitude are main- 
tained by cooling the arc path at a rate 
faster than the energy generation. Ex- 
perience shows that the more energy re- 
leased per conductor, the lower the are 
voltage becomes; and, as will be shown, 
the lower the arc voltage, the more en- 
ergy is released. The fuse designer, 
therefore, must proportion the materials 
so as not to produce too high a voltage 
surge at fusion, yet produce as nearly as 
possible the optimum are voltage char- 
acteristic for over-all fuse performance. 
This is done by the proper choice of mul- 
tiple conductors, their materials, diame- 
ter, length, and arrangement, as well as 
the material and grain size of the fuse 
filler. ; 

Returning now to Figure 3A, the arc 
wattage is the product of arc voltage eg 
and the are current 7. Because the arc 
voltage is constant in this case, the wat- 
tage is proportional to the are current 7 
and hence is not replotted. The arc en- 
ergy is proportional to the watt-time 
area, that is, the area under the wattage 
curve. For those cases where the arc 
voltage is constant during the arcing pe- 
riod, the arc energy liberated by the in- 
terrupter in a 60-cycle zero power factor 
circuit, is given by 


k= [1 4736 XepX Ware dt] watt-hours per 
megavolt-ampere per half cycle of arc. 
(see equation 13) 


. This integral of are current and time is 
termed Q and is shown in Appendix I to 
be the following function of the angles of 
the circuit 


= So.'i dt 


=1/,0,3(cos 01+ cos 2) — (sin @2— sin O,) 
(2) 
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Figure 6. Although the arc voltage ex differs 
from a rectangular shape, the area criterion 
(A =B) must hold from current zero to current 
zero in a zero-power-factor circuit 
Here the interrupting current zero was chosen 
to take place at the same time as found in 
Figure 3B. Note that the arc energy above is 
less than in Figure 3B, all other factors being 
identical save the arc voltage wave shape. 
Figure 7 shows what happens, however, when 
such a characteristic is used in a 25-cycle cir- 
cuit. See Figure 6C in part | for oscillogram 
showing these characteristics 


A more general expression of arc energy 
which applies for any frequency is given 
in Appendix I, equation 12, and re- 
peated here 


e 
are energy =55522 watt-hours per mega- 
@ 
volt-ampere (12) 


The conditions for which these arc energy 
equations are valid are indicated clearly in 
Appendix I. 

The use of these equations requires the 
determination of the angle 02, or the ter- 
minating angle of the current. An inspec- 
tion of Figure 3 will show that this angle 
is related to the arc voltage e, by the 
following relationship 


Ce 6. 
an(= - cos ) (3) 
B 


Because 9, = (OQ, — 9,) it follows that 
no exact solution for 02 is possible because 
of the transcendental nature of the equa- 
tion. Graphical methods, as disclosed. in 
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Figure 3, will give a very close approxima- 
tion to Oy. 
can be achieved quickly with one or 
two insertions in the preceding equation. 
Mass calculations assuming ©, as the 
variable and later cross plotting for eg are 
quite useful. The preceding arc energy 
relations are plotted in Figure 9 as a func- 
tion of the melting time of the fuse for a 
particular arc voltage eg of 1.2E, in a 
60-cycle circuit. The actual energy W 
developed by the fuse is accordingly 


W=kXMVA watt-hours 


The arc energy represented by Figure 
3A is 0.636 watt-hour per megavolt-am- 
pere. Hence a fuse operating on the pat- 
tern of Figure 3A in a 60-cycle circuit 
interrupting 36,000 amperes at 2,800 
volts would develop 64 watt-hours. The 
peak energy stored in the circuit induct- 
ance during this operation is 1/2Li,,? 
and is termed the maximum inductive 
energy k,;. This is given on Figure 3A as 
0.15 watt-hour per megavolt-ampere. 
Hence the energy developed within the 
fuse exceeded the stored energy by 425 
per cent. 

The preceding energy values come into 
proper perspective with .a few limiting 
values indicated. Consider a single- 
phase zero power factor circuit, repre- 
senting a definite short-circuit megavolt- 
ampere, and allow a linear resistance of 
ohmic value equal to the inductive ohms 
to be added in series with the inductance. 
Such a resistor will develop 1.16 watt- 
hours per megavolt-ampere per half cycle 
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A more exact determination 


150° 180° 210° 240° 270° 300° 
TIME IN DEGREES 


Figure 7. When the fuse characteristic of 
Figure 6 functions in a 25-cycle circuit, the 
melting angle is only 22.5 degrees 


The drooping arc voltage wave shape however 
causes the arc voltage to dip below the gen- 
erated voltage as indicated by the area A’. 
During the interval A’, therefore, the arc cur- 
rent must rise and only come to zero as the 
area B’ is created such that A+A’=B+8B’. 
Note that the arc energy k and the initial re- 
covery voltage e: both represent more severe 
conditions than the corresponding 60-cycle 
values on Figure 6. See Figure 8B in part t 
for oscillogram showing these characteristics 
on a 25-cycle circuit 


of current (60 cycles). This is the maxi 
mum energy which can be liberated per 
half cycle in the conventional linear R-L 
circuit on a steady-state basis in a 60- 
cycle circuit. The maximum inductive 
energy for this case is 0.3684 watt- 
hour per megavolt-ampere. Note that 
1.16/0.3684 = m = 3.1416. The maxi- 
mum possible energy which can be 
liberated on a transient basis approaches 
the limiting value of 2.9473 watt-hours 
per megavolt-ampere per half cycle (exact 
value= 1000/1087). This is the maxi- 
mum stored energy in the circuit induct- 
ance in a zero power circuit under full 
asymmetrical conditions. This is exactly 
eight times the maximum inductive en- 
ergy in the conventional R-L circuit pro- 
portioned for maximum resistance watt- 
ages, that is, 2.9473 =8 X 0.3684. 

The arc energy liberated by the fuse is 
one of the primary ingredients contribu- 
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ting to the severity of its performance. 
The magnitude of the actual energy 
liberated is dependent upon the megavolt- 
amperes being interrupted. In general, 
the energy liberated increases as the 
megavolt-amperes increase ; however, very 
important cases will be shown in which 
the energy actually decreases as the mega- 
volt-amperes are increased. 


Circuit Variables 


Among the factors which influence the 
energy as well as the initial recovery volt- 
age é, (the two primary ingredients of 


It is, of course, beyond the scope of 
this paper to present all the combinations 
and permutations in which these eight 
factors might occur to produce the most 
severe operating condition. Further- 
more, no attempt will be made to wed the 
two most important elements of severity, 
are energy k and recovery voltage é2, into 
one severity factor inasmuch as these ele- 
ments of severity seldom bear the same 
relative relationship for allfuses. Instead, 
it seems more practical at this time to 
show how both of these quantities vary by 
changing only one of the eight variables 
at atime. Some of the more exact quan- 


Ye,=307/0, F 15° 


H = HEATING FUNCTION 
fo} 
[oxe) 
So 
Li 


50 60 70 80 90 


©, = MELTING TIME OF FUSE IN DEGREES 


performance severity) may be listed the 
following: 

1. Magnitude of the ratio of arc voltage 
to the circuit voltage, ¢3/Em. 

2. Shape of the arc voltage. 

3. Melting time of the fuse 6». 

4, The MVA available at the time of the 
short circuit. 

5. Frequency of the circuit. 

6. Power factor of the circuit. 

7. Single-phase or 3-phase performance. 

8. The displacement angle of the short 
circuit (0;). 

Only the first two of these factors are 
under the control of the fuse designer, and 
to some extent he is able to control the 
melting time 9,, for any specific current 
tating. The last of these factors, how- 
ever, is a purely random phenomenon. 
It behooves the fuse designer to have a 
thorough understanding of the influence 
of all eight of these factors, as well as 
their interrelation, in order to satisfac- 
torily test fuses in the laboratory to meet 
all the requirements which may be en- 
countered in their field application. 


1040 


Figure 8. Basic heating function characteris- 
tics H for short time currents for various angles 
of asymmetry in a zero-power-factor circuit 


These curves enable the melting angle @m to 

be determined when the H value is computed 

from equation 7 in the text. The curves in 
the figure are a plot of equation 5 


titative values, as determined analyti- 
cally, will be sacrificed in the interest of 
simplicity by ananalyticaltreatment which 
approximates the actual fuse character- 
istics yet maintaining the same relative 
magnitudes and trends. A sufficient 
number of oscillograms of fuse per- 
formance are presented in part I of this 
paper to confirm the validity of the 
trends established by analytical means. 


Effect of Arc Voltage— 
Generated Voltage Ratio 


The single-phase performance of an in- 
terrupting device as effected by a variation 
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in the magnitude of the applied voltage or 
in the magnitude of an assumed rectangu- 
lar arc voltage e, is presented in the five 
parts of Figure 3. Here rectangular arc 
voltages whose magnitudes represent 1.2, 
1.0, 0.80, 0.50, and 0.10 times the crest of 
the generated voltage are presented. A 
discussion of Figure 3A already has been 
presented to enable a full understanding 
of the method used to determine the 
quantities presented on these diagrams. 
For the diagrams of Figure 3, the follow- 
ing factors are held constant at the values 
indicated: 


1. Power factor of circuit assumed zero 
(Op = 90 degrees). 


2. Displacement angle of the short circuit 
(0;) of 45 degrees which gives rise to an avail- 
able per unit current peak Im of 1.707. 


3. Melting time of fuse (Om) equal to 30 
degrees thus causing fusion to take place at 
75 degrees =0,=(0:+0m). 


4, Shape of arc voltage assumed rectangu- 
lar. 


On each diagram is given the arc energy 
coefficient k in watt-hours per megavolt- 
ampere as would be developed in a 60- 
cycle circuit. The quantity k, represents 
the maximum stored energy in the circuit 
inductance. The magnitudes of peak 
current i, as experienced by the inter- 
rupter during the interrupting process as 
well as the instantaneous recovery voltage 
é, at time of current zero are tabulated 
also. 

The essential data from Figure 3 are 
plotted in Figure 4 as a function of the 
magnitude of the rectangular arc voltage. 
This shows that the full current-limiting 
effect of the fuse under these conditions is 
not realized unless the arc voltage ex- 
ceeds the crest of the generated voltage. 
The initial recovery voltage es, an essential 
ingredient in determining the relative 
severity of the performance, is shown in 
such a way as to indicate not only the 
magnitude, but the direction of the gen- 
erated voltage following interruption. 

Although the data presented in Figure 4 
represent the relative performance under 
the conditions as specified, it is representa- 
tive enough to serve as a means of indi- 
cating roughly where the different types 
of circuit interrupters function with 
respect to the magnitude of their arc 
voltages. This is considered timely here 
in order that the reader may see in what 
position of the over-all interrupting spec- 
trum a fuse of the current-limiting type 
lies, and at the same time to point out that 
the analytical methods presented are 
applicable to any type of circuit inter- 
rupter. The bar indications at the top of 
Figure 4 thus show approximately the 
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relative arc voltages associated with the 
following types of circuit interrupters. 


Air blast circuit breakers. 

Oil circuit breakers. 

Expulsion type fuses. 

Magnetic type air circuit breakers. 
Current-limiting fuses. 


Orb Oo bore 


The curves of Figure 4, when considered 
in this light, hence represent only rela- 
tive values and describe the arcing period 
only. Inacircuit breaker, 9,, represents 
the contact parting time as measured from 
the previous current zero. 

Because arc voltage is expressed, in 


* this paper, in per unit of generated voltage 


crest, it follows that the diagrams of 
Figures 3 and 4 also represent the 
change that takes place as the generated 
voltage is increased, which in turn is 
equivalent to decreasing the are voltage 
for a given fuse. Such use of these dia- 
-grams demonstrates the flexibility of the 
use of the per unit system adopted. It 
also follows that if both k and the circuit 
megavolt-amperes are increased as the 
generated voltage is increased, then the 
actual are energy (kX megavolt-amperes) 
will increase faster than the increase in k 
alone. 


Effect of Displacement Angle, 0, 


The are energy coefficient curve k on 
Figure 4 is replotted in Figure 5 together 
with similar curves representing three 
other displacement angles, keeping the 
melting angle fixed at 30 degrees. These 
curves describe, better than words, the 
relative arc energies as the displacement 
angle is varied. For the low arc voltage 
interrupters, the relative arc energies are 
progressively lower as the fault starting 
angle is increased. For high arc voltages 
(above 1.2) the liberated energy is re- 
versed from that of the low arc voltage 
devices. In the upper right-hand corner 
of Figure 5 are shown the relative arc 
energies plotted with respect to 0, or 
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(0,+8,,) for a specific are voltage of 1.2. 
This shows that the peak energy released 
occurs when the current-responsive ele- 
ment melts just prior to the peak of the 
generated voltage. This fact has been de- 
termined empirically by other investi- 
gators,’ but is subject to qualifications 
which will develop under other headings. 

In the testing of fuses, therefore, the 
choice of a displacement angle which per- 
mits the current-responsive element to 
melt prior to the generated voltage crest 
will be, in general, one of the regions of 
severity which should be explored to 
demonstrate satisfactorily the adequacy 
of the fuse to meet its rating. 


Arc Voltage Wave Shape 


Seldom does the are voltage of a fuse 
follow the pattern of a rectangular wave 
shape, although this simple assumption 
serves adequately to determine ana- 
lytically the relative trends in fuse 
severity. The arc voltage ez, shown in 
Figure 6 is more representative of one 
type of arc voltage found in the current- 
limiting fuses. Because the power factor 
still is assumed to be zero (0,=90 de- 
grees), it follows that the areas A and B 
still must be equal from current zero to 
current zero. The cancellation current 
1, resulting from the are voltage is no 
longer a straight line, but is dependent 
upon the volt-time area under the arc 
voltage. The quantities in the diagram of 
Figure 6 were so chosen as to place the 
current interruption Q, at the same point 
as occurred in Figure 3B for therectangular 
arc voltage whose magnitude was 1.0E,. 
Hence the initial recovery voltage in both 
Figures 6 and 3B is —0.10£,,. The energy 
liberated by the fuse in the case of Figure 
6, however, is only 70 per cent of that for 
the case shown in Figure 3B. This 
apparently makes the drooping arc volt- 
age of Figure 6 a more desirable charac- 
teristic. This is true of the two cases 
shown. However, conclusions on this 
point should be reserved until the effect of 
circuit frequency has been covered in the 
next paragraph. 


Circuit Frequency Versus 
Arc Voltage Wave Shape 


When the fuse which has the arc volt- 
age characteristic shown in Figure 6 is 
applied to a zero power factor 25-cycle 
circuit (Figure 7) and a fault is initiated at 
0, =45 degrees as in Figure 6, the current- 
responsive element will melt in 22.5 de- 
grees instead of the 30 degrees as in the 
60-cycle circuit. This is to be expected 
and is shown thus in Figure 7 to give a 
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fair comparison between the two frequen- 
cies under the conditions assumed. The 
arc voltage of Figure 6, however, when 
applied to the 25-cycle scale of Figure 7, 
drops so rapidly that the area B is not 
large enough to neutralize the area A, and 
accordingly the arc current 7 stops its de- 
scent and again starts to rise and con- 
tinues to do so as long as the arc voltage 
€z is below the generated voltage. Peak 
arc current then occurs when the area A’ 
is more than B and takes place as the arc 
voltage again crosses the generated volt- 
age. The magnitude of the peak arc cur- 
rent is then equal to volt-time areas 
A+A’—B divided by the circuit induct- 
ance. (Inductance is unity in the per 
unit system.) Current zero eventually 
occurs when the area B’ has been supplied 
such that A+A’=B+B’. The energy 
developed by this performance in a 25- 
cycle circuit is R=1.56 watt-hours per 
megavolt-ampere or 2.62 times the energy 
represented in Figure 6 for the same arc 
voltage acting in a 60-cycle system of the 
same megavolt-ampere. The severity of 
the performance shown in Figure 7, how- 
ever, is further complicated by the high 
positive value of the initial recovery 
voltage é of +0.78 Emax. Such a com- 
bination of high energy and high recovery 
voltage would make interruption difficult. 
A study of Figures 6A and 8B of part I of 
this paper! will confirm the validity of the 
analysis shown in Figure 7 of this paper. 
Had the are voltage of Figure 3B been 
applied to the 25-cycle conditions of Fig- 
ure 7, the arc energy coefficient & still 
would have been in the neighborhood of 
1.5, but the initial recovery voltage ¢é, 
would have been leading at about —0.25 
E,. One of the factors favoring the 
25-cycle system which tends to compen- 
sate for the apparently high arc energy 
is the fact that the recovery voltage rises 
much slower and the peak is reached much 
later. This advantage can be enjoyed, 
however, only when interruption occurs 
in the neighborhood of voltage zero. This 
analysis explains in part why heavy cur- 
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rent fuses usually are derated when 
applied to 25-cycle circuits. 


Determination of Melting Time 


The performance of all high-speed 
interrupting devices are affected by the 
magnitude of the circuit current at the 
time the arc voltage is introduced into the 
circuit. This is particularly true of those 
interrupters which must permit only one 
pulse of are current before interruption. 
In a circuit breaker, this interval is de- 
termined by the contact parting time and 
this time can be predetermined accurately 
only in very high-speed devices. 

In a fuse, however, this interval is de- 
termined by the fusion time of the fusible 
element and accordingly may be prede- 
termined quite accurately for large cur- 
rents from the design data of the fuse. 
When the currents are large and the fusion 
times are less than one cycle, it can be 
shown that the total 2? absorbed by the 
fuse is the true criterion of its fusion 
characteristics regardless of the manner in 
which this 27¢ is introduced into the cir- 
cuit. This fact is predicated upon the 
assumption that in this short interval, no 
heat is dissipated from the fusible ele- 
ment. It follows, therefore, that the 
melting time of the fuse may be predeter- 
mined if the 2t of the short-circuit current 
is available for all conditions which may 
be experienced. This has been deter- 
mined in Appendix II in such a way as to 
be applicable for all currents and all fre- 
quencies. Here it is shown that 


it EY AX? (4) 


(o>) 


where 


27*t is known from the fuse data (equa- 
tion 7) 


I=the available symmetrical value of the 
zero power factor short-circuit cur- 
rent being considered 


w=2nf 

f =circuit frequency 

H=a dimensionless trigonometric heating 
function whose general equation for 


the single phase zero power factor cir- 
cuit is expressed as 


H=20,+0m cos 26:+!/2sin 20,+ 
3/, sin 20;—4 cos 8, sin 8, (5) 


This heating function is extremely use- 
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ful and is plotted for various fault starting 
angles 0, using as the abscissa the melting 
time 0,, of the fuse. The melting angle 
of any fuse can be determined therefore, 
by first determining H from 


rt Xw 
2 


= (6) 
and in turn referring to the H function 
curves to determine the melting angle 9,, 
which in turn may be converted to time if 
desired. 

For a multiconductor fuse, the value of 
tis given by 


cit = Fn Xd4 Xn? (7) 
where 


n=number of conductors in multiple 

d=their diameter in mils 

Fn =a constant depending upon the metal 
of the fuse conductor 


Effect of Melting Time of the Fuse 


From the heating function character- 


istics H shown in Figure 8, it is observed - 


that as H is decreased by raising the short- 
circuit current J, the melting time 9,, de- 
creases. It is observed also from Figure 9 
that as the melting time 9,, is decreased, 
the magnitude of arc energy function k is 
decreased; although the megavolt-amperes 
(by which k is multiplied to produce the 
actual arc energy) increases proportional 
to the current. Because the melting time 
decreases as the current is raised, the ques- 
tion naturally arises concerning the rela- 
tionship between the actual liberated 
energy W and the symmetrical fault cur- 
rent, as the latter is increased without 
limit for a particular fuse design. This 
problem is approached in the following 
text for a fuse which has an 27¢ of 
66,500. 

By selecting a single-phase generated 
voltage of 2,500 volts and assuming a per 
unit rectangular arc voltage of 1.2 or 
4,250 volts and further selecting the clos- 
ing angle 0, of the zero power short cir- 
cuit at 30 degrees for each current applied, 
these curves are entered to obtain the 
solution which is tabulated in Table I for 
a 60-cycle circuit. 

From Table I it becomes apparent that 
for the assumed condition of a flat top or 
rectangular arc voltage of 1.2 times the 
crest of the generated voltage together 
with a closing angle of 30 degrees in.a 60- 
cycle zero power factor circuit, the maxi- 
mum energy absorbed by the fuse (under 
these conditions) will occur in the neigh- 
borhood of 17,500 amperes. The energy 
developed under these conditions will be 
31.92 watt-hours. As the fault current is 
increased above 17,500 amperes, the de- 
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veloped energy decreases until at 100,000 
amperes only 9.0 watt-hours of energy is 
available, the arc voltage, of course, being 
assumed constant at 1.2 times the crest of 


the generated voltage as the current is in- 


creased. 

This problem is presented again in 
Table II for a smaller fuse having an 27% 
of 290 and for the same assumed condi- 
tions as for the preceding case. 

The two arc wattage characteristics W 
tabulate in Tables I and II are plotted in 
the master curve of Figure 10 as the 0;= 
30-degree curve together with the corre- 
sponding current—-energy variations for 
fault starting angles of 0,=0 degrees, 
0, =60 degrees, and 0;=90 degrees. The 
curves of Figure 10 apply for any fuse 
operating in a zero power factor circuit at 
any frequency, but assumes a rectangular 
arc voltage of 1.2 times the crest of the 
generated voltage. The fact that one such 
master energy curve exists for all fuses for 
all frequencies for a specific are voltage 
ratio ég, is a natural consequence of the 
choice of parameters which made pos- 
sible this interesting observation. 

Figure 10 teaches that for an assumed 
arc voltage of 1.2 times the crest of the 
generated voltage, maximum energy con- 
ditions occur for a fault starting angle of 
0,=0 degrees. 
teristics for other arc voltage-generator 


voltage ratios eB, shown in the discussion 


of this paper, reveal that the fully dis- 
placed fault does not always give rise 
to the maximum possible energy. For 
example, when the ratio eg is 1.0 instead 
of 1.2, maximum energy conditions are 


indicated for a fault starting angle of ~ 


about 50 degrees and the energy levels 
are approximately 50 per cent higher 
than for the eg ratio of 1.2. 

As the rectangular arc voltage eg, drops 
below 1.0 to, say, 0.95 or 0.90 E,, and be- 
low, the arc energy characteristic as a 
function of megavolt-amperes no longer 
decreases for high available fault currents, 
but rises with the megavolt-amperes. The 
tendency for the arc voltage of the fuse to 
decrease with increasing circuit current 
hence may bring about a rising arc energy 
characteristic at very high currents, and 
thus establish a ceiling on the interrupting 
capacity of the fuse. The critical angle of 
such a characteristic occurs for a 0; be- 
tween 50 and 70 degrees. A slow rise of 
the arc voltage of the fuse will contribute 
materially to this phenomenon, particu- 
larly for fuses of the low continuous am- 
pere capacity. These conclusions may 
be confirmed easily by the use of the 
equations or graphical methods presented 
in this paper. 

Of considerable interest is the fact that, 
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Figure 10 (above). Master energy characteristics for fuses, as a function 
of single-phase symmetrical zero-power-factor short-circuit currents 


These relations are valid only for rectangular arc voltages (or their 

equivalent) with a nominal magnitude of 1.2 times the crest of the gen- 

erated voltage. They may be used for any frequency or applied volt- 
age under these conditions. See equation 13 


Figure 9 (left). Typical arc energy curves for a 60-cycle zero-power- 
factor system computed for a rectangular arc voltage which is 1.2 


as shown in Figure 10, maximum available 
energy does not occur necessarily at 
maximum available rms current. The 
peak energies of Figure 10 occur when the 
are voltage angles are as shown in Table 
III for eg=1.2 and 0, = 90 degrees. 

This confirms the empirical observa- 
tion made in part I of this paper and 
reference 7 that one region of maximum 


- severity occurs when melting of the fusi- 


ble element occurs between 70 degrees and 
80 degrees of the voltage wave, that is, 
just prior to the voltage peak (see Figure 
5). This feature is discussed more fully 
in part I of this paper. 

It also is revealed in Figure 10 that the 
relative energies to be absorbed by fuses 
of various sizes increase as the square root 
of the 22?t and directly with the voltage of 
the application, provided that the arc 
voltage ratio e, is maintained constant. 


Effect of Circuit Frequency 


Figure 10 also teaches that the maxi- 
mum energy conditions for various circuit 
frequencies vary as the square root of the 
ratio of the frequencies. For example, in 
a 25-cycle circuit, the increase energy 
available to be absorbed by the fuse, un- 
der the conditions of maximum severity, 
would be 1/60/25 or 1.55 times that for 
a 60-cycle circuit. It is imperative that 
the assumption under which this is true 
be kept firmly in mind; namely, that in 
both cases, a rectangular arc voltage of 
the same relative magnitude is maintained 
throughout the arcing time of the fuse. 
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times the crest of the generated voltage 


In practice, the possible energy ratios for 
the twofrequencies exceeds 1.55 because of 
the phenomena discussed in connection 
with Figure 7. 


Circuit Power Factor 


It is beyond the scope of this paper to 
include equations and curves which ex- 
pand this treatment to circuits of various 
power factors. Such an extension has been 
indicated clearly,!*:!”and althoughslightly 
more complicated, should result in 
curves similar to those presented in this 
paper. A few comments regarding the 
broad conclusions drawn from calcula- 
tions made for circuits of various power 
factors are: 


1. In general, if the short-circuit calcula- 
tions are made neglecting all resistance, re- 
gardless of its presence, and circuit inter- 
rupters are applied which are capable of 
interrupting the zero power factor mega- 
volt-ampere so determined, the arc energy 
released, in general, will be less than the 
values indicated in this paper. On this 
basis the applications will be on the conserva- 
tive side. 


2. If the short-circuit determinations are 
made by test, the actual power factors also 
should be available and the above zero power 
factor megavolt-ampere readily determined. 


8. If the applications of interrupters are 
made up totheir full rated megavolt-amperes, 
using currents determined from test or cal- 
culation which include sufficient resistance 
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to produce currents which lag the voltage by 
60 to 75 degrees, then the arc energy re- 
leased by high speed interrupters, especially 
of the current-limiting type, will be increased 
above those indicated by the curves and 
equations in this paper. 


(a). Devices which operate on the right 
hand side of the master energy character- 
istics of Figure 5, that is, high arc voltage 
devices of a high speed nature, will be more 
likely to experience an increase in circuit 
severity under these conditions. 


(b). High speed devices which operate on 
the left-hand side of the master energy char- 
acteristics of Figure 5, that is, low arc volt- 
age devices, will experience a small increase 
in developed energy over the zero power 
factor circuit (constant megavolt-amperes). 
Such interrupters, however, usually are 
sensitive to the recovery voltage transient 
and must consider this voltage in their sever- 
ity problem. For this reason such inter- 
rupters are likely to experience an over-all 
reduced severity resulting from the damping 
of the recovery voltage transient offered by 
the presence of the circuit resistance.!* This 
feature will be modulated to a considerable 
extent depending upon the natural fre- 
quencies of the recovery voltage oscillation 
associated with the circuit.46 The perform- 
ance of expulsion fuses is likely to fall into 
this classification. 


Discussion 


It has been possible in the preceding 
treatment to discuss the effect of only one 
circuit variable at a time. It will become 
clear to the reader that when, for example, 
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the arc voltage is changed from 1.2E, to 
1.0Z,, the are energies for all cases will 
rise as indicated by comparing Figures 3A 
and 3B. Moreover, the relative currents 
at which maximum energy is developed 
may be expected to shift. It follows that 
the fuse designer and in particular the 
fuse tester should have a working knowl- 
edge of what regions in this multidimen- 
sional space he may expect to test the fuse 
to determine its ability to handle the most 
severe field condition which may be im- 
posed upon his interrupter. It also will 
become apparent to the ultimate fuse user 
that the controlled conditions of the high 
power testing laboratory where the cur- 
rent, frequency, power factor, and closing 
angle all can be predetermined for the 
test, is the most reliable means of proving 
the adequacy of power fuses to meet all 
field conditions. 

It should be re-emphasized here that 
the curves and relationships shown are 
predicated upon assumed magnitudes of 
arc voltage of a fuse and do not represent 
a tabulation or plot of any particular fuse 
data. In fact, no fuse to our knowledge 
will produce exactly a rectangular arc 
voltage. For these reasons, the results 
obtained on this analytical basis can be 
used only as a guide to the trends which 
more or less do take place as described in 
part I of this paper. Experience shows 
that as the current at melting increases, 
the magnitude of the arc voltage tends to 
decrease. Hence we have what is akin to 
a volt-ampere characteristic for a par- 
ticular fuse. With such a characteristic 
established, the true severity ratios for a 
particular fuse might be determined more 
accurately by the application of the curves 
presented in this paper. 

The reader is directed particularly to 
part I of this paper where oscillograms 
will be found which demonstrate the 
principles presented in this paper. The 
nomenclature on the oscillograms is 
identical to that used in both papers. The 
volt-time area relationships are indicated 
clearly. 

An analytical approach to the problem 
of current-limiting fuse performance has 
been presented which suggests a method 
of attack which holds much promise of 
extension to conditions not presented in 
this paper. The method has a firm foun- 
dation on fundamental principles of cir- 
cuit theory. Only a little region of a 
multidimensional circuit problem has 
been covered in this paper, but sufficient 
to indicate the essential trends in a quan- 
titative manner for a, particular inter- 
rupter. The use of superposition princi- 
ples affords the opportunity of a clear 
geometrical visualization of the relative 
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importance of each of the circuit variables 
as exhibited in Figures 3, 6, and 7. Al- 
though applied specifically to the current- 
limiting fuse, the methods employed 
are applicable to other interrupters and 
for a wide range of circuit conditions. 
This is revealed by the fact that the gen- 
eral arc energy equations here pre- 
sented for the zero power factor circuit 
are applicable to any interrupter whose 
arc voltage characteristic can be approxi- 
mated by a rectangular arc voltage. 


Appendix |. Derivation of 
the Arc Energy Function k, for 
Rectangular Arc Voltages, Acting 
in a Zero Power Factor Circuit and 
Delivering Asymmetrical Short- 

Circuit Currents 


Arc energy is fundamentally the product 
of the arc current 7 and the arc voltage ez, 
integrated over the arcing time from 0, to 
Q, (see Figure 3). Because the arc voltage 
is to be held constant, it follows that 


are energy =é, a te ke) (8) 


This integral will be observed to represent 
the area between Js, and ig between ©, 
and @, in all cases, as shown in Figure 3. 
Inspection will reveal this area to be repre- 
sented by 


Se.’ (cos Q,—cos 8)d0— 
1/203(cos 8;—cos Oz) (9) 


The solution becomes 


So7i dO =['/20g(cos ©1+c0s ©) — 


(sin @2—sin @.)] (10) 


To obtain the true magnitudes of current the 
foregoing instantaneous per unit value must 
be multiplied by ./2J. Similarly the per 
unit arc voltage eg must be multiplied by 
V/2E, to give the actual arc voltage. 
Moreover, because 0 =wt, it is necessary to 
divide the preceding integral by w to convert 
the area to ampere-seconds. Making these 
additions and at the same time allowing the 
foregoing bracketed term to be represented 
by the symbol Q, there results 


2X E, XI Xen XQ 


(63) 


watt-seconds 


(11) 


Converting to watt-hours per megavolt- 
ampere, this becomes 


epxQ 


arc energy = 


are energy =555 watt-hours per mega- 


volt-ampere (12) 


For the 60-cycle circuit, where w=377, this 
energy equation becomes ‘ 


k =1.4736e3 XQ watt-hours per megavolt- 
ampere (60 cycles) (13) 


where 


Q oe [1/28 B(cos 0;-+cos 02) — 
(sin @:—sin ©.) ] 
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‘factor current. 


These relations are valid for any single- 
phase interrupter acting in a zero power 
factor circuit whose arc drop may be ap- 
proximated by a rectangular characteristic. 
The value of k is the energy per MVA pro- © 
duced by one pulse of current in a 60-cycle 
current. If arcing persists for more than 
one-half cycle, the energy in subsequent half 
cycles may be determined in a similar man- 
ner (Figure 10, reference 15). 


Appendix Il. Derivation 
of the Heating Function H for 
Zero-Power-Factor Asymmetrical 
Short-Circuit Currents 


For short time heating of electric conduc- , 
tors, during which time it can be assumed 
that no heat is lost to the medium sur- 
rounding the conductor, the quantity 27t is 
the true measure of the heating (including 
melting and vaporization) of the conductor. 
This is particularly valid for fuses when 
interrupting short-circuit currents in a 
fraction of acycle. It is the purpose of this 
section to derive the expression for the total 
=1?t of the general asymmetrical zero power 
Referring to Figure 1, it 
can be noted that the general zero-power- 
factor short-circuit current may be expressed 


Te = /2I (cos 0: —cos 0) (14) 


It follows that the total or summation Z 
of 77t over the melting interval may be ob- 
tained from the integration of 720 between 
the limits 6; and @,; namely 


1170 =27? fo?" (cos @;— cos 0)? d8 (15) 
The solution of this equation is 
35770 =I? {20m +Om cos 20:+ 
1/, sin 20,+1!/2 sin 20;— 
4 cos @; Xsin 0} (16) 
where 
Om = (Oe — 91) 


Allowing the bracketed trigonometric 
function of equation 16 to receive the sym- 
bol H, there results 


330 =PH (17) 
But @=wt (radian measure), hence 
cae EDGE 
YL t=— (18) 
and 
D07tXw 
H= r (19): 


H is termed the zero power factor heating 
function and is computed from equation 16 
and plotted in Figure 8 as a function of the 
melting angle of the fuse in degrees for 
various fault starting angles, ©). Because 
the 272t is available from the fuse design (see 
equation 7), and the circuit frequency and 
symmetrical short-circuit current are known,. 
it follows that the melting angle of any fuse 
can be determined from Figure 8 or its ex- 
tension by the use of equations 16 and 22. 
The presence of w (which is 27f) in these rela- 
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HE ANALYZER BOARDS avail- 
able at various points in the United 
States have afforded welcome relief from 
the tedious calculations which are ordi- 
narily necessary in determining the distri- 
bution of load and reactive component in 
electric power networks. Since, however, 
they frequently are located inconven- 
iently, power engineers still have to 
use longhand methods on their current 
problems and often have to content 
themselves with approximate methods, 
yielding less information than they would 
liketohave. Help in the solution of these 
problems that arise between visits to the 
analyzer board can be had by making 
use of accounting machines of the IBM* 
type, which usually are available to 
members of the light and power industry. 
These machines greatly expedite the 
calculations while retaining full accuracy 
of the classical method. 
AIEE defines network! as follows: 
“An electric network is a system of inter- 
connected admittances. 


The point at which three or more admit- 
tances meet is called a junction point of the 
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network. An admittance connecting any 
two junction points is called an arm or 
branch of the network. A mesh within a 
network is a closed path through three or 
more junction points.” 


For the- purpose of this paper we will 
use the expression mesh in the sense of 
the foregoing definition but with the 
limitation that a mesh. will be in its sim- 
plest form, that is, containing no smaller 
meshes. 

The determination of the distribution 
of load and reactive component in the 
branches of a network can be accom- 
plished by the solution of a group of si- 
multaneous complex linear equations, 
with one equation for each mesh of the 
network; but the large amount of labor 
involved ordinarily makes this procedure 
impracticable for networks involving 
more than three or, at the most, four 
meshes. Simultaneous equations are 
solved most easily by the method of de- 
terminants. IBM machines are used 
in the solution of the determinants since 
they are designed specially to auto- 
matically carry through schematic se- 


tions permits their use for any frequency. 
The determination of O, is necessary to 
determine the are energy of the interrupter 
from Figure 9 and derived in Appendix I. 
Equation 19 is the foundation of the 
abscissa of Figure 10 in the observation that 


= =. 1 
I=V2itV eX (20) 
— |f  |3z7 
= VOW lee SS 21 
VJ xi ae F (21) 
where in Figure 10, 
Jak 


T= 


Approximation Formula 


When the melting angles are very small 
(up to 0.1 radian) the bracketed portion of 
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equation 16 reduces to the approximate 
formula 


H2{2/; sin? 0, XOm3+1/s sin 20; XOm!+ 
1/19 Cos? ©; XOm®} (22) 


For the symmetrical case, when 0,=7/2, 


this reduces to 
TiO (23) 


For the asymmetrical case, when 6, =0, the 


heating function becomes 
HE1/108 m5 (24) 


These relations are quite useful when the 
currents are high enough to cause melting 
in a few degrees. 
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quences of operations involving multi- 
plication, addition, and subtraction. 

For reasons of simplification, a typical 
2-mesh network, requiring a determinant 
of the second order, is shown in Figure 1. 
Power is fed into the network by two 
generating stations, 1 and 2, and power is 
taken out from the network at points a, b, 
and c. It is assumed that generating 
station 2 is operating at a fixed load and 
substantially fixed excitation. Generat- 
ing station 1 is doing the load regulating. 

The vector load currents Jy, I,, and I, 
and generator current Iq are known with 
respect to a common reference axis, 
which in this case is assumed to be the 
potential E, (which also is known) at 
generating station 1. The given vector 
impedances of each of the branches of the 
network are represented by the Z values 
shown in the diagram. 

The key to the problem is to determine 
the two unknown branch currents /; and 
I, in branches o-f and f-d, respectively, 
from which the complete solution readily 
follows. It will be observed from the 
equations of the currents of the other 
five branches that they are all functions 
of known currents and one or both of the 
two unknown currents J; and Ih. 

Referring to Figure 1, the usual solu- 
tion of a typical 2-mesh network is carried 
through by means of a second order de- 
terminant, as shown in equations 1 to 13. 
The end product of this procedure is rep- 
resented by equations 11, 12, and 13, 
which involve the real and imaginary M 
and N quantities used directly in the 
solution of the values J; and J,. Theright 
hand members of equations 8, 9, and 10 
are developed by the determinant rou- 
tine, and it is with these that the ma- 
chines deal. 

For example, equation 8 consists of 
eight terms of two factors each, four of 
these are real and four of them are im- 
aginary terms. The machines obtain the 
products of the factors in each term and 
the final algebraic summation of the 
terms, keeping the real terms and the 
imaginary terms separate. 

In the case of a 3-mesh network, in 
which three simultaneous equations are 
required, each determinant has 48 terms 
of three factors each. In general the 
order of the determinant will be the same 
as the number of meshes in the network 
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Figure 1. Typical 2-mesh network 


and any complex determinant of the nth 
order will have (2” n/) terms of n factors 
each. 

Experience shows that the solution of a 
4-mesh network by the usual method 
takes from three to ten days, depending 
on whether or not any errors are made in 
the 7,680 calculations and 9,600 determi- 
nations of signs. The machines will do 
the same work in four to six hours, re- 
quiring only the attention of the regular 
machine operator. The only errors that 
can arise in the machine method will be 
caused by supplying incorrect coefficient 
data to the master cards(subsequently de- 
scribed). This can be avoided by being 
careful that the coefficients are correct. 
This part of the work is not difficult or 
lengthy, but requires careful checking. 
If no preliminary work has been done, it 
will take approximately one day to supply 
the coefficients for a 4-mesh network. 
This part of the calculation is the same 
for the usual method and the machine 
method. 

The process of solving complex deter- 
minants by means of the machines is es- 
sentially as follows: The accounting 
machine people punch a so-called formula 
deck for solving a particular order of de- 
terminant. Each factor will be repre- 
sented by a card in this deck for each term 
in which the factor appears. For ex- 
ample, in a determinant of order 2 there 
are eight factors, each of which appears 
in two terms, making 16 cards in all. A 
determinant of the fourth order has 32 
factors, each of which appears in 48 terms, 
requiring 1,536 cards; and a determi- 
nant of the fifth order has 50 factors, each 

. appearing in 384 terms, requiring 19,200 
cards. In addition there will be almost 
as many blank cards as formula cards. 
These are punched automatically in the 
calculating process, one for each term 
of the determinants. The cost of the cards 
is nominal. An examination of equation 8 
will show substantially what is accom- 
plished by the formula deck. Each card 
of the deck is punched with certain coded 
signal numbers that indicate to the vari- 
ous machines the process to be followed. 
In equation 8 the formula cards will start 
the sequence of operations required by the 


1046 


determinant, as a; X as, b; X bs, do X 
a3, and so forth, and will signal the sorting 
machine in its turn to sort the real values 
separately from the 7 values. In this 
way the tabulating machine can make 
the proper additions and subtractions of 
terms to give the M and WN values of 
equations 11, 12, and 13. 

The formula deck is, in reality, a signal 
deck capable of producing a definite se- 
quence of multiplications and additions 
and is not concerned with numerical 
values. It will solve any determinant 
of the order for which it was designed, 
provided the numerical values are as- 
signed. These values for any particular 
problem are assigned to the formula deck 
by the use of so-called master cards, on 
which have been punched the numerical 
values of the real and j coefficients of the 
fundamental equations 3 and 4. A de- 
terminant of the fourth order requires 32 
of these cards, and a determinant of the 
fifth order requires 50 cards. The master 
cards are arranged in the formula deck in 
a definite order, and all the cards then are 
run through a machine which punches on 
the cards of the formula deck the numeri- 
cal values carried by the master cards. 
Duplicates of the original formula deck 
are produced automatically by machine, 
and these duplicates are used in the solu- 
tion of particular problems, the original 
deck being used over and over in this way. 

The duplicate formula deck, with nu- 
merical values assigned, then is run 
through the various machines for sorting, 
multiplication of factors, summation of 
terms, and so forth. Our information 
indicates that the machines will handle 
determinants up to the fifth order at 
least, and their use therefore makes prac- 
ticable the solution of many network 
problems which otherwise would have to 
wait until they could be set up on an 
analyzer board. 

The detailed procedures involved in 
hand punching, machine punching, and 
running the cards have not been discussed 
since all of these are matters of routine 
with machine operators. The purpose 
of this paper merely is to call attention 
to the adaptability of the machines for 
the solution of complex determinants 
using a method developed for the Puget 
Sound Power and Light Company by 
the Seattle office of IBM Company. 


Appendix 


Given 


I,, Ty, and I,=vector load currents 
I,=vector generator currents 
E,=vector generator potential 
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Zi, 2, and so forth=vector impedance op- 
erators : 


h=[,+ht+1,-Ig 
The problem is to find the vector line cur- 


rents J, and hh. 
From Kirchhoff’s laws 


NZ,+(h-h)Z3=(at+ht+l,—la—-Nh)£Zi+ 
(ht+1,—Ig-h)Zs (1) 
(h-h)Z;+ I, —Ig—h)Z5= 
LhLZ,4+(h+Ia)Zs (2) 


Collecting coefficients of 
tions 1 and 2 we have 


1 and J in equa- 


T,(a,+jh:) +1y(a.+jbe) =atja (3) 
I, (a3+jb3) +12(as+jbs) = cot jde (4) 
where 


a+jbh= A, =Z,4+2Z;+2Z6+Z7 
a2+jb.= Bi = —Z; 
atjd =Q=h2Z,+ ht+l,—Ia) (Z-+Zz) 
a3 + 7b; =A,=Z; 
a4 +jbs = B, = —Z, —Z; —Z,; —Z; 
€2+jdz, =Q2 = Ig(Zi+Zs) —1L5 
Putting the equivalent coefficients of h 
and J2 from equations 3 and 4 into deter- 
minant form, 


_A B 
Ae Bs 


_Q B 
Q: Bs 


A; Q 
‘So 
“Ar Q: 


T,=S,/So 
I,=S2/So 


So =A,B,—A,B, (5) 


Ss =Q,B,—Q,B, (6) 


= QA; i QA, (7) 


Then equations 5, 6, and 7 could be written, 
respectively, as follows: 


So= (a, +jbs) (as+jbs) — (as +jbs) (d2+jb2) 
= (104 — b1b4 — A203 +b2b3) +7 (Qibs + 
dsb; —a3b2—G2bs) (8) 


S1= (C1. +jdi) (a4tjbs) — (co+-jd2) (d2+jbe) 
= (d4C, — bad — 202+ bode) + 
J(dsd + bss — b2€2 — dad) 
(9) 
S2= (¢.+jd2) (a1 +jbi) — (1 +jdi) (as +jbs) 
= (d162— bid2 — 30, + b3dy) + 
j(ayd2+ bice = b3cx = Q3d1) 


(10) 
From-equations 8, 9, and 10 let 
04 — bbs — 203+ b2b3 = Mo if 
G1b4+-a4b1 — d3b2 — A2b3 = No 
a4c, — bad, — 262+ body = M, 
asd, + b4cy — bog — A2d2 = Ny 
C2 — byd2— 36, +-b3di = Me, 
@,d2+ byc2— b3c, — a3d; = No 
So=Mot+jNo (11) 
S=M+jM (12) 
S.=M2+jN2 (13) 
Reference 
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Insulation to Switching Surges 
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HE STRIDES achieved since the 

early thirties in the field of system- 
insulation rationalization are well known 
in recent technical literature!~’ and need 
not be reviewed here. However, a point 
to emphasize is that further progress in 
this industry-wide problem can be at- 
tained only through continued research 
and studies directed particularly to the 
remaining major questions. In this man- 
ner it will be possible to pursue in future 
developments the principles of system- 
insulation rationalization to their fullest 
economic possibilities. 

A survey of these future developments 
would indicate the need for a greater 
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and other transients, but the fact remains 
that more comprehensive data are re- 
quired in view of the future developments. 
It is the purpose of this paper to fill in the 
existing gap by presenting recently estab- 
lished data on the strength of station and 
line insulation to switching surges, and 
also to discuss and analyze the new find- 
ings with previously determined data in 
relation to the over-all problem. 


Importance of Switching-Surge Data 


It would be well to review briefly the 
significance of system overvoltages in re- 
lation to the insulation requirements. 


here therefore should be helpful in appli- 
cations of this character. 

For systems exposed to lightning, it is a 
fact that the insulation is applied pri- 
marily from a lightning or impulse view- 
point and, in so doing, the requirements 
arising from system overvoltages as well 
as other requirements usually are fulfilled, 
or more than fulfilled, simultaneously. 
Almost invariably this is the case for 
systems of modern design which operate 
with the neutral solidly grounded. How- 
ever, this approach cannot be accepted 


Figure 1. General view of and circuit arrange- 
ment for switching-surge tests on medium 
voltage apparatus 


C,—Surge-voltage generator, 0.083 micro- 
farad 

C,—Load capacitance, 0.042 microfarad 
R—Load resistance, 384,000 ohms 
l—Series inductance, 1.06 henries 
G—25-centimeter sphere gap 
B—Apparatus tested 

CD—Capacity divider 

CRO—Cathode-ray oscillograph 


knowledge of the conditions resulting 
from system transients and, correspond- 
ingly, more comprehensive data on the 
performance of insulation to these con- 
ditions. Much has been published on 
system overvoltages, and there have been 
some contributions’! relating to the 
strength of insulation to switching surges 
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This may be done considering several 
representative cases in which switching 
surges appear to assume particular im- 
portance. Insulation may be proportioned 
on circuits not exposed to lightning with 
reference to the system overvoltages en- 
tirely, of course, in addition to the normal 
operating voltages. The data presented 
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20,000 


R= 


Figure 2. Circuit for switching-surge tests on 
high voltage power apparatus; R in ohms, 
Cin microfarads, L in henries 


C,—Surge-current generator 
C,;—Load capacitance 
G—200-centimeter sphere gap 
A—Appearatus tested 
R—Resistance divider 
T—2,500-kva power transformer 
HV—9230/+/3-kv winding (230-kv insulation 
class) 
LV—13.8-kv winding (15-kv insulation class) 
L—Effective 60-cycle inductance referred to 
high voltage side 


axiomatically in all cases even for 
grounded-neutral systems. For instance, 
on grounded-neutral systems where re- 
duced rated arresters are applicable, 
power transformers in the next lower in- 
sulation class have been applied in in- 
creasing number because of the economic 
advantage. In the event future develop- 
ments indicate possibilities of greater re- 
duction in the insulation than now is con- 
sidered good practice, then system over- 


voltages correspondingly will require 
greater attention. 
Surge overvoltages inherently are 


higher on systems which operate with the 
neutral isolated and may attain five to six 
times the line-to-neutral crest voltage, 
whereas on a solidly grounded neutral 
the surge overvoltages seldom will exceed 
it 3!/, times. It is apparent that on 
systems which operate with the neutral 
isolated correspondingly more atten- 
tion must be given to the insulation 
from a surge-overvoltage standpoint. 

The foregoing considerations assume 
even greater importance when attention 
is turned to systems for operation at 
extra high voltages, for instance 400 kv, 
as have been proposed. In view of the 
excellent service record of present 230- 
and 287-kv transmission systems,!?’! it 
would appear that from a consideration of 
lightning alone the impulse-insulation 
levels of these systems should be satis- 


* Figure 1 of reference 21 is an example of a switch- 
ing surge recorded on a power system. Other 
typical examples are found in various technical 
papers (for example, AIEE and International Con- 
ference on Large Electric High-Voltage Systems) 
relating to faults and circuit-interruption investi- 
gations on power systems. 


1048 


factory at 345 or 400 kv. In other words, 
the insulation requirements from a 
switching-surge viewpoint will require 
attention at the extra high voltages. At 
these voltages economic advantages most 
certainly will dictate a grounded neutral 
system. 

In short, there is a distinct need for 
fundamental data relating to the switch- 
ing-surge strength of station and line in- 
sulation to supplement the present im- 
pulse data which in general may be con- 
sidered reasonably complete. 


Characteristics of Switching Surges 


The tests of this investigation were con- 
ducted with surges of the duration and 
wave form given in Figures 4and 5. The 
periods of these surges are in excess of 
1,000 and 3,000 microseconds, respec- 
tively. Even on extensive systems, 
switching overvoltages seldom reach dura- 
tions greater than a few thousand micro- 
seconds. Fundamentally, a longer period 
would mean that the system would be 
operating close to 60-cycle resonance, a 
condition rarely, if ever, attained in serv- 
ice. A survey of the recent contribu- 
tions on system transients!4~*! indicates 
that periods within the range of 20 to 
2,000 microsecond microseconds compre- 
hend practically all conditions of service.* 
The surges selected for this investigation 
are adequately long and therefore, from a 
dielectric standpoint, correspond in éffect 
to switching surges in the field. Further- 
more, the test voltages applied to the 


Figure 3. Partial 

view of switching- 

surge setup for test- 

ing high voltage 

power apparatus 

(refer to Figure 2 
for circuit) 
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Figure 4. Typical oscillograms of switching 
surges applied to 46-kv bushing 


equipment extended up to 900 kv crest. 
An overvoltage of this amplitude corre- 
sponds to nearly five times line-to-neutral 
crest voltage on a 230-kv system and to 
31/; times on 345 kv. In this respect, too, 
the wide scope of this investigation is 
apparent. 


Apparatus Tested 


The apparatus tested in this investiga- 
tion are listed in Table I; some are shown 
in Figures 1 and 3. The list comprehends 
some of the more typical electric appara- 
tus encountered in stations and on lines. 
For instance, switching-surge tests were 
conducted on outdoor apparatus bushings 
in the 46-, 115-, 161-, and 230-kv insula- 
tion classes. Representative of porcelain 
equipment are the 6-unit suspension in- 
sulator string and the 3-unit apparatus- 
insulator assembly. Inasmuch as air gaps 
are common to practically all outdoor 


AIEE TRANSACTIONS 


. a 


apparatus, standard rod gaps at 10-, 20-, 
and 40-inch spacings were tested. In the 
same manner, completely assembled 
power transformers in the 138- and 230-kv 
insulation class were the object of exten- 
sive switching surges in the course of this 
investigation and in its forerunner.’ In 
view of the importance of oil as a crite- 
rion of the internal strength of station 
apparatus, tests on oil for representative 
electrode arrangement and spacings are 
reported here. Some of the tests were 
made on the apparatus dry (bushings, in- 
sulators, and so forth), others under arti- 
ficial rain (wet test), and still others under 
condition of heavy dew. For comparison 
purposes impulse tests were made simul- 
taneously on some of the equipment, and 
were omitted on others for which standard 
data are available. In short, it was the 
intent that the investigation be conducive 
to practical results and, to this end, 
apparatus as used in service was tested in 
nearly all instances. 


Test Methods 


All switching surges in this investiga- 
tion were produced by the two methods 
shown diagrammatically in Figures 1 
and 2. The method of Figure 1 closely 
follows the previous investigation.® It 
consists of a generator C, which dis- 
charges into a load capacitance C; through 
an inductance L. The duration and wave 
form of the surge across the apparatus 
tested is fixed by the constants of the cir- 
cuit, and the magnitude is controlled by 
the charging voltage applied to the gen- 
erator. Typical oscillograms of the surges 
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developed by this method are given in 
Figure 4. The maximum voltage avail- 
able for test was 500 kv. Furthermore, 
other limitations restricted this test 
method to the small equipment not ex- 
ceeding the 69-kv class. 

Most of the tests of this investigation 
were conducted according to the method 
of Figure 2. In this method, a capacitor 
bank of 16 microfarads is charged to the 
desired voltage, and then discharged into 
the low voltage winding of a power trans- 
former. The high voltage windingconnects 
from the high voltage terminal (230-kv in- 
sulation class) to a load capacitance C; 
and to a resistance divider R. Thus, 
through autotransformer action, switch- 


3 1000 


2.000 
MICROSECOND 


Bellaschi, Rademacher—Station and Line Insulation 


Figure 6. Switching-surge and impulse char- 
acteristics of 6-unit suspension insulator string 


Relative air density =1.00 

Absolute humidity (grains per cubic foot): 
Switching data, 5.1 to 8.5 
Impulse data, 3.4 to 6.2 


ing surges of much higher amplitude than 
had been attained heretofore in the 
laboratory could be generated. The cir- 
cuit constants were proportioned to pro- 
duce surges of desired wave form and 
_duration. Typical oscillograms of tests 
are shown in Figure 5. 

Figure 3 gives a view of the testing 
equipment that was used. The capacitor 
banks C, and C; normally a part respec- 
tively of a high current and a high voltage 
impulse generator are located in the 
laboratory. The 230-kv power trans- 
former T is of standard design, except that 
provision is not made for radiators which 
for the purpose of this paper are not neces- 
sary. With radiators and cooling devices 
the transformer would have a load capac- 
ity substantially above its present nomi- 
nal rating of 2,500 kva. Therefore, elec- 
trically, the circuit elements in these tests 
compare favorably with major component 
parts encountered on large power systems. 
For instance, at the full charge of 100 kv 
the capacitance C, has stored energy cor- 
responding to a 30,000-kilovar capacitor 


Figure 5. Oscillograms of switching surges 
Surge applied to 


A. 3-inch oil gap 

B. 6-unit suspension insulater string 
C. 115-kv bushing 

D. 3-unit apparatus insulator assembly 
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Figure 7. Switching-surge and impulse char- 
acteristics of 3-unit apparatus insulator assembly 


Relative air density=1.00 

Absolute humidity (grains per cubic foot): 
Switching data, 6.8 
Impulse data, 7.1 


bank on a 60-cycle system. The signifi- 
cance of these tests is borne out even 
more emphatically by the fact that the 
switching surges produced are comparable 
in magnitude and duration to the values 
recorded on power systems. 

In the arrangement of Figure 2, the 
magnitude of the voltage developed at the 
apparatus tested A is controlled by the 
charging voltage applied to the capacitor 
bank C,. The procedure in testing was as 
follows. At the start, the surge voltage 


would be well under the withstand 


value of the apparatus and then gradually 


Table I. 


would be raised, usually by 5-per-cent 
steps, either to the full withstand value 
or to critical flashover. All testing on 
large and small apparatus alike, both 
dry and wet, was outdoors in the yard ad- 
jacent to the laboratory (Figure 3). All 
measurement equipment is located in the 
laboratory. Measurements of the wave 
form and magnitude of the surge were ef- 
fected by the recognized standard method 
which consists of the cathode-ray oscillo- 
graph in combination with a wire-wound 
resistance divider shown schematically in 
Figure 2. Some check tests were made be- 
tween the resistance divider and a capaci- 
tance divider; these showed very close 
agreement in wave form between the two 
methods. To expedite the testing, fre- 
quently the voltage amplitude alone 
would be measured with a standard 200- 
centimeter sphere gap, using standard 
calibration data.2? However, in the 


= 


course of the investigation some-check 
tests of the 200-centimeter sphere gap 
were made with the resistance-divider 
cathode-ray oscillograph method. The 
two methods of voltage measurement in 
most cases agreed within three or four per 
cent. 


Test Data a 

Table I summarizes the switching- 
surge tests conducted in this investigation. 
Figures 6, 7, 8, and 9 present positive and 
negative switching-surge data respec- 
tively for a 6-unit suspension-insulator 
string, a 3-unit apparatus-insulator as- 
sembly, a standard 115-kv bushing, and 
and for a 1-inch oil spacing between a ball 
and plate. During the investigation, im- 
pulse tests were made on the apparatus 
using an identical setup; these results are 
presented in the curves for comparison 
purposes. In each case, the combined 
data serve to link the impulse and switch- 
ing characteristics into a single volt— 
time curve. 

In like manner, Tables II and III pre- 
sent data for 46-, 115-, 161-, and 230-kv 
bushings. Switching-surge data on stand- 
ard rod gaps for 10-, 20-, and 40-inch 
spacings are reported in Table IV. No 
impulse tests were made on the rod gaps 
because data are generally available; 
the impulse data in the tabulation are 
standard reference values. The effect of 
dew formation and rain on switching- 
surge flashover of apparatus, such as in 
bushings and insulators, is apparent from 
the data in Tables II and V. Other tests 
of this character both on switching surge 
and impulse were conducted; these results 
are not readily conducive to tabulation 
and will be discussed in the following sec- 
tion. It will be noted that the data in 
these tables and figures are corrected to 


Switching-Surge Tests Conducted on Station and Line Insulation 


Polarity of Surges 


Typical and Test Conditions 
3 Test Oscillo- 
Insulation Tested Type Method grams Positive Negative References and Comments 
Bushing, 46-kv 
Without [5 ee SLationoeeaeene Figure Io... ex Figure 4....... Dry and dew.... Dry and dew.... Tables II and III 
With 15-inch £52) oo Station....c5.6% Rigure ds. ese Figure 4....... Dr yin atorecccctstenee Dr yrmeeicehemnee Tables II and III 
Bushing, 115-kv, without PAD fare bee Os eae eeetees Station. “2.0.55: Figure 2....... Figure 55... ¢ 0. Wet and dry....Wet and dry....Tables III and V; Figure 8 
Bushing, 161-kv;-withoutcgapis os secu ie nt rerenel Station... j0<. Figure 2....... Higure: Sse DEY: Fav cidesetere DYryiaiiiuekveeeie Table III 
Bushing, 230-kv, with 481/4-in, gap.............. Stationers IPigarey 2 asses Figure 5....... Dryers Dr Ynevelole aeionkee Table III 
Suspension insulator, 6-unit string (10-in.....Stationand....Figure 2....... Figure: 9. 3s... s..< Wetiandidry.. cc Dryer clentes Figure 6 and Table V 
diam X 53/4 in. spacing) line , : 
Apparatus insulator, 3-unit assembly (17-in......Station and....Figure 2....... Figure ‘Since. 2: Wetianddry.45. 4Dry.... ie ieee Figure 7 and Table V 
diam X 14!/2 in. spacing) line 
Standard rod gap (air), 10-, 20-, and 40-in......... General. ...... Bictre:2. ees Figure 5....... Drysicist seen Dry..cd Sates cre Table IV 
Oil gap, 1 to 8 in. (6-in. diam bushing ball to....General....... Figure’2 a... Figure:5 i... sic vaetearee thei aiceinlere eee eee Figure 9 
tank) 
Power transformer 
I38-ky insulationiclass.s ms. sctciseiele Herston tener ee DLALiON carrer Reference 7... .Reference:t a. cin dale siete ele ee ee Subjected to more than 500 
; 3 ; surges up to 530 kv 
WaO-KVinsitlation-clasSaiei ase tine eee Station... saeae Figure 2.25.0 Figure 5. jy icace* 6.0.00 ea tee Ce Subjected to more than 800 
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Table Il. Critical Flashover of 46-Kv Bushing 
to Impulse and Switching Surges 


Switching Surge, 
Impulse, Kv* Kv* 
(11/2240 Wave) (Figure 4) 


Test Condition—- —_—____. —___________ 
of Bushing — Positive Negative Positive Negative 


Bushing with 
15-in, gap..... ZOO terse SO0l ee PINE BG we, 330 


Out gape... o. ZOOirein ere SSO ae oc 290 cet 380 
Bushing with- 

out gap, dew 

onporcelaina.” sire elec we as 290 wat 360 


* Relative air density = 1.00 (corrected). Humidity 
range =5.3 to 7.1 grains per cubic foot. 


=e Air terminal of bushing chilled with dry ice, re- 
sulting in heavy frost with subsequent dew forma- 
tion on porcelain. 


unity air density, but no attempt has been 


. made to correct for the standard humidity 


reference since correction factors are still 
uncertain. The humidity range during the 
test is indicated in each test. 

In addition, switching-surge tests were 
made in this investigation on the 230-kv 
2,500-kva transformer and on a 138-kv 
1,000-kva transformer as reported in the 
previous investigation. The extent of 
these tests is apparent from the last col- 
umnin Table I. Likewise, impulse tests 
up to the respective levels were made on 
the transformers. 


Discussion of Results 


With the one exception in Table II, the 
test data in Tables II, III, and IV and in 
Figures 6, 7, and 8 correspond to appara- 
tus that is dry and in a reasonably clean 
condition. Compared to the full-wave 
impulse strength, the data invariably 
show little or no reduction in insulation 
strength to switching surges. For in- 
stance, the difference is only five per cent 
for either the suspension-insulator string, 
or the apparatus-insulator assembly, and 
practically none for the 46- and 115-kv 
bushings. Although impulse tests were 
not conducted on the 161- and 230-kv 
bushing or on the rod gaps, a comparison 
can be made with reference to the avail- 
able impulse data on this equipment. In 
this case, too, little or no difference is 
found between the switching-surge and 
impulse values. 

The data for the dry tests indicate good 
consistency throughout. As expected, 
the data in Figures 6 and 7 show a percep- 
tible polarity effect for the apparatus-in- 
sulator assembly and practically none for 
the suspension insulator string. The 
small polarity effect in the 115-kv bushing 
data (Figure 8) apparently indicates a 
similar electrode arrangement at line 
terminal and ground for the setup. Be- 
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cause of the pronounced dissymmetry 
which exists for the 46-kv bushing be- 
tween line terminal and the large ground 
plate (see Figure 1), the polarity effect be- 
comes particularly marked. From the 
foregoing, it can be stated that the posi- 
tive switching-surge strength comprises 
the data of greater interest since in gen- 
eral the strength of the insulation is lowest 
for this polarity. 

The 60-cycle dry flashover values in 
Figures 6, 7, and 8 are from design tests 
on identical equipment or from well- 
recognized reference data. They are 
presented here for comparison with the 
impulse and switching-surge data. 

Wet test data on switching-surges for 
the 115-kv bushing, the apparatus-in- 
sulator assembly, and the suspension- 
insulator string are reported in Table V. 
In these tests, the rate of water precipita- 
tion was close to the standard reference 
value of 0.20-inch per minute, except for 
the suspension-insulator string which was 
0.26-inch per minute. Compared to the 
dry flashover, the switching-surge wet 
flashover values for the precipitation 
indicated are 20, 8, and 15 per cent lower 
for the bushing, apparatus-insulator as- 
sembly, and suspension-insulator string, 
respectively. It might be noted that the 
resistivity of the water in these tests was 
less than one-half the standard. In these 
rain tests, it was observed further that the 
strength of the insulation would recover 
to the dry test value immediately upon 
removal of the water spray, even though 
the porcelain and other component parts 
still would be dripping wet. For instance, 
the positive critical flashover of the bush- 
ing rose from 450 to 590 kv the instant the 
water was shut off. Similarly, the in- 


Table Ill. Critical Flashover of Power Appa- 
ratus Bushings to Switching Surges 


Switching Surge, Kv* 


Rating, Kv Gap, In. Positive Negative 
AGN siete None sca sais D9 Orortnstercters 380 
4G 5G steko A Sis acre ete DEON re citers 330 
115 Nonesaio. HOOT eS hae 610 
LOU Satie IN ONG cris ielales «ile 750 
230i a eee ASU ate ote cess OO Serta le ota ae 
* Relative air density = 1.00 (corrected). Humidity 


range =5.3 to 7.6 grains per cubic foot. 


** Maximum voltage applied to 230-kv bushing was 
900 kv (negative), the limit of the switching-surge 
generator. 


sulator string increased in flashover from 
460 to 530 kv. An attempt was made to 
establish test data for precipitations under 
0.20-inch per minute, but because of a 
breeze blowing and lack of time the tests 
were not disposed entirely and therefore 
the results can be considered useful only 
as a guide. They do indicate, however, 
that for the more usual precipitation en- 
countered, for example 0.10 inch per 
minute, the switching-surge strength of 
outdoor apparatus is unlikely to be af- 
fected by the rain more than five to ten 
per cent. 

The findings noted on the dripping wet 
insulators and bushings just reported, 
correlate quite well with the results of 
tests conducted on the 46-kv bushing to 
determine the effect of heavy dew forma- 


Figure 8. Switching-surge and impulse char- 
acteristics of standard 115-kv bushing 


Relative air density =1.00 

Absolute humidity (grains per cubic foot): 
Switching data, 5.3 to 5.5 
Impulse data, 6.5 to 7.2 
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Table IV. Comparative Critical Flashover. of 
Standard Rod Gaps to Impulse and Switching 
Surges* 


Impulse, Ky Switching Surge, 
(11/2x40 


Kv 
psec Wave) (Figure 5) 


Gap Spacing, — — 
In. Positive Negative Positive Negative 


Os sp SAGO Oc LOO iver ZO eretete WA ar 225 
72Ds SE.cceoer Bibs ceaconoboance 330 
BO rere scare snets GE Aoccudcodooo on 655 


* Switching-surge data are from this investigation. 
Relative air density =1.00 (corrected). Humidity 
range=5.1 to 6.9 grains per cubic foot. Impulse 
values taken from American Standard C68.1. 


tion, reported in Table II. The tests 
show that the switching-surge strength 
is practically unaffected by dew as com- 
pared to the strength when the bushing is 
dry. However, it should be noted care- 
fully that insulation which operates in a 
heavily polluted atmosphere, or near the 
sea, or that which is subjected to heavy 
fogs following a long dry dusty season 
may be affected adversely. The effect of 
surface contamination on the flashover of 
insulation will be discussed in the next 
section. 


For comparison purposes, wet impulse- 
test data also were secured on the 115-kv 
bushing, the apparatus-insulator assem- 
bly, and on the suspension-insulator 
string. Again, the bushing tests presented 
similar difficulties as mentioned previ- 
ously because of a breeze affecting the 
direction of spray. Therefore, only the 
data on the remaining equipment are 
presented here. At an average water 
precipitation of 0.17 inch per minute, the 
critical full-wave positive flashover of the 
apparatus-insulator assembly and the 
suspension-insulator string is, respec- 
tively, 530 and 480 kv, compared to 590 
and570 kvinthedry state, areduction of 10 
and 15 percent. It appears then that the 
reduction suffered by outdoor insulation 
when subjected to rain is no greater for 
switching surges than for impulses. 


For comparison purposes typical data 
on the volt-time characteristics of press- 
board and oil, taken from the previous 
investigation,® are reproduced in Figure 
10. From these data it was concluded 
that the strength of pressboard and oil 
essentially is the same for switching surges 
as for impulse voltages at full wave. The 
test data on oil in this investigation, re- 
ported in Figure 9, fully support in a 
practical sense this conclusion though, to 
be exact, the strength for switching surges 
is about five per cent lower. It is well to 
note that the present tests correspond to a 
condition of more uniform stress at the 
electrodes (ball-to-plate) compared to the 
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preceding tests (disk-to-plate), and in 
addition the tests are carried to higher 
voltages. The present tests therefore 
give support and general acceptance to 
the foregoing conclusion. 

Though tests on oil and solid insulation 
provide a criterion with which to evaluate 
the internal strength of oil-immersed 
apparatus, actual tests on the complete 
apparatus when possible are even more 
conclusive in this respect. The switching- 
surge tests summarized at the bottom of 
Table I therefore have particular signifi- 
cance. The tests on the 138-kv power 


Table V. Wet Critical Flashover of Bushing 


and Station Insulators to Switching Surges* 


Switching Surge, Kv Rate of Water 


— —— Precipitation, 
Apparatus Positive Negative In. Per Min 
: 450). ed 495. ..0.23 

Bushing, 115-kv . {4250000 20907: 0.18, 0.18, 0.20 
Apparatus insu- 

lator, 3-unit..... OD Dia cucsrcieee pe Oreo O re O OLS 
Suspension insu- 

lator, 6-unit..... B60) aac eee 0.25, 0.27, 0.28 


*In these tests, relative air density = 1.00 (cor- 
rected) and water resistivity = 2,400 ohms per cubic 
inch. For corresponding dry critical flashover, 
refer to Figures 6, 7, and 8. 


~ 


a small number from 750 to 850 kv, and a 
few approached 900 kv, the limit of the 
switching-surge generator. Previous to 
and during this investigation, this trans- 
former also received successfully Ameri- 
can Standards Association impulse tests 
at full 230-kv level as well as front-of- 
wave tests up to 1,400 kv. Since 1939 
this transformer has been part of the high 
voltage laboratory equipment and had 
been used extensively in the course of 
prior impulse and 60-cycle investigation 
as well as for the purpose of excitation in 
commercial impulse tests. 


Strength of Insulation to Switching 
Surges 


This and the previous investigation 
show that the switching-surge strength of 
insulation does not differ appreciably 
from the impulse strength. For example, 
in the directly comparative data for bush- 


ings and other high voltage insulation in 


air (Figures 6, 7, and 8), the switching- 
surge strength, in no instance, is less than 
95 per cent of the impulse. Likewise, the 
internal strength of oilimmersed appara- 
tus is nearly as high on switching surge as 


Table VI. Comparative Data on Critical Flashover of Insulators (For Source of Data See 
Reference 10) 


Critical Flashover on Positive Polarity 


in Per Cent of Dry Flashover of 1x50 psec Wave 


Apparatus Tested 


One-Half Cycle Wave 


50-Cycle of 5,500 » Sec 
Flashover, 1x50 1x1,000 Duration Above 
Description Kv RMS Condition* usec usec One-Half Amplitude 
Bushing tins cco ee 102 oe detec\ DEWS «<<a GO. tee cule cine 


Insulator assembly, 
2-unit pillar type........ 22M Saas ae 
(11-in. diam) 

Suspension insulator 
Sit tides Sy dr = ta tiene eee DOT agree 
(10-in. diam) 


* Insulators clean. 


Water precipitation (rain) =0.12 inch per minute. 


Water resistivity (rain and dew) = 


4,000 ohms per cubic inch. Dew applied with vaporizer. 


transformer were reported in the previous 
investigation. All told, this transformer 
received over 500 switching surges, some 
approaching the flashover of the bushing 
(530 kv). This transformer also had re- 
ceived successfully on various occasions, 
American Standards Association impulse 
tests corresponding to its insulation 
class as well as front-of-wave tests. In 
this investigation, the 230-kv power 
transformer being a part of the test circuit 
(Figure 2) received repeated switching 
surges which, according to the record, ex- 
ceeded 800 applications. The bulk of 
these surges were between 500 to 750 ky, 
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on impulse tests. In this connection, it is 
well to point out that stresses in the wind- 
ing proper are likely to be distributed 
much more uniformly for switching 
surges. The foregoing conclusions are 
based on switching surges of long duration 
as in Figures 4 and 5. Furthermore, they 
apply for conditions referred to in stand- 
ards as “‘usual.’’ The switching-surge 
strength of equipment, otherwise con- 
forming to usual conditions, is not af- 
fected by rain or dew to a greater degree 
than the impulse. This investigation thus 
establishes that the strength of station 
and line apparatus to switching surges in 
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x. 
most cases is as high as 90 to 95 per cent 
of the impulse strength. 

Important studies on the flashover 
voltage of insulators in air in the range 
intermediate between impulse and oper- 
ating frequency have been reported by 
W. Wanger and his associates.-11 The 
insulators tested differ from similar equip- 
ment of United States design, and the 
wave form of the voltages in the two in- 
vestigations also differ. Consequently, it 
is not possible to compare the results of 


Figure 10 (right). Volt-time breakdown 
curves for transformer oil and oil-impregnated 
pressboard in oil (reference 7) 


Figure 9 (below). Switching-surge and im- 
pulse characteristics of 1-inch oil gap from 6- 
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the foregoing contributions directly with 
the data in this paper. However, the data 
in Table VI are of interest as they provide 
a general comparison regarding the effect 
of wave form, rain, and dew on insulator 
flashover. The tabulation is in reason- 
ably good agreement with the relation- 
ship established in this investigation. The 
research by Wanger also contributes use- 
ful data on the effect of various voltages 
on insulator flashover resulting from 
heavy contamination of the surface with 
soot coating, salt, and cement dust in 
combination with rain and dew. Under 
these unusual conditions, it is well-known 
from operating experience that the 
strength of insulators is reduced materi- 
ally. According to his tests, in general, a 
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pronounced reduction begins to take 
place for voltages of duration beyond 
approximately 1,000 microseconds. When 
unusual conditions as these prevail, the 
practice is to clean the insulators at fre- 
quent intervals or, in case such measures 
are not feasible, to provide insulation 
specifically to meet these conditions. 

As the duration of the voltage applied 
is extended into the range from one-tenth 
to one second, the characteristics of the 
insulation approach more and more the 
low frequency test values. For over- 
voltages of such long duration (as might 
develop on systems with the neutral iso- 
lated, on hydro systems, from accidental 
contacts between high and low voltage 
lines, and so forth), the performance of 
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insulation should be assessed more with 
reference to the low frequency test data 
as well as the rating of the apparatus for 
continuous voltage operation. 


Conclusions 


1. The switching-surge strength of station 
and line insulation, in most cases, is 90 to 
95 per cent of the corresponding impulse 
value. 


2. For insulation in air and conforming to 
usual conditions, the  switching-surge 
strength is not affected by rain or dew to a 
greater degree than impulse. 


3. Additional studies on the effect of un- 
usual conditions upon the strength of insu- 
lation in air appear desirable, particularly 
at short and medium 60-cycle durations and 
for sustained operation. 


4. The fundamental data presented here 
should be conducive to a more effective 
utilization of insulation. 
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Comparisons of Railway Motive Power 


for Operations in the Pacific Northwest 


T. M. C. MARTIN : 


ASSOCIATE AIEE 


ECIPROCATING steam, Diesel-elec- 
tric, and electric locomotives com- 
pete today for the main-line freight and 
passenger assignments of Pacific North- 
west railways. It is doubtful if the pres- 
ent struggle for dominance among the 
three will be influenced greatly by other 
types of locomotives. Reciprocating 
steam locomotives have occupied a posi- 
tion of leadership here as elsewhere in the 
United States since the coming of the rail- 
road, but it is apparent that their days 
of unchallenged leadership are over. On 
the basis of physical ability to perform 
present and prospective tasks as well as 
on the basis of operating economy, steam 
locomotives face strong competition from 
Diesel-electric and electric motive power. 
There have been other times when com- 
petition for steam locomotives appeared 
about to materialize, but each time some- 
thing intervened to remove the immediate 
threat to their leadership. Between 30 
and 40 years ago it was predicted freely 
that electrification was coming into recog- 
nition. Several things happened. World 
War I was fought and labor and materials 
that might have been invested in a great 
network of electrified railroads was used 
for other things. The natural advocates 


Paper 46-186, recommended by the AIEE commit- 
tee on land transportation for presentation at the 
AIEE Pacific Coast meeting, Seattle, Wash., Aug- 
ust 27-30, 1946. Manuscript submitted June 21, 
1946; made available for printing July 15, 1946. 


T. M. C. MarrtIn is an electrical engineer with the 
Bonneville Power Administration, Portland, Oreg. 


of electrification failed to agree among 
themselves on the question of what kind 
of a system of electrification should be 
encouraged. Fundamental objectives 
were lost sight of in the more heated 
than enlightened debates over the merits 
of alternating versus direct current. 
Enough uncertainty was cultivated in 
the minds of already steam-minded rail- 


o 
fe} 
fo} 
oO 


liners and to many casual travelers the 


words streamliner and Diesel are synony- 
mous. It is likewise only about five years 
ago that the first of the so-called 5,400- 
horsepower 4-cab Diesel-electric main- 
line freight locomotives was delivered. 
Diesel-electric switching locomotives 
were in use quite a few years before either 
of the main-line classes, but the history of 
all three can be studied fairly well by 
going no further back than 1929. Table 
I is a summary of locomotive orders dur- 
ing the past 17 years. 

Prior to the depression very few Diesel 
locomotives were ordered; the steam 
locomotive has as yet no important com- 
petition. By 1937 the Diesel was ap- 


proaching equality with steam in the com-_ 


petition for new orders, and commencing 
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Figure 1. Cumula- 
tive trend of orders 


for new steam and 
Diesel locomotives 
from 1929 to 1945 


inclusive 
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road officials to cause indefinite postpone- 
ment of most electrification plans. 


Diesel-Electric Progress 


It is only a little more than ten years 
ago that Diesel-electric passenger loco- 
motives first appeared in main-line serv- 
ice. They came with the early stream- 


0929 °30 '31 '32 '33 '34 '35 '36 ‘37 '38 '39 ‘40 ‘41 ‘42 43 441945 


BASED ON TABLE 1 


in 1938 it assumed a leadership which has 
not been relinquished. Figure 1 illus- 
trates graphically the struggle between the 
two from 1929 to 1946. Although the 
Diesel remained a poor competitor until 
1940, it took but two years for it to over- 
haul and then exceed the cumulative lead 
of the steam locomotive established over 
the preceding decade. This is quite an 
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accomplishment when it is remembered 
that during the greater part of these 17 
years the available Diesel units were con- 
fined to switching and high-speed passen- 
ger types. Not until 1942 were road 
service freight units generally available. 
The fact is that main-line types are still 
relative newcomers to motive-power ros- 
ters, and the major statistical gains have 
been achieved by switching units. It is 
clear that the reciprocating steam engine 
has yielded to the Diesel in the field of 
switching service. For several years the 
orders for steam locomotives have in- 
cluded few or none of the switching type, 
whereas Diesel orders have run strongly 
to switching units. In 1945, for example, 
of the 148 steam locomotives ordered only 
3 or about 2.0 per cent were switchers, 
while 478 or about 68.0 per cent of the 
702 Diesels ordered were switching units. 

Technical and economic factors that 


have enabled Diesel switching units to 


cause obsolescence among parallel steam 
types are operative in the field of main- 
line motive power and therefore warrant 
brief recital. 


1. Diesel-electric units are able to motorize 
all their weight and hence produce relatively 
much greater tractive effort or hauling 
ability than otherwise comparable steam 


- units. 


2. With no fires to clean, ashes to dump, 
boilers to wash, and with less lost time for 
assorted other reasons, Diesels have demon- 
strated a higher degree of availability and 
reliability. 


3. Diesel-electric switching units have 
demonstrated that they can replace steam 
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Figure 2. Percentage of full horsepower avail- 

able at various percentages of maximum speeds 

in motor-generator and a-c series motor type 
locomotives 


Motor-generator locomotives 
as-is = A-c series motor locomotives 
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switchers and almost invariably do a better 
job cheaper. 


Savings are realized chiefly in the items 
of fuel and running repairs. It has been 
established that Diesel units can cut re- 
pair costs in half and reduce fuel expense 
by two-thirds when they replace steam. 
Recent studies reported by the Commit- 
tee on Railway Location and Operation 
of the American Railway Engineering 
Association under the chairmanship of 
L. K. Sillcox! suggest that savings of 
from one to two dollars per yard-loco- 
motive-hour are common where Diesels 
replace steam locomotives. Since in 


Table I. Locomotives Ordered for Domestic 
Use, 1929-19457 
Year Steam Diesel Electric Total 
19298. Savers AS0D5 te. os, SOisssise.g rors OB iret ee 1,230 
LOO eee S82Iie esis Sates ees Diets 421 
POSA Tears G2 ec Dt eat OTs Ate 174 
LOS Zi eee Oieevewets cages ctend Gai, SEs 12 
19332 Gate Lier rete SRE 2 ieee ar cr oroeetare, els 42 
29384. USED AL Od ai ohe te 76 185 
NOS Dieta SO pes crae GO sora Up chroet 97 
T9362 eve ASD Ss oes ithe ackotrare 24 536 
OST capcom. WSS ae riac PASS Mites BO ciers-c ss 354 
1938.52 ac SO ates 160 sere Pe 225 
1939. vie ORR es DAG ms sasvee Skelter 400 
TO4O es oe 20 Ueveveis ys BOD atti s Tis drvens 712 
194) ct S02 mere DLO ere ccs are BS cyreierecese 1,444 
1942 Was. eee S63m eee B04 setae 12% as 1,269 
1943...... AIS cee GSS 2A tcn one tes ane 1,048 
194A Mae WAS ards G80 cee .n 6 Dena 757 
1945 Baeeas VAS Siena LOD cremate 6s 859 
Note: United States Government purchases ex- 


cluded for years 1942-1944, 


yard service less total investment fre- 
quently is required for a pool of Diesel 
switching locomotives it can be seen that 
there are many situations where con- 
tinued steam operations are plainly un- 
economic. 


Electrification Affected by 
Trend Toward Diesel 


Paradoxically the trend toward Diesel- 
electric switching units has advanced the 
cause of main-line electrification. Prior 
to the advent of the Diesels, it was neces- 
sary to erect a great deal of trolley before 
a railroad could achieve full benefits from 
electrification. Unless electric locomo- 
tives could operate over a relatively large 
mileage of industrial and classification 
yard trackage some other kind of motive 
power was necessary. The capital cost of 
providing relatively little-used trolley 
facilities was excessive, and yet if both 
steam and electric motive power were to 
be required at many intermediate and all 
principal terminals many of the important 
arguments for main-line electrification 
were weakened. If main-line movements 


Martin—Railway Motive Power 


Table Il. Principal Weights, Dimensions, 
and Proportions of the Steam Locomotive 
Used for Comparative Purposes 


Class: of Locomotive—4-6-6-4 Single Expan- 
sion, Articulated 


= 


Weights in working order, pounds: 


Onudriversae ss cme ie tee re aha 404,000 

On fronttruck eo cacti ein ae 101,000 

Out trailing trick. pes. cies a ertas ee 122,000 

Lotaliengine sass swe. cies ach aaah 627,000 

‘endersfully;loadeds-..43,. sons seen. 437,000 

Engine and tender fully 

ROA Ed pres teats anaes o wesc oreo sere te 1,064,000 

Weights of supplies carried, pounds: 

25,000 gallons water. ..........e0e008. 208,000 

2S, Cons coal ey eric ete eco eels 56,000 
Lengths: 

Driving wheel base.......... 12 feet2 inches 

Total engine wheel base...... 60 feet 4.5 inches 

Engine and tender wheel 

Daset miata esetereave cleyerseis 106 feet 8 inches 
Engine and tender, coupler we 

tOlcouplers.:... cn tirc sess 119 feet 

Driving wheel diameter, inches.............--- 69 
Boiler and firebox details: 
Steam pressure, pounds per 

SHAT NCHS Fy 7< veieisaee ees oelelsicle 0 teres 280 
Length of combustion cham- 

berinches axcd eee Setow knee sik ee eee 106 
Length over tube _ sheets, 

ATICHES! Cepgets te shavees & cra. e ataratoue avetene apeaiettiene 240 
Gratearea,'Square feet. 5... (4 oss cases oe 132.2 
Direct heating surface, fire- 

box and combustion cham- 

ber, square feet. .-<:c: nocd ars cela eretae atelaiere 500 
Circulators (5-security), 

Square: feet ri tepeccscterce eis taveye me sralslerenete te" 81 
‘Lotalidirect; square feet < 12s. :c0vye 2 oles ore o's 581 
Indirect (tubes and flues), 

SU larerLeetyere «cere cketern chorus ere erarolercieaane 4,214 
Superheater (Elesco type E), 

Squarecleet artes once ewrereens 3 sieleieers 2,162 
Total evaporative and super- 

heater, square feet.....3...2-s00sc0ces 6,957 

Cylinders: 
IND OR rete rer alate relel eke ttenstcler teeta ove slowe/aotare tievele 4 
Diameter! inches sc isce tes lelepiols o olstelela aiesiclsieioe 21 
Stroke pinches ausreces us ale cers staebeleteeer herders 32 


Rated tractive force of engine 
at 24.1 per cent adhesion, 


Ratios, per cent: 
Weight on drivers to engine 
A (ale Len airy Ae ae OOS ea 64.4 
Weight on drivers to total 
weight (engine and tender 
filly loaded) Pepe cle <terate clays sieieretsie, oelsterareu 38.0 


only were to be handled electrically, 
leaving yard movements to be made with 
steam, the opportunities for smoke abate- 
ment would be reduced seriously. Since 
steam and electric locomotives differ — 
markedly in certain types of repair and 
service facilities many of the best oppor- 
tunities for savings in operating expenses 
would be lost. 


Development of Diesel-electric switch- 
ing power has improved the basis for 
main-line electrification. It no longer is 
considered proper, much less necessary, 
to erect trolley over any track not clearly 
essential to the operation of main-line 
trains. Operations over other trackage 
are within the recognized sphere of the 
Diesel switching unit. A Diesel-electric 
locomotive is related more closely to an 
electric locomotive than either of them is 
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Figure 3. Tractive effort and horsepower at 
the rail versus speed; steam, Diesel, and 
electric locomotives chosen for comparison 


to a steam locomotive, and joint use of 
many kinds of facilities and maintenance 
staffs is entirely practicable. A railroad 
company contemplating main-line elec- 
trification with a corollary use of Diesel 
power for yard service now can look for- 
ward to complete elimination of facilities 
such as coal and ash handling equipment, 
water service treating plants, tanks, pen- 
stocks, boiler washing facilities, turn- 
tables, and much heavy shop equipment 
largely useful in repairing steam locomo- 
tives. Modern Diesel and electric loco- 
motives can utilize similar electrical main- 
‘tenance facilities. Maintenance of Diesel 
prime movers will require specialized 
equipment, but the over-all shop layout is 
simplified and cleaned up when steam 
units are withdrawn. A combination of 
electrification and dieselization offers the 
next best thing to complete electrifica- 
tion in the reduction of smoke and fumes. 


Fundamental Differences in 
Motive Power 


Comparisons of motive power are not 
easy to make and will not prove satisfying 
or acceptable to everyone. Physical com- 
parisons are complicated and produce 
differences of opinion which are not les- 
sened when the subject is extended to in- 
clude economic phases of motive power 
utilization. 

A steam locomotive and a Diesel loco- 
motive can be compared without too 
much trouble. The electric locomotive 
causes most of the difficulties when com- 
parisons are attempted. This is because 
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both steam and Diesel locomotives are 
so-called independent units, requiring 
only coal or oil to burn and track to run 
on to ready them for service. The elec- 
tric locomotive is a dependent unit and 
in addition to track requires suitable cen- 
tral station, transmission, and trolley 
facilities to generate and bring electric 
energy to its pantographs. Except for 
the location of the primary source of en- 
ergy, modern Diesel road locomotives 
and modern electric locomotives are 
quite similar. Both of them are in reality 
electric locomotives. In fact, motor- 
generator type electric locomotives closely 
resemble late model Diesel-electric road 
units in many important respects. One 
leading manufacturer is using the same 
type of d-c traction motors on both loco- 
motives. The d-c generators of the two 
locomotives also are not too different. 
The chief difference in the machines lies 
in the means of driving these generators. 
Generators on Diesel locomotives are 
connected directly to the Diesel engines, 
whereas on motor-generator locomotives 
they are connected directly to synchro- 
nous motors which receive their energy 
from a relatively high voltage a-c trolley. 


Basic Factors 
Governing Comparisons 


Railroads in the Pacific Northwest are 
comparatively long thin lines of relatively 


Table Ill. Principal Weights, Dimensions 
and Proportions of Diesel-Electric Locomotive 
Used for Comparative Purposes 


Class of Locomotive—4 (B-B) 


Weights in working order, pounds:* 


Ons déecers-2 ni x msttie as eee ere 954,000 
Total locomotive fully loaded.......... 954,000 
Supplies carried and weights, pounds: 
4.800! gallons Diesel*oilii10. 62 ccete oeiee 36,000 
3, 200rgallons water ac. chen tie eve oeenen ele 26,700 
080 gallons lubricatings Oil. oe, .miseteieisetens 4,000 
76:cubice feet «sand! fsa) eevee es ee 7,600 
Lengths, feet: 
Driving: wheel base. 7 90. senter neuter ieee 9.0 
Total coupler to coupler.........0.05.--808 193.0 
Diameter driving wheels, inches............... 40 
Engine: four 16-cylinder V-type 2-cycle, rated 


1,500 horsepower each 


Generator: 
single bearing direct-connected to engine crank- 
shaft 


Traction motors: 16 d-c roller bearing truck- 


mounted 
Gear tatiose cs iawn et a eyare aero 3.53/1.00 
Rated tractive force of locomotive at 

25 per cent adhesion, pounds...........238,500 
Minimum speed (at continuous out- 

put); miles’ pershour= jeden cone oie ees tts 17.0 
Maximum speed, miles per hour............. 75.0 
Ratio of weight on drivers to total loco- 

motive weight, per cent..............--- 100.0 


* Electric brakes and train heating equipment in- 
cluded. 
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four nominal 600-volt direct current, 


low traffic density. A large part of all 
mileage is single-tracked, heavy grades 
are commonplace, and there is a substan- 
tial amount of horizontal curvature. In 
all of this region there is very little of 
what rightfully could be called high speed 
track. High speed track here is track 
that will permit 75.0 miles per hour with 
safety and comfort, and there are not too 
many opportunities for sustained running 
at that speed. Another characteristic of 
importance is the fact that’the roads in 
this region are predominately used as 
freight carriers. This is a further reason 
why extremely high speeds are neither 
necessary nor desirable, and it is a cir- 
cumstance that suggests the wisdom of 
choosing a kind of motive power that will 
deliver high tractive efforts at reasonable 
speeds rather than offer large horsepower 
outputs at speeds which are seldom at- 
tainable under actual operating condi- 
tions. 

It is necessary to limit the scope of the 
comparisons to be made, and it is believed 
that this can be accomplished best by 
considering but a single locomotive from 
each of the classes. This imposes a con- 
siderable burden upon anyone who 
chooses the particular locomotives to 
represent each of the classes. It is ob- 
vious that the one who picks the loco- 
motives and selects the bases of compar- 
ison can in some measure determine the 
outcome. Unfortunately subjective in- 
fluences cannot be cancelled out entirely, 
and the only practical course is to strive 
for as much objectivity as possible. 

There are a few general principles that 
guided the choice of locomotives for this 
particular comparison. 


1. The units selected should be up to 
date—typical of the latest and best practice 
of the builder’s art in each case. 


2. The locomotives chosen should be cap- 
able of interchangeable passenger or freight 
service. This factor is of controlling im- 
portance in the selection of the steam loco- 
motive only, since either the Diesel or the 
electric easily can meet this requirement. 


3. The size of the respective units should 
be reasonably comparable. Both the Diesel 
and the electric types can be controlled in 
multiple units, and hence it would be pos- 
sible to group so many cabs under the con- 
trol of one crew that comparisons with a 
single steam .locomotive would be quite 
unfair. 


Motive Power Terminology 


Tractive effort and horsepower at the 
rail are the fundamental characteristics 
that determine almost everything else. 
Tractive effort is merely the force pro- 
duced by the torque of the locomotive 
driving wheels. It is exerted tangentially 
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to the driving wheels and is limited by 
the torque and by the adhesion factor 
existing between wheel and rail, 

In general 


force X distance 
Power =——_—______ 
time 
or 


Power = force X velocity 


If tractive effort is substituted for 
force and everything is expressed in 
proper units an expression defining rail 
horsepower can be obtained. 

eet 


V =speed in miles per hour 
RHP =rail horsepower 
TE=tractive effort in pounds 


Then 
5,280 
RAP—=LE XV << ———— 
*33,000 X60 
a TEX — 1 
375 (1) 
375 
TE=—— XRHP (2) 


On western mountain grades it is cus- 
tomary to consider only the continuous 
rail horsepower of locomotives having 
electric traction motors. The Association 
of American Railroads in their 1930 re- 
commendations regarding traction motor 
ratings specified that the l-hour output 
be determined with the motors starting 
“cold” (the ambient temperature). The 
temperature rises permitted vary with 
the class of insulation but are only 15 
degrees centigrade higher for the 1-hour 
than for the continuous ratings. It is 
clear therefore that the hour ratings might 
be useful in flat country but in a moun- 
tainous region traction motors are worked 
at or near their continuous rating most of 
the time leaving little likelihood of using 
short-time ratings except at the start of 
engine runs. Even downgrade operation 
affords no relief since regenerative braking 
produces temperature rises of the same 
order of magnitude as does motoring. 
Steam locomotives present no problem of 
traction motor limitations, and hence for 
any given speed whatever rail horsepower 
is available will be continuously available. 

Other terms used rather freely are 
defined in the following paragraphs. 


DRAWBAR PULL 


Drawbar pull is the force (either push 
or pull) which is exerted at the drawbar 
or coupler of the locomotive. It is pro- 
duced by the movement of the locomo- 
tive and is equal to the tractive effort 
diminished by the tractive resistance of 
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the locomotive considered as a car. Be- 
ing dependent upon tractive effort it is 
limited also by the adhesion factor. 
Thus, for example, when for any reason a 
locomotive’s drivers slip, its drawbar pull 
instantly and drastically is reduced. The 
only function of a locomotive is to create 
drawbar pull which can be applied to a 
train of cars and cause them to be acceler- 
ated into motion. 


ADHESIVE WEIGHT 


That part of the total weight of a loco- 
motive which is carried on the drivers is 
described as adhesive. In the case of a 
steam locomotive it is always less than 
the total weight of the locomotive. In 
electric and Diesel locomotives, it may or 
may not be equal to the total weight de- 
pending upon whether or not there are 
unpowered axles. 


ADHESION FACTOR 


The adhesion factor is the ratio be- 
tween the adhesive weight of a locomotive 
and the maximum tractive effort that can 
be exerted without slipping the drivers. 
This ratio is dependent for the most part 
upon the coefficient of friction between 
wheel and rail which is in turn largely 
dependent upon the condition of the rail. 
It usually is stated in reverse order or as 
the maximum percentage of the weight on 
drivers that can be utilized as tractive 
effort under varying rail conditions. This 
ratio varies with speed, is a maximum at 
starting, and drops rapidly to a value 
which is maintained fairly well through- 


Table IV. Principal Weights, Dimensions, 

and Proportions of Straight Electric Motor- 

Generator Type Locomotive Used for Com- 
parative Purposes 


Class of Locomotive—2 [(B-B)+-(B-B)| 


= = 


Weights in working order, pounds:* 


Onidrivers Bear Ge ec ic ae ee en 1,034,000 

Total locomotive fully loaded........ 1,034,000 
Supplies carried and weights, pounds: 

2;400/gallons, watery, <.onccate- Ge aes oe ». 20,000 

LO00twallons fitelFoilery seven deiete sere 7,000 
Lengths, feet: 

Driving wheelbase. 4.00 fees te lh ws 8.5 

Coupler to. coupléesa. oie dein’ 148.0 
Motor-generator sets, number. .........0000-0008 2 
Traction piotors, number... Soc es et 16 
Gear ratio stir sooty c.c.c pee sake. oe hese 3.75/1.00 
Rated tractive forces of locomotive at 

25 per cent adhesion, pounds...........258,500 
Minimum speed (at continuous out- 

Put); Miles! pershour’ sjs bev keke ech eve cial elses ee 17.0 
Maximum speed, miles per hour............. 75.0 
Diameter of driving wheels, inches.............. 42 
Ratio of weight on drivers to total loco- 

motive weight, per cent..:...5....50.0084 100.0 


* Train heating equipment included. 
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4-6-6-4 STEAM LOCOMOTIVE 
—— 4(8-B) DIESEL LOCOMOTIVE 

— _ 2[{[e-8)+(8-8)) ELECTRIC LOCOMOTIVE 
TRACTIVE RESISTANCE 
VALUES BASED UPON 
DAVIS FORMULA FOR 
45 TON - 4 AXLE 
FREIGHT CARS 


GROSS TONS TRAILING - IN THOUSANDS 


2.0 PERCENT Sl 
GRADE = 
z= 

0 


|Ossme CONS Onn 4O Sn SONG OMIT 
SPEED IN MILES PER HOUR 
Figure 4. Gross tons trailing versus speed for 
1.0- and 2.0-per-cent grades; steam, Diesel, 
and electric locomotives chosen for com- 
Parison 


out the practical speed range of a locomo- 
tive. Generally accepted values at start- 
ing are as follows:? 


1. Clean dry well-sanded rail and rolled 
steel wheels—30 per cent. 


2. The same conditions and cast-iron 
wheels—25 per cent. 


3. Clean dry rail with either kind of 
wheels—20 per cent. 


4. Wet greasy rail—15 per cent. 


Running adhesions are considerably 
less. Most authorities agree that 16 or 
18 per cent is all that ought to be assumed 
in rating locomotives. Higher running 
adhesions are possible under ideal rail 
conditions and liberal sanding but should 
not be relied upon. 


TRACTIVE RESISTANCE 


Tractive resistance is the sum total of 
the forces which oppose motion in both 
the train and locomotive. It is made up 
of several different components which are 
caused respectively by 


1(a). Journal resistance. 
l(b). Flange resistance. 
l(c). Air resistance. 

2. Grade resistance. 
3. Curve resistance. 
4. Acceleration. 


The first three are usually grouped and 
called net resistance on straight level 
track at uniform speed in still air. The 
latter has been measured empirically by 
many investigators and curves based upon 
the work of one of the most widely ac- 
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cepted authorities have been used in these 
comparisons.® 


GRADE RESISTANCE 


Grade resistance is the component of 
force required to lift a train up a rising 
. gradient. Where the gradient is expressed 
in terms of percentage rise (or feet per 
hundred) and train weights are expressed 
in tons, grade resistance is equal to 20 
pounds per ton per one per cent of grade. 
Obviously grade resistance may be either 


Table V. Maximum Loadings and Speeds 
With Steam, Diesel, and Electric Motive 


Power 
Steam Diesel Electric 
Maximum gross tons 
trailing at 17.0 
miles per hour* : 
evel track: 205.5. css 5,625**. .5,625**. °5,625** 
1.0 per cent......... 3,140. ...4,510) 225,550 
AS per Cent. cicecwie 0. 2,090 ..3,080 ..3,810 
2.0"per cent... .25.0%..« 1,500 ..2,280 ..2,850 
Maximum speeds of 
freight trains, 
miles per hour* 
1,500 gross tons 
trailing* ; 
Level-track....... 75.0 COLO COLO. 
1.0 percent grade.. 38.5 40.5.. 46.5 
1.5 percent grade.. 27.0 30.0.. 35.5 
2.0 percent grade... 17.0 23.5.. 28.0 
2,280 gross tons 
trailing * 
Level track....... 65.0.. 68.0 75.0 
1.0 percent grade.. 27.5.. 30.0 35.0 
1.5 percent grade.. f{ A Pata) 26.0 
2.0 percent grade... f 17.0 20.5 
2,850 gross. tons 
trailing * 
Level track........ 60.0.. 62.0 68.0 
1.0 percentgrade.. 21.0.. 25.0 30.0 
1.5 percent grade... f{ picttn PROS coke res roth 
2.0 percent grade... { A Sa: eer TO 
Maximum speeds of 
passenger trains, 
miles per hour* 
1,200 gross tons 
trailingt 
Level track....... YAU EY) 75.0 
1.0 percent grade.. 44.0.. 46.0 53.0 
1.5 percent grade... 33.0 35.0..- 41.0 
2.0 percent grade.. 24.0 28.0.. 33.0 


* Resistance for 45-ton 4-axle freight cars. Speed 
is the minimum permissible for continuous opera- 
tion at maximum rail horsepower output. 


** Limited by train length to 125 45-ton cars, 


+ This train could be composed of 16 75-ton stand- 
ard weight cars, 20 60-ton lightweight cars, or vari- 
ous combinations. The speeds shown for passenger 
trains are somewhat conservative since freight 
train car resistance was used in their calculation. 


t Overloaded. 


additive or subtractive depending upon 
whether movement is against or with the 
grade. 


CuRVE RESISTANCE 


Where the gradient is constant there is 
an increase in resistance going around a 
curve which is roughly proportional to the 
degrees of curvature. Curve resistance 
also has been the subject of many em- 
pirical investigations. Western roads 
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generally employ a figure of about 0.7 
pound per ton per degree of curvature. 


COMPENSATED GRADE 


If mountain railroads were to have uni- 
form gradients, operation over them 
would be very difficult since the element 
of curve resistance would introduce a per- 


curve resistance is now subtractive from | 


the component caused by grade. ~ 


RESISTANCE TO ACCELERATION 


The resistances previously mentioned 
apply to movement without acceleration. 
A force is required to accelerate a mass 
and the amount of acceleration produced 


Table VI. Evaluation of Physical Characteristics and Hauling Abilities of Steam, Diesel, and 


Electric Motive Power Units Selected for Comparison 


Electric 


Steam Diesel 

1. Total weight of locomotive fully loaded, tons*......... Nee co 582 “Rather. AIT PBs 517 
2. Total length of locomotive and tender, feet*.............---..+- 1 TO er etsy. WWE AS uc 148 
3. Rail horsepower continuously available at 17.0 miles per hour**....4,098  ..... S!DBO Serna 6,800 
4. Pounds per horsepower [(line 1X2,000)/(line 3)]............--. 260 5 171 152 

Index) electric = 100i. <5 cis o sreielormip abet et ool shetelete ele /aiolerataieney iets Revela 19D Cte y sets 112 100 
5. Feet per 1,000 horsepower [(line 21,000)/(line 3)]......... 290m os peo scO Sethe Les 

Turdeéx; electrics LOO SS e cyceretel o eiste see sale olvistoncv cl elioisttettiaia el oles USERS oe Sesn 159) Se sires 100 
6. Maximum gross tons trailing on 1.0 per cent gtadet...c.o.8 saat 3,140% | Seige A DLO A serene 5,550 
7. Maximum gross tons trailing on 2.0 per cent gradef............. 15000 sos 2,280) Syaccies 2,850 
8. Hauling efficiency on 1.0 per cent grade, gross tons trailed per Dis siete DAB te ig LOR TE 


ton of locomotive (line 6/line 1); index, steam = 100 


9. Hauling efficiency on 2.0 per cent grade, gross tons trailed per 


ton of locomotive (line 7/line 1).............0000- 
Index; steansy== 10.5. «eyelet ators ot oisietal spel ereoteleelers ; 


ABSA e Sadars 100 ete 16OS een Se 
Oooh wens oo tod Pe Pee BAG CRY hea ae 5.51 
BAG Grane ori. 100% eee 170 RR reer oD 


* From Tables II, III, and IV. 
** From Figure 3. 
+ From Figure 4 and Table V. 


sistent variable into the equation of total 
tractive resistance. Western railroads 
have found it better to plan their vertical 
and horizontal alignments so that, over a 
given section, the summation of the com- 
ponents of grade and curve resistance 
will be constant. Practically this is done 
by fixing a uniform average gradient of 
say 2.2 per cent for a section of track and 
then reducing this grade around all curves 
by an amount which for most trains 
nearly will balance the extra resistance 
imposed by the curve. If curve resistance 
is taken at 0.7 pound per ton per degree, 
since grade resistance per ton per 
cent is equal to 20 pounds, the equivalent 
grade reduction on a 6.0-degree curve 


0.7 X6.0 


would be —={) mi, 


The greatest advantage of employing 
compensated gradients is in safer, steadier 
operation, but it offers a further ad- 
vantage to railroad students. They can 
forget all about curve resistance in their 
calculations—it has been “compensated,” 
and the net resistance caused by both 
grade and curve is as though it were all 
concentrated in the grade. One further 
thing needs to be noted regarding com- 


pensated grades and that is their direc- 


tional limitations. The grade can be com- 
pensated in one direction only. It is the 
practice to compensate the grade for up- 
grade movement. It necessarily follows 
that on down-grade movements there will 
be some slowing effect on curves because 
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will be roughly proportional to the mag- 
nitude of the force and inversely propor- 
tional to the mass, F=ma. 

In railroading the forces resisting accel- 
eration are not computed easily. It is 
usually the practice to add all other re- 
sistances together and subtract their sum 
from the total tractive effort available at 
any given speed (it is different for each 
speed), and the remainder is the force 
available for acceleration. Thus by an 
integration process the time-distance 
relationships involved in acceleration are 
calculable. 


Minimum AND Maximum SPEEDS— 
GEARING 


Electric-traction-motor locomotives re- 
quire two speed limitations in connection 
with their ratings—a maximum and a 
minimum. The upper limit is absolute 
and is fixed by the banding of traction 
motor armatures. The lower limit is 
not absolute but depends upon the load 
being drawn. The series motors com- 
monly used for traction purposes have the 
characteristic of increasing torque as 
speed drops. But as speed drops, arma- 
ture current and consequently tempera- 
ture rises. When series motors are turn- 
ing out their continuous horsepower rating 
there is a certain minimum speed that 
must not be violated. When speed falls 
to the critical value and excéssive amper- 
age beings to flow, the unit is overloaded 
and there is no alternative but to unload 


AIEE TRANSACTIONS 


wk isp ial 


chin Annecy 


a 


the motors by reducing the trailing ton- 


nage. Obviously, a railroad ordinarily 


does not dispatch trains on an experi- 
mental basis figuring that when they 
have stalled because of overloading they 
will set out excess tonnage and continue 
their runs. Each class of locomotive is 
rated; that is, it is assigned a maximum 
number of trailing tons that it will be 
permitted to depart with from a given 
terminal. 


LOCOMOTIVE RATINGS 


The rated tonnage of a locomotive is 
the maximum trailing load it can handle 
over its district. It is not based upon 
ideal conditions of weather, rail, or fuel, 
but upon average everyday experience 
with some allowance perhaps for even 
worse circumstances. Locomotive rat- 
ings are not equal over all districts of a 
railroad, but vary with what is known as 
the ruling grade of the particular district. 
The ruling grade is the maximum grade 
against which movement must be made 
save in rather exceptional cases where 
maximum grades are of such short dura- 
tion and so located that momentum may 
be relied upon to assist trains over them. 
In this case the ruling grade will be the 
next heaviest grade. On all parts of a dis- 
trict having less than the ruling gradient 


Table VII. 


a locomotive will be able to do either or 
some of both of two things. 


1. Pull faster the same number of trailing 
tons it is rated for on the ruling grade. 


2. Pull an increased number of tons at the 
same speed as on the ruling grade. 


A railroad generally likes to load a train 
with respect to available motive power so 
that a reasonable mileage may be run 
without changing the loading. In gen- 


Table VIII. 


eral then the tendency will be to use the 
remaining power potential of a locomotive 
operating on less than the ruling grade in 
the production of more speed rather than 
in trying to add trailing tons. It is also 
clear that for this reason the determin- 
ation of how much territory to include 
in a given locomotive district is very im- 
portant. Ifa district is so chosen that the 
ruling grade, though heavy, is of short 
duration, and the remainder of the profile 


Fuel and Energy Requirements and Equivalents 


<= 


Freight Passenger Total 

Steam operations 

Poutds-of coal per train... oy e% isd ceelcve oe 109,440 ~ w..:. 78,900 

Number ofiitrains per day....)....205 «cs os cc Le ee 6 Ol aes 17.4 

Poundsroficoalipemasy. winctatidce oh coe ei 124756169 eae A A OO) Mews elans: ees 1,721,016 

Pounds‘of.coal' per yeat...c.... send rcenen A55:319)540) meee L727 91 O00 us saya 628,170,840 

Nons-of/coallipersy carssus: 6 sls cos eiaineve ee are 227690 Ae wate S639 be. tee ce 314,085 
Diesel operations 

Gallons Diesel oil per train................ 2A 7G. Sites asks 1,542.0 

Number of trains per day................. 7 SOA Sharieee 6:0 asec 13.5 

Gallons of Diesel oil per day..........<.... IS§ST OHO Wes cree 95252)\0'aee erin 27 828.0 

Gallons of Diesel oil per year.............. 637.8024 Ole cet SSTGi980) weit 10,157,220 
Electric operations* 

Purchased kilowatt hours pertrain.......... SL 970s wee sere 20,720 

Namberiohitrains peridaycaasienser aoe es are ae GON reise G30 ee 12.0 

Purchased kilowatt hours per day.......... S1E820 eres: 1245320 eetetsr eis 436,140 

Purchased kilowatt hours per year.......... 113,814 SOOM eee airs 45,376,800) ~ ciepaysiwe 159,191,100 
Fuel and energy equivalents 

Pounds of coal per kilowatt hour........... AS OO eter SLSIe ota 3.95 

Pounds of coal per gallon of Diesel oil...... Ciel rere. Bll 7 sceie 61.84 

Kilowatt hours per gallon of Diesel oil...... 1G ATO 13,44 15.67 


* All electric energy is measured at the low side of the 3-phase 60-cycle transformers supplying the frequency 


changer stations. 


Time Table Comparing Maximum Performances of Steam, Diesel, and Electric Locomotives With Tonnage Freight Trains and First- 


Class Passenger Trains Over a Hypothetical 400-Mile District of Mountain Railroad* 


Freight Trains 


First Class Passenger Trains 


Steam Diesel Electric Steam Diesel Electric 
Locomotives Locomotives Locomotives Locomotives Locomotives Locomotives 
1,500 Gross Tons 2,280 Gross Tons 2,850 Gross Tons 1,200 Gross Tons 1,200 Gross Tons 1,200 Gross Tons 
Trailing Trailing Trailing Trailing Trailing Trailing 
Average Mile- Time, Time, Time, Time, Time, Time, 
Com- age Hours Average Hours Average Hours Average Hours Average Hours Average Hours Average 
Mile- pensated Inter- and Speed, and Speed, and Speed, and Speed, and Speed, and Speed, 
post Station Grade val Minutes Mph Minutes Mph Minutes Mph Minutes Mph Minutes Mph Minutes Mph 
QEOMAES ASC wWOOd seis cise -teeresciers. x6 eis. atans OZ00 erase eee tiene OLOO ne mreeucsentae ie LUA VStar eoracc ire OLOO Serene vee caer 02007 a5 en cter err 0:00 
See OOK P4070 se ete p iene aro LESAVE eacrinao tes 682055 anche ee ack (SPURS hs Sihanesesin cic iD JOR aaa Bis One berke corne : .75.0 
HAQHOM Garnet: tyrrcroicpaleers oss okies ort watelee PSA nie meme Ds OG miter tate eens DOG Mera ols, crere eae LSA se Meruee ites LS 544 ee Ale isiselonets 1:54 
+1.0 BONO Cen sree. TsG BS Dist neotlodioiotion. © 30), OF ateniass SOROS, sreauraredsrne ene BA WOE Fal daches taleterte 465.0), Siewe Sateusne 3 .53.0 
AOE O Sy es COI secencechtaterc aera avera ee oh akeeto'e PRU oa tt pd BAOGn cere arcs oe SIE Dro SOS See He St Ores erepveten exe ore QSSGi te ct tecistettermenohs 2:30 
+1.5 OH) Wg SA a ord eA te DEO aden Raine ee QS vintamiech<icaaeaetins ose PAU DAR ARI Caer oUt CHI Oaa on dnanine tae SSLOe eee atlases 41.0 
DOUG aye MLCRCER erste oss crosetS 60m janie, Sie os oye BESO cee ee eee A's OG Rs rater hatter BOOM ee ance EAS hehe aioe Bi bens sso oct 3:00 
+2.0 BOs oe ae eters LT ORFS ata ercistets Vie Ocak ee eine eet ATOR tetas aoe QS Ow atresia etree QE tO ok weesiers = ate tar 33.0 
PASM (EVs cisitb er 21) Bet Gs aot Me Re Ne RRA OA A OGG en cee A Gir. vce ses Teeter Le eres Di SO weeraricetd ecm sree: Ot SOEE ects eo eee ae 3:18 
= DEO ae eS sO ssc Gyete ctarenorn PN IROL Aen irae ates aes QSOs Revere st DL Distace aheiere secession. 28:0. SPrerecee ear 28:50. tine oe eee 28.0 
PENS BYE pd Bg ey Cite cc SiR MORN URE ee ADA NN ie vk omiciaasit de BOO) Bean wee sh eres SOO atone ate arses sae ate: ie ote pec tac SEAR IM mer thausyetevele es 3:36 
at eeanee Le n5omOom mere BO Minar actirctccneer es DO eters cca Seine ares SO aateatnoctes somes GLO Gee reletcee aioe CUM ma omoptaSdh op 36.0 
SO KOR LITICY uel ereiete seis chien ele Mi aite Claes 5 OG sertor rset eae hy 98 A ctoeeo Aree DADA mites ASSO toe nisstecerae DA) Rec OG 4:12 
rip) eee geo OO sorter iere snccedhte.3 AS ODL Rest hie exer RE eae Bn eee AS Ohi ata sens Acar cok BOAO varersveretoserslererey SOOR ee slabaetenaee 50.0 
260. Oem VW CLNOM sacle eis s pean a DrASoersivee.ceaieceee Bia cones. Saye ne he (BRAY ON 6 Seat a. aie oaers BT OG screens ecoretets aie BOO karate css ce eeclezelelers 4:48 
OROMe AAO LO Does. sree hates TBO Marker arcteverteiarscs CS Oliee ce at ass GSHO sae ciety ororertetcre MAD SO secotMectia sears soko 7 Sid Oeanststecorecotecesceeee 75.0 
AOOL OR Wi AtertOwal coberens cfs toreusca.c0- Suess ois. MEAL rather cvsconc Os ereios S80 evensyetactio sores BAS Oi ieieevclense akere eles (ih Uno a Aotrorsnitee OBE ose cette arora ehelorsie 6:42 
Average speed over district... ....5..c0ccecseccees ay Pe Pe Pak align, Hee “Ufa ly. 2c homme eee Ye Le eee Pacw tears Bliedersiveleelevcatestecre Ona docks oo 59.7 
EGG ANA TGR roe ae corset ee operate wlaratsicisie aun ets sie SUZ SF Bere orcs TOD eB ose eereate alone WN 3AG 38 sa.cis Sues os GOS vatnctaye en neaees BLORSH trench aac 686.8 
Fuel and energy requirements 
CoalM poundsictic nerveyo.c Meieae ents terre wredcn st OGRA ey sein be, Micrsouanic cra enet store e Mane rant cath ale iene Sor oO Ee alo Sala loretnces 78,900 
Miesettoil® gallons ones ery. canes aioe, ler ioe wren Satan a hee ieenerreate PAE YAN ed ss 5 CCU A Eee oe ORE ey OCA DEED RE See A eas 1,542.0 
KO WACLAHOULS yea berteteial fe eee cieret eles a scene yaiers eluransde Mol arclele Bitere cl yiteseneseno ste EMO TAU SA aco Om arene Gas 8 AOR CAS UG RE EE REI SDD REDON has 20,720 
Fuel and energy ratios 
Coaliper KGTAEL, pounds. 0.0. 550 cas sue se Sree ay ee or lees eGo Stay css ds. a hahe atts, Saco. ol larb-ere 114 
Dreselloil persMG ia, gallons) ine’ os ole elec sible cos oie 01s e (6.0.95) oie ella OTRO A TAP ics ORCL CREO TO RRC ERC Or sree arora re 2.30 
Kilowatt hours per KGTML........... Bio St GOO Ot 6 A MORRO e a eer acas Shoes Oe Oabe egonea oS Ae bi cteheyaetaicl st ae Sauer) erttorels Dern geaiararnes 30.2 
* Westbound movements only are shown, but since the profile is symmetrical, the eastbound movements are identical. 
*k KGTML =thousands of gross ton miles including locomotives. 
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EASTBOUND S WEST BOUND Figure 6 (below). 

so Substation load 
Zz ' = 20% x a charts for typical 
1.5% GRADE pes ae ae % GRADE 8 Haxiun aa 
Gane te Se = electrified operation 
= 1% GRADE oe = ee g shown in Figure 5 
= > 2 
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100 


It bears the closest resemblance to mul- 
tiple unit control available where elec- 
tric motors are not used for traction pur- 
poses. With a driving wheel diameter of 
69 inches a reasonable compromise is had 
between the objectives of high tractive 


6MIN BAS! 


50HI|6 MIN | BASIS 


57000 K 


70} DAILY LOAD 18172. 
FACTOR § 57000" 


PEAK DEMAND ——— ——__+_ TOTAL NET ENERGY 
POWER SUPPLIER 


KILOWAT T HOURS 


=31.9% _TOTAL MOTORING ENERGY _ 440940 
TOTAL REGENERATIVE ENERGY: 7008 


“ENERGY RETURNED TO THE =(.1% 


“436140 


AVERAGE LOAD __ 


10 


O 


ELECTRIG OPERATION 


(TYPICAL DAY) 


REGENERATING KILOWATTS MOTORING IN THOUSANDS 
: pe) S aS 


—— FI MEIGIN 
--- PASSENGER 


TRAIN SHEET FOR 400 MILE 


DISTRICT OF MOUNTAIN 


is relatively easy as to gradient but is not 
high speed track, then the efficiency of 
motive power utilization will be reduced 
considerably. The trailing tons will be 
less than could be handled over most of 
the district aside from the small section 
embracing the ruling grade and the speed 
will not be increased sufficiently to use up 
the power potential of the locomotive. 
The working load factor of the locomotive 
will be low suggesting inefficient utiliza- 
tion. 


HELPER DISTRICT 


It is this general situation which gives 
rise to what are known as “‘helper’’ dis- 
tricts. The theory is to load a locomotive 
for some gradient less than the ruling 
grade, thus permitting it to take an in- 
creased number of trailing tons. When 
the ruling grade section is reached a 
“helper” locomotive is added which is 
capable of supplying sufficient additional 
drawbarpull to negotiate the hill. A 
helper district is nothing more than an ex- 
pedient to avoid the necessity of breaking 
trains into smaller units for negotiation of 
short sections of profile. It is usually 
cheaper to run one train than two since al- 
though an additional engine crew may be 
required there is no, or at least a very 
minor, increase in train crew and other 
operating costs. Notwithstanding these 
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favorable aspects, helper districts are nui- 
sances and are resorted to only where they 
cannot be avoided. 


Motive Power Chosen 
for Comparison 


Characteristic curves and basic per- 
formance data used in these comparisons 
were assembled from a number of sources 
and ate believed to be factual and fair. 
For obvious reasons exact identification 
of the locomotives used has been with- 
held. 


STEAM LOCOMOTIVE 


Table II is a brief description of the 
steam locomotive selected for this com- 
parison. Known in motive power circles 
by its wheel arrangement as a 4-6-6-4 it 
is’ of the single expansion articulated 
type. It is a 4-cylinder engine, in reality 
two separate engines served by one boiler 
and under the control of one engine crew. 
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effort demanded in freight service and 
high maximum speeds requisite to pas- 
senger operations. The top speed of the 
engine should be about 75.0 miles per 
hour and it appears to be about as satis- 
factory a universal passenger-freight type 
as is available for use in this part of the 
country. 


DIESEL LOCOMOTIVE 


There are at least four manufacturers 
building so-called — 6,000-horsepower 
Diesel-electric locomotives at the present 
time. The one chosen here is of the 4-cab 
type with each cab having a B-B wheel 
arrangement. Table III lists the prin- 
cipal facts regarding its weight, size, 
and so forth. The gearing was selected 
with the purpose of limiting its top speed 
to approximately match the top speed of 
the steam locomotive chosen or 75.0 miles 
per hour, This fixes the minimum speed 
under continuous output conditions at 
about 17.0 miles per hour. It should be 
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ee 


noted that if the steam locomotive chosen 
actually will not run this fast, the use of 
the 3.53 to 1.00 gearing chosen will pe- 
nalize the Diesel slightly. For example, if 
the top speed could be taken as 70.0 
miles per hour a ratio of about 3.81/1.00 
could be used which would permit the 
minimum speed under continuous out- 
put to be dropped back to 15.5 miles per 
hour. This might not seem important, 
but it actually would afford about a 10- 
per cent increase in the continuous trac- 
tive effort of the Diesel and an equal 


' augmentation of its hauling ability. The 


assumption therefore is that all of these 
locomotives will be able to attain top 
speeds of 75.0 miles per hour. Oil fired 


liver at least 15,000 kw to a point on the 
trolley system. If enough substations 
could be built there would be no particu- 
lar bar to delivering such an amount of 
power, but, as even the casual observer 
knows, railway power supply facilities 
cost a great deal and there are few oppor- 
tunities to be lavish with substations if 
over-all economics mean anything. 
Under the circumstances the use of a low 
voltage trolley system appears to be im- 
practical. To keep power supply facili- 
ties, including both the elements which 
normally are railroad-owned and those 
normally owned by the power supplier, at 
a minimum it seems essential to keep the 
trolley potential up to at least 12 kv. 


Table IX. Motive Power Availability and Utilization 


Steam Operation 


Diesel Operation Electric Operation 


Pas- 
Freight senger 


Total 


Pas- Pas- 


1. Road time required by one 

train Hourses aay. cashes ots MSY Kennet AL8) 
Number of trains per day. 11.4 .. 6.0 .. 17. 
Total road hours per day. .87.78. .42.00.. 


Assumed utilization of 

availability, percent ® 2 0.06 sciace cs cna anaes 
Total hours locomotives 

should be available for 


eo ET 


7 
8. Total potential locomotive 


OUTS ELLY Cara mec Ao ers st aoe che AG cielereeer? 131,400 


9. Derived availability factor, 
per cent (line 6/line 8)........... Sa suatalc Prac 


Freight senger Total Freight senger Total 
eek OBO ie Oc Ol actian teens Sn on) One 
7.5 6.0 13.5 .. 6.0 OO 55 Hew) 


129.78.. 63.75.. 41.40..105.15.. 51.00.. 40.20.. 91.20 
Total road hours per year. 32,040. .15,330.. 47,370. .23,269..15,111.. 38,380. .18,615. 14,673. 33,288 


30 Fas eu dodo DOagon GO Marsrsteus scsi waste Ruste" 50 
RO DAD Se OOO Oe ce HOV sce coamoboto soon ee nr 
Soro pins o Otic bic LL cy eae, ths later cv sie 9 
ro Shoaib Oooausaos 965360 Reema itsy Serer tei O40) 
Shon oarosta pc cies TOradeotecste, wer Soho ais Ces tetas Oa 


* This factor permits calculation on a uniform basis for all three classes of motive power, of the difference 
between actual time spent in trains on the road, and the total time the pool of locomotives is available for 


work assignments. 
repairs. 


steam generators have been included for 
passenger train heating purposes. 


ELECTRIC LOCOMOTIVE 


A somewhat more detailed explanation 
of the choice made in the case of the elec- 
tric locomotive seems appropriate. It is 
obvious that the selection of the electric 
locomotive also implies selection of the 
type of system to be employed. What 
kind of electricity will be placed on the 
catenary for the pantographs to pick up? 
It also should be obvious that it is en- 
tirely beyond the scope of the present 
paper to delve into the ramifications of a 
choice of system. The purpose here was 
to compare some electric locomotive 
with the best available steam and Diesel 
motive power under parallel operating 
conditions. Naturally, it was desired to 
select an electric locomotive equal to the 
competition. It would be pointless to 
pick one either physically or economically 
deficient. 

Regarding the choice of system, the 
primary criterion was the ability to de- 
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It accounts for all differential time except that required for running and classified 


From the immediate practical standpoint 
this definitely suggests the necessity of 
choosing a 12-kv 25-cycle trolley system. 

The choice of a frequency of 25 cycles 
requires explanation. There are many 
reasons why the frequency should be 


lower than 60 cycles, but few if any of 
them can be cited to justify the choice of 
25 cycles. The Swiss and Germans ap- 
pear to have made a wiser choice with 
their 16?/;-cycle equipment. American 
practice probably would be better had a 
simple 3/1 or 4/1 ratio to the basic 60 
cycles been established a long time ago. 
There are now too many precedents and 
too much installed equipment to be upset 
to suggest 15 or 20 cycles, and even a 
switch to 24 cycles, which would permit 
substantial improvements in frequency 
changers, appears difficult. Be this as it 
may, the necessity of lowering frequency 
from 60 cycles is virtually unchallenged. 
It is necessary because of at least two 
things. 


1. The excessive reactance of 60 cycles. 


2. The single phase unbalance that would 
be sustained by a power supplier attempting 
to feed 60 cycles to a railroad for direct ap- 
plication tothe trolley. Changing frequency 
permits the assembly of what otherwise 
would be single-phase low-power-factor 
loads into a 3-phase unity-power-factor load. 


With the choice of the trolley system 
fixed at 12 kv, 25 cycles, it is necessary to 
choose between two types of motive 
power. 


1. Locomotives using single phase a-c 
motors of the series commutator type for 
traction. 


2. Locomotives using d-c series motors for 
traction with d-c generators directly con- 
nected to synchronous motors supplied from 
the a-c trolley. 


Fortunately the choice between these 
two is comparatively easy in this part of 
the country. The a-c traction motor 
locomotive has certain characteristics 
that make it a relatively inferior per- 
former in a region where heavy gradients 
prevail and where freight forms a large 
part of total traffic. In such circum- 


Table X. Summaries of Train Crew and Locomotive Maintenance Expenses 


= ——= 


——=s 


Steam Diesel Electric 

Traffic statistics 

Number-offreightitrainsiperidays a. . eee nee 114 lisDene 6.0 

Hreightitrainimilesypenidayeaeeie sik. ieee iene 45,600 30,000 Z 24,000 

Ereighttrain mites-per-vean s+... 6) cae cn ete 1,664,000 - 1,095,000 ... 876,000 

Number of passenger trains per day...............e000 (HOE on GOs 6.0 

Passengeritraincmilesiper dayaern nese sae kc oe oe 24,000 24,000 24,000 

Passenger trainmiles pemyearsnersc. dss pce eet cen 876,000 876,000 .. 876,000 

Total locomotive miles per year (Line 3 plus line 6)....... 2,540,400 . 1,971,000 . 1,752,000 
Train crew costs per year* 

Freight train miles at $:80 per mile... .0......0...00.00005 $1,313,200 ...$ 876,000 ...$ 700,800 

Passenger train miles at $.33 per mile...............5.4. $ 289,080 ...$ 289,080 ...$ 289,080 

Total train crew costs.......... Winiaat whcsad else ane REL Soe $1,620,280 ...$1,165,080 ...$ 989,880 
Locomotive maintenance costs per year** 

Steam locomotive repairs at $.55 per locomotive mile. .... $1,397,220 

Diesel locomotive repairs at $.55 per locomotive mile..................0- $1,084,050 

Electric locomotive repairs at $.32 per locomotive mile...............ccceececcerereces $ 560,640 


* Assumed on basis of comparable wage rates prevailing in the Pacific Northwest. 
sist of engineman, fireman, conductor, and three brakemen. 


man, conductor, and two brakemen. 


Freight crews con- 
Passenger crews consist of engineman, fire- 


** Locomotive maintenance costs assumed on the basis of the best available experience that is believed 


credible. 
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stances the prime requirement of motive 
power is the ability to provide high trac- 
tive effort at relatively low speeds. This 
in turn means that the horsepower char- 
acteristic of a locomotive must be such 
that full horsepower is available in the 
speed range where it can be used effec- 
tively. Figure 2, which follows recent 
analyses of F. E. Wynne of the Westing- 
house Electric Corporation, illustrates 
the nature of the horsepower character- 
istics of the motor-generator and a-c com- 
mutator type locomotives.‘ 

It should be noted that full horsepower 
is available in the case of the motor- 
generator locomotive in the range from 
22 to 80 per cent of full speed, whereas in 
the case of the a-c commutator locomotive 
the full horsepower range extends from 


56 to 100. per cent of full speed. At 22 
per cent of full speed the a-c commutator 
machine achieves only about 40 per cent 
of its full horsepower. Since the trac- 
tive effort of a locomotive at a particular 
speed varies directly with its rail horse- 
power, it is evident that at 22 per cent of 
full speed a motor-generator locomotive 
would have 2.5 times the tractive effort of 
an a-c commutator locomotive of equal 
nominal horsepower. Such a deficiency 
in tractive effort means a corresponding 
decrease in the number of trailing tons 
which the locomotive could be loaded 
with for operation over the ruling grade. 
So long as the major premise of the desir- 
ability of the relatively low speed oper- 
ation of freight trains in a region such as 
the Pacific Northwest is granted, it is 


Table XI. Assumed Capital Cost of Facilities Affected by Type of Motive Power 


400-Route-Mile District of Mountain Railroad 


Affected Items 


Steam Diesel Electric 


Electrification fixed properties 
480 track miles of trolley and single phase transmis- 


SOM CONSEMUCTIONs aiaciersis tenet vias ar eek ei ouarweaieenle 


Frequency changer apparatus and trackside sub- 


SOEAT ay a ay en RR RAL Ea, Ae PES. ee ar eee A 


Communications and signal changes and other con- 


EIGER CIES Hay hota. oko tteley orate ete vonaier spor etotpons tah gee 


Total fixed properties (electrification)............. 


Motive power 


15 (4-6-6-4) steam locomotives at $250,000 each... 


11 Diesels at $600,000 (61,400 continuous rail horse- 


power at $107.49 per horsepower)..........-.-- 


9 motor-generator electric locomotives at $525,000 
each (61,200 continuous rail horsepower at $77.21 


PCTAMOLSePI OW CL) laetiects a eyselsen oh eusvanate Pact ieee teetare, she 


Total affected: capital COSTS << <)sisicrsie es. eiiece.* alale esses 


Incremental investment over that required for steam 


OPEKAliONs woe rdctes sic Sto wie, s evens Haka aansl et stacslehe Iniiebye) Ses 


$ 5,760,000 


590,000 


$10,000,000 


4,725,000 


...-$3,750,000...... $6,600,000....... $14,725,000 


PN OOOO ert ae $2,850,000. .... . $10,975,000 


Table XII. Assumed Annual Operating Executes of Facilities Affected by Type of Motive 
Power 


400-Mile District of Mountain Railroad—Case 1 


———- = 


Affected Accounts Steam Diesel Electric 
Operating expenses 
Maintenance of way and structures, electrification fixed 
PLOPELELES aoe loseteso ec ane Ss lala (ere. o.< We) a) nels aoe» (4 des o he conske hess) shes ihe pastas nas seenest sia tel ecatcral yi $125,000 
Maintenance of equipment, locomotive repairs*............. $1,397,220... .$1,084,050.... 560,640 
Transportation rail lines, train crew expenses*.............-+ 1,620,280.... 1,165,080.... 989,880 
Fixed charges 
Depreciation 
Electrification fixed properties, 331/3-year life—3.0 per 
(oar Se a SIR cls. cola SET Etter Sr OD TAO OID Os GO Pant cinerea SCA mee S 300,000 
Steam locomotive, 25-year life—4.0 per cent............ 150,000 
Diesel locomotive, 162/3-year life—6.0 per cent............--.--eee-ee 396,000 E 
Electric locomotive, 20-year life—5.0 per cent... . 2202-56. sccm e teres eee eee eens 236,250 
Interest, total affected investment—5.0 per cent............... 187,500 330,000 736,250 
Total affected expenses except for fuel and energy............. $3,355,000... .$2,975,130.. . .$2,948,020 
Fuel and energy expenses** 
314,085 tons of coal at $2.00 per ton... 0.2. te ees ee 628,170 
10,157,220 gallons of Diesel oil at 6.0 cents per gallon plus 
20.0 per cent for engine lubricating oil... . 206i eee ee ee lee wens ss 731,320 
159,191,100 kilowatt-hours at 4.0 mills per kilowatt hour.............02- eee eee eee eee 636,764 
Total-aflected expenses saaela cae ore alelepe raters sete ley ells olk sie) = oie ole neleauereaane $3,983,170... .$3,706,450. .. . $3,584,784 
Annual savings over steam operation............0.50.0.ueus oh hen sec $ 276,720....$ 398,386 


* From Table X. 
** Quantities from Table VIII. 
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3,650,000 ~ 


hard to see that any choice other than the 
motor-generator locomotive is warranted. 
There are compelling reasons for the sup- 
plier of power to prefer the motor-gener- 
ator locomotive, but it is believed un- 
necessary to labor this point when there 
appears to be no logical reason for a rail- 
road to have a contrary preference. 

Table IV includes the principal dimen- 
sions of the motor-generator type electric 
locomotive selected. The important 
points to be noted are 


1. The complete motorization of all weight. 


2. The gearing of 3.75/1.00 which on 42- 
inch wheels gives about the same maximum 
and continuous speeds as the Diesel, that is, 
75.0 and 17.0 miles per hour respectively. 
3. The provision of oil fired train heating 
equipment. 


Horsepower and 
Tractive Effort Comparisons 


Figure 3 is the starting point for analy- 
ses. Included are characteristic rail 
horsepower and tractive effort curves. 
Attention is called to the point at which 
substantially full horsepower. becomes 
available in the different locomotives. 
It will be noted that in the case of both 
the Diesel and the electric locomotives 
this occurs at about 17 miles per hour but 
is not reached until 30 miles per hour in 
the case of the steam. At first this may 
not seem a serious defect in the makeup 
of the steam locomotive, but it probably 
will become gradually apparent that it is 
organic. Even if there were some assured 
means of shifting the characteristic so 
that full horsepower were to be available 
earlier, it probably would be found that 
the adhesion would not be sufficient to 
permit full utilization of the additional 
tractive effort. As it is the steam loco- 
motive chosen for comparison is credited 
with about 90,000 pounds tractive effort 
at 17.0 miles per hour. Since the weight on 
drivers is but 404,000 pounds this would 
be equivalent to a working adhesion of 
22.2 per cent, and it scarcely can be pre- 
sumed that anything more would be possi- 
ble even with clean dry rail and liberal 
sanding. 


Hauling Efficiency of Locomotives 


Probably the most important single 
criterion for judging these locomotives is: 
their ratings in terms of the trailing loads 
each of them could handle on various 
ruling grades. These ratings have to be 
based upon assumed average conditions 
of tractive resistance, and accordingly the 
Davis formula for 45-ton 4-axle freight 


cars has been used. Drawbar pulls for 
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various grades were computed and load- 


ing curves prepared. Space permits the 
inclusion in Figure 4 of curves for the 1.0- 
and 2.0-per-cent grades only. The curves 
show gross tons trailing versus speed 
where the trailing load is composed of 
45-ton 4-axle freight cars, but can be 
taken as applicable to other trailing loads 
averaging similar tractive resistance. 
Table V contains a summary of freight 
and passenger loadings and speeds for 
different grades. Table VI contains a 
summary of the more important data that 
facilitate appraisal of the physical perfor- 
mance of these locomotives. With a 
weight efficiency of 260 pounds per con- 
tinuous rail horsepower at 17.0 miles per 
hour the steam locomotive is 71 per cent 
heavier than the electric locomotive which 
weighs but 152 pounds per continuous 
rail horsepower. In the length efficiency 
comparisons the Diesel locomotive shows 
to less advantage requiring 59 per cent 
more length of cab per 1,000 continuous 
rail horsepower. 

It is the hauling efficiency comparisons 
that are the epitome of most of the 
observations that can be made of the 
physical abilities of these locomotives. 
It should give pause for thought that on a 
2.0-per-cent grade the steam locomotive 
will haul only 2.82 tons for each one ton 
of its own weight. It is seen that the 
Diesel locomotive will handle 4.78 tons 
and the electric 5.51 tons per each ton of 
their respective weights. In addition to 
the inefficiency included in this compari- 
son, steam locomotives spend sizeable 


_ portions of their useful lives engaged in 


the nonrevenue task of hauling their own 
fuel back and forth to various fueling 
stations. If this were measured easily it 
would impair still further the hauling 
comparisons with electric motive power 
which requires no allowance for such non- 
revenue trailing loads. 


Economic Generalizations 
Hazardous 


As stated earlier economic comparisons 
are difficult. Extreme variations in the 
physical conditions encountered make 
generalizations risky. Each railroad pre- 
sents a somewhat different situation and 
often different divisions of the same rail- 


_ road pose completely different operating 
_ problems. 


Actual case studies of the 
economics of motive power utilization re- 
quire time and money and must be ap- 
plied to specific sections of railroad. In 
view of space requirements, it is obviously 
impossible to analyze adequately eco- 
nomic factors surrounding the use of the 
locomotives described in the previous 
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Table XIII. Effect of Changes in Price of Fuel and Energy Upon Annual Expenses Shown in 
Table XII 


ee 


Total affected expenses except for fuel and energy 
Case 2 


Case 3 
314,085 tons of coal at $2.00 per ton 


10,157,220 gallons of Diesel oil at 7.42 cents per gallon, plus 


20.0 per cent for engine lubricating oil 


Case 4 
314,085 tons coal at $2.50 per ton 


10,157,220 gallons of Diesel oil at 9.00 cents per gallon, plus 


20.0 per cent for engine lubricating oil 


Steam Diesel Electric 
acttSRSRALD stars rcs $3,355,000... . $2,975,130... . $2,948,020 
Shales -soocvints ie 628,170 
AR ott eee ci. ARI 853,206 

Sie igluah ald wisVeiel lteare aieieck wha chononete faretemr nea 636,764 
Se are ty NOUN $3,983,170... .$3,828,336....$3,584,784 
Riss alialiatslatetersvsistatehten semesters $ 154,834....$ 398,386 
Shs co ON alrerane “ai 628,170 
Pvatunstien elie, ieesuatert aR kaa 904,399 

dane te Meee AGT SL DNE pie Calle, Suriledplacende pnetes ats 636,764 
Tigh <1o¥e ante Menc $3,983,170... .$3,879,529....$3,584,784 
ara fee yerensinoaylavane, alttersPehee suet cs $ 103,641....$ 398,386 
wr 785,162 
PS OAEG DOO ON ae OMT D 1,096,980 

mitts, sielerece a tease peer Alpe Santee a) eras 636,764 
ean N Ae oer ee $4,140,162... .$4,072,110... .$3, 584,784 


NGEIE Ol OIOATS Vo. OIE eT eI $ 68,052....$ 555,378 


sections. It seems worthwhile to present 
some comparison however inadequate and 
hypothetical it may be in order to indi- 
cate the nature and general magnitude of 
the factors that affect the economics of 
motive power utilization at the present 
time and to suggest how changes in these 
factors could affect future comparisons. 


Hypothetical Operating Section 


The method employed here had to be 
hypothetical and greatly oversimplified. 


A theoretical 400-mile operating district 


of a mountain railroad was devised. To 
save time a greatly simplified and sym- 
metrical profile was assumed with all 
gradients combined into four classes— 
0.0, 1.0, 1.5, and 2.0 per cent. Contrary 
to actuality, grades were assumed to be 
compensated equally in both directions. 
A sketch of the profile appears in Figure 
5. 

A uniform daily traffic was assumed as 
follows: 


1. Freight, 8,550 gross tons trailing in each 
direction. 


2. Passenger, 3,600 gross tons trailing in 
each direction. 


This traffic was assumed to be handled at 
maximum performance by each kind of 
locomotive. No allowances were made 
for acceleration time, station stops, meets 
with other trains, in short no delays of 
any kind; just maximum performance 
from terminal to terminal was assumed. 
Also no helper service’ was assumed. 
Each locomotive takes its rated tonnage 
(fixed by the 2.0-per-cent grade) and 
uses up any excess horsepower available 
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on the lesser grades in additional speed. 

Table VII is a time table illustrating 
maximum performance of freight and 
passenger trains. A rather curious fact. 
revealed here is that the tractive effort 
characteristics of the steam locomotive 
are such that when it is loaded to its maxi- 
mum rated tonnage for the 2.0-per-cent 
or ruling grade it can run faster with that. 
load on any lesser grade than the Diesel 
or electric locomotives can run with their 
rated tonnages. Care must be exercised 
in interpreting this fact. It does not. 
mean that the steam engine can run 
faster with the same trailing load. This. 
is revealed clearly in the average speeds. 
attained by the passenger trains. It does. 
mean that the steam locomotive in freight 
service can trail 1,500 gross tons over 
these 400 miles at an average speed of 
51.9 miles per hour, whereas the Diesel. 
and electric locomotives are able to handle 
their rated tonnages at but 47.1 miles per 
hour. The trailing loads handled by the 
Diesel and electric locomotives, however, 
are 2,280 and 2,850 tons respectively. 
Tables VIII, IX, and X are included to. 
summarize essential data necessary in the 
calculation of operating expenses. 

The principal comment that is re- 
quired here relates to the rather remark- 
able savings in maintenance that are evi- 
dent in the case of the electric locomotive. 
It seems to be true that on an equated 
rail horsepower-—mileage basis, an electric 
locomotive of the type selected here can. 
be maintained for from 40 to 50 per cent 
of the corresponding cost of a Diesel of 
the type selected. This can be explained 
quite well on the basis of the work neces- 
sary. The electrical and running gear 
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maintenance of the two will be nearly 
identical. Maintenance of the Diesel 
engine accounts for the chief difference. 
It can be seen that the difference in crew 
costs is purely a function of the relative 
hauling ability of the three types. Use of 
electric locomotives reduces the number 
of train miles that have to be run to a 
minimum that is nearly half that required 
by steam locomotives, and only about 80 
per cent of that necessary for Diesel loco- 
motives. 


Capital and 
Operating Costs Compared 


Table XI shows the assumed capital 
cost of those facilities which are affected 


s 
RETURN \ 


COAL AT $2.50 PER TON | 


oe 
7 ON ELECTRIFICATION 
COAL AT $200 PER TON 


INCREMENTAL INVESTMENT 
OVER STEAM 


DIESEL OPERATION - $2,850,000 
ELECTRIC OPERATION - $10,975,000 


RATE OF RETURN ON INCREMENTAL INVESTMENT IN PERCENT 
RATE OF RETURN ON INCREMENTAL INVESTMENT IN PERCENT 


6 7 8 9 iO 
PRICE OF DIESEL OIL IN CENTS PER GALLON 
Figure 7. Effect of changes in the price of 
Diesel oil and coal upon the rate of return 
from incremental investments made for dieseli- 
zation and electrification 


by the type of motive power. Obviously 
these are not the entire capital costs of 
building such a section of railroad, but 
only the costs of the items which would 
vary with the different types of motive 
power. Considerable simplification will 
be noted in these assumed data. Invest- 
ments other than for motive power have 
been eliminated from the steam and 
Diesel figures. Fixed properties there- 
fore appear only in the case of the electric. 
This is not actually true, but it is an as- 
sumption that works no particular hard- 
ship on the steam and Diesel locomotives. 
The prices that have been assumed like 
all prices in troubled times are subject to 
uncertainties, but the comparison be- 
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tween types of locomotives is believed 
to be realistic and fair. 

The affected operating expenses as of 
the present time are presented in Table 
XII. Here, as in the case of the capital 
costs, there is room for differences of 
opinion. The objective has been to use 
the best data and experience available 
that seemed to be free from bias. Table 
XII reveals that on the basis of present 
prices annual savings of $276,720 are 
possible where Diesels are substituted 
for steam locomotives at an incremental 
cost of $2,850,000 and annual savings of 
$398,396 are possible by electrification at 
an incremental cost of $10,975,000. 
With the 5.0-per-cent interest previously 
charged this is equivalent to returns of 
14.7 and 8.6 per cent respectively on the 
incremental investments made for diesel- 
ization and electrification respectively. 
If this were all that could be said for the 
two alternatives it would appear that a 
case had been made for dieselization, for 
on this basis about a 6.0-per-cent greater 
return could be earned on money spent 
for modernization. 


Effect of Diesel Oil Price Changes 


That this would be a dangerous con- 
clusion to reach hurriedly is evident upon 
examination of Table XIII where an at- 
tempt has been made to show how the 
annual savings of the different plans of 
operation are affected by changes in the 
price of Diesel oil and coal. For example, 
note that in case 3 where the price of 
Diesel oil has been assumed at 7.42 cents 
per gallon, an increase of not quite 25 per 
cent, the annual savings on Diesel oper- 
ation are reduced to $103,641. This re- 
duces the return on the incremental in- 
vestment in dieselization to 8.6 per cent, 
exactly equal to that obtainable from 
electrification. Whether it should be 
assumed that Diesel oil will increase in 
price without assuming a corresponding 
increase in the price of coal can be de- 
bated. There are nearly as many opin- 
ions available on the future price of both 
commodities as there are authorities to be 
quoted. There does seem to be some evi- 
dence to suggest that the long term price 
trends of the two are different. The 
supply of coal though limited is fairly 
well known, while the supply of oil is both 
limited and unknown. It can be argued 
that both commodities are likely to in- 
crease in price with respect to their pres- 
ent bases but that the factor of increasing 
demand is more likely to produce a dis- 
proportionate increase in the case of 
Diesel oil. Demands for Diesel oil and 
all other petroleum products are increas- 
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ing by leaps and bounds while the bi- 
tuminous coal industry is organizing to 
combat what they view as the possibility 
of gradually decreasing demands. 


Electrification Offers 
Hedge Against Inflation 


Figure 7 has been prepared to indicate 
the effect of price changes in both Diesel 
oil and coal upon the relative economy of 
dieselization and electrification. It is 
believed that a substantial case for elec- 
trification can be inferred from the re- 
lationships shown. The reasoning prob- 
ably would be as follows: 


1. The present attractiveness of Diesel- 
electric locomotives as replacements for 
steam locomotives has both a physical and 
an economic foundation. 


2. Physically, the electric locomotive has 
no equal—there is nothing the Diesel 
locomotive can do to outclass the steam 
locomotive that the electric unit cannot 
improve upon. 


3. Measured economically, dieselization 
has considerable present margin over steam. 


4. Measured economically, electrification 
also offers a margin over steam although the 
returns on incremental investments are not 
so large as offered by the Diesel on the basis 
of present prices. 


5. The crux of the contest between dieseli- 
zation and electrification lies in the question 
of which of the two is more likely to main- 
tain or increase its present margin over 
steam, and this depends almost entirely upon 
the future price of respective energy sources. 


6. The price of electric energy over the next 
decade or two may not decrease markedly, 
but it is hardly likely to rise. This largely 
is based on the fact that the supply can and 
very probably will keep pace with the 
demand. 


7. There is no corresponding assurance of 
the maintenance of present prices for Diesel 
oil, and most authorities apparently antici- 
pate gradual increases. 


8. If the price of coal does not increase be- 
yond present levels (in the view of many a 
strictly possible result of decreasing de- 
mand), an increase in the price of Diesel oil 
of 25 per cent approximately would equalize 
the return from investments in electrifica- 
tion and dieselization. 


9. Should coal rise about 25 per cent in 
price a rise of 40 per cent in Diesel oil prices 
again would equalize dieselization and elec- 
trification. 


10. In view of the foregoing, electrification 
appears to offer railroad mangements the 
most likely hedge against inflation of operat- 
ing costs. By electrifying main lines and 
dieselizing yard operations, it appears feas- 
ible for them to achieve some assurance of 
reasonable costs during the next 20 years. 
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Specific Bneineenng Problems in Rural 


Electrification and Electroagriculture 


M. M. SAMUELS 


FELLOW AIEE 


DISTINCTION is made between 
“rural electrification” and ‘‘elec- 
troagriculture,” the former being the art 
and the business of bringing electric serv- 
ice to the rural area and to the individual 
consumer in that area, the latter being 
the art and the business of using electric 
power for farming. 

In both of these fields there are specific 
problems for the electrical engineer, some 
old, some new, some partly solved, others 
as yet unsolved, and still others which 
have not been definitely stated yet. 

There are collateral problems between 
the two fields. One of the problems is 
the case of industrial loads supplied from 
tural lines. Offhand it would seem that a 
sharp line of demarcation between indus- 
trial load on the farm and that in urban 
areas would be important only for the 
purpose of statistics and economics but 
not for engineering purposes. However, 
occasionally specific engineering problems 
arise in connection with industrial loads 
on the farm. Even though very few such 
specific problems have been crystallized 
as yet, indications are that many new 
ones will arise as the farm load grows. 
Therefore a few specific items will be 
referred to. 

While specific solved or partly solved 
problems in both fields will be presented, 
the main purpose is to point to problems 
yet to be solved, to others yet to be 
stated, and to stimulate and challenge 
the electrical engineer, particularly the 
young electrical engineer, to tackle them. 

The sum and substance of all engineer- 
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ing problems in both fields can be stated 
thus: continuity of service on the farm 
is more important than in the city. This 
applies both to the continuity of the 
power supply and the continuity of opera- 
tion of the individual piece of equip- 
ment. An outage of a few hours in the 
city may be a mere inconvenience. One 
can go to the movies, eat in a restaurant, 
or relax in the dark. But when a farmer 
uses electric milking, electric water pump- 
ing, or electric cooling or freezing equip- 
ment and the power is off for a few hours, 
he may experience a serious financial loss. 
This continuity of service however, must 
be rendered at a low cost. Furthermore, 
when-a computation in large power sys- 
tems is completed and the problem is 
known, the necessary diversity of circuit 
breakers, relays, regulators, and other 
devices generally can be selected from a 
catalog to solve the problem, or new re- 
lays can be designed. But in the case of 
the rural primary circuits, there is no 
such diversity; there is only the fuse, the 
circuit breaker with a series coil, and 
possibly a thermal tripping device. Thus 
the engineering problem of the rural cir- 
cuit is in some respects more difficult to 
solve than that of the 460,000-volt line. 


Shall a power system study the load 
requirements and provide a supply sys- 
tem to satisfy these loads, or shall it 
promote loads which will help build up 
the system? The answer is that it should 
do both and should not waste time dis- 
cussing the question of whether the 
chicken or the egg was first. For prac- 
tical purposes the load conditions will be 
discussed here first, followed by a discus- 
sion of power supply problems. What 
kind of specific loads are there on the 
farm? A list of possible uses of electrical 
service on the farm, prepared by J. P. 
Schaenzer, is presented in the appendix. 
It is no doubt incomplete, but it is suf- 
ficient to indicate the great diversity. 


It is evident that we are dealing here 
with a new industry, the electroagricul- 
ture industry. A new industry calls for 
new engineering treatment. Only a few 
years ago few items of electric equip- 
ment for specific use on the farm were 
manufactured for the market by quantity 
production methods. American manu- 
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facturers thought that there was no 
market for such items. Competent hard- 
working men in agricultural colleges de- 
veloped some fine designs, but there were 
no manufacturers willing to produce 
them. The best they could do was to 
send farmers the designs and specifica- 
tions for homemade equipment. How 
many farmers can read blue prints, par- 
ticularly when the drawings are not pre- 
pared by experienced draftsmen? How 
many farmers have the time for it? It 
became evident that if the American 
farm was to be electrified, it would have 
to be done by American manufacturers. 
But there was such a great diversity of 
ideas among agricultural experts and 
agricultural colleges that manufacturers 
hesitated to invest in tooling up for 
quantity production of any one design. 
It may be recorded that the American 
manufacturing industry finally did create 
this new industry during the war years, 
the most difficult imaginable time for such 
a creation. How did it come about? A 
few cases will serve best as a general 
demonstration. 

A few years ago, few manufacturers 
were on the market with combination 
quick-freeze and zero-storage units suit- 
able for the farm and at a price which the 
farmer could afford to pay. A brief 
survey was made among farmers. Based 
on this survey, a functional specification 
was prepared and distributed among 


manufacturers. Recently, several hun- 
dred manufacturers announced such 
models. 


Manufacturers found it difficult to 
embark upon quantity production of pig 
brooders because practically every state 
agricultural college had a different design. 
An investigation was made among agri- 
cultural colleges and full co-operation 
was furnished by many professors. A 
careful study of all the diversity of de- 
signs resulted in one basic design for a pig 
brooder which met practically all the re- 
quirements. A report was prepared and 
made available to manufacturers. As a 
result, several manufacturers now adver- 
tise models at low prices, because they 
are manufactured by quantity production 
methods. 

During the war the electric welder be- 
came a very important tool on the farm 
for the repair of damaged equipment 
because the farmer was unable to get 
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either new equipment or repair parts. 
No data were available to advise the 
manufacturers of the type of welders 
which could be supplied properly from 
rural power lines. In many instances the 
welder loads caused distribution trans- 
formers to burn out, disturbances of 
voltages, and similar nuisances. An in- 
vestigation was made on which was based 
a specification prepared in co-operation 
with manufacturers and this specification 
eventually was accepted by the National 
Electrical Manufacturers’ Association 
(publication 45-105, September 1945). 
Now the manufacturer can proceed with 
quantity production and the farmer can 
get a welder which will not disturb the 
power system. 


A survey was made among colleges 
in search of new developments which 
might be ready for manufacturers to 
develop for quantity production. The 
report was distributed among manufac- 
turers and several items now are being 
studied by them. Here one of the diffi- 
culties encountered is the policy of some 
schools not to permit members of the 
faculty to secure patents on inventions. 
It is done with the best intention. They 
feel that a devleopment made in a public 
_ institution should be available to every- 
one. However, this very policy prevents 
many a good idea from being put to gen- 
eral use. No invention is ever ready for 
the market. Expensive development 
usually is called for. A manufacturer 
cannot be expected to spend great sums 
on such development unless he has some 
exclusive patent protection. This applies 
also to a so-called public patent on which 
everyonecould secureafreelicense. Some 
institutions, such as Purdue University, 
have a very sound policy in this respect. 
Other schools should give this problem 
the consideration which it deserves. 


Numerous items are now in the develop- 
ment stage but the new electroagricul- 
tural industry already has arrived and is 
here to stay. It offers a challenge and an 
opportunity to the electrical engineer. 

In an industry such as this, which is 
still partly in statu nascendi, it would be 
premature and inadvisable to establish 
rigid standards which might interfere 
with the creative imagination of the en- 
gineer and inventor or with creative com- 
petition which is needed for progress. 
However, some basic standards for per- 
formance as well as size and quality of 
material are needed to make it possible 
for the buyer to judge quality. Commer- 
cial test procedures also are needed for 
determining the service the buyer may 
expect an item torender. It is suggested 
that a special AIEE committee be set up 
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for this purpose. Co-operation with 
committees of other bodies should not be 
too difficult. But most of the pending 
problems seem to be of an electrical en- 
gineering nature. 

Attention may be called to a few specific 
items for which there is immediate need. 
Two hundred years ago sanitation was 
not as important as it is today, as is evi- 
denced from the requirements of a French 
boarding school, then patronized by the 
French nobility. In its catalog to par- 
ents of prospective female pupils it in- 
cludes the following revealing informa- 
tion: 


Pupils are entitled to have one set of under- 
clothing, one pair of stockings and two hand- 
kerchiefs per month. Towels: Pupils, one 
every week; nuns, one every two weeks. 
Foot baths: Pupils, one a month; nuns, 
only by special authorization of the superior. 
Complete baths: Three a year (May, June 
and July). Pupils unable to take their 
baths on the appointed day must wait until 
the following month. 


Today, no one will dispute that sanita- 
tion is one of the most important require- 
ments of human beings if they are to live 
on a level higher than that of pigs. 

The most important need is perhaps 
for a small electrically driven water pump, 
simple and low priced, to make it possible 
to introduce a minimum amount of sanita- 
tion even in the poor farm shack. 

A small milk pasteurizer for the farmer 
who has only a few cows is needed badly. 
The present difficulty is that in most 
places a curve-drawing thermometer is 
required which costs more than the whole 
pasteurizer would. The problem is 
either to develop a cheap temperature 
recorder or an electronic pasteurizer 
which does not require temperature re- 
cording and on which it would be possible 
to secure approval upon presentation of 
competent test reports. 

No adequate data are available as yet 
which could be used as a basis for a func- 
tional specification for a competent 
electric egg cooler. Research now is 
being carried on, and it is hoped that it 
soon will be possible to furnish manufac- 
turers the necessary fundamental informa- 
tion for the design and quantity produc- 
tion of such a cooler. 

The problem of control of off-peak 
water heating on the farm has not been 
solved yet. 
control has not become popular. 
is needed is a device which will disconnect 
the water heater upon the expiration of a 
definite time after the total load on the 
service transformer has reached a pre- 
scribed limit, and to reconnect the water 
heater as soon as other loads have been 
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For various reasons, clock _ 
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reduced. This would permit control re- . 


gardless of the time of day or night. The 
principal difficulty in solving this problem 
is the fact that the device would have to 
be both simple and inexpensive to be 
suited for farm use. It is hoped that the 
development work now carried on by 
some manufacturers will result soon in a 
competent device. 

Off-peak house heating has been tried, 
but in some cases it turned out to be peak- 
load. This definitely calls for further 
study. In many parts of the country 
the heat pump eventually may become 
the best method of heating and cooling 
farm houses and other farm buildings. 

Another item for which there is a defi- 
nite demand is a competent, automatic, 
electric high-pressure cooker. 

Fire hazard on the farm is far more 
serious than in the city. Many farmers 
would like to eliminate overhead second- 
ary distribution lines between buildings, 
because of the hazards of lightning, icicles, 
trees falling on the conductors, and 
roosting chickens or other birds. For 
single-phase circuits it is conceded gen- 
erally that an underground cable made up 
of one insulated conductor and one par- 
allel bare conductor would offer the best 
lightning protection. Manufacturers are 
now busy at work on the development of 
an economical conductor of this nature, 
and it is hoped they soon will be able to. 


place one on the market which will meet — 


the approval of the authorities. This 
cable should be ratproof and gopherproof. 
It also should be frostproof, to make it 
unnecessary to dig below frost line. 

Perhaps the field of freezing and cool- 
ing offers greater opportunities than other 
items for invention, improvement, and 
development. It is important to repeat 
that while centuries have been devoted 
to the engineering of controlling tempera- 
tures upwards, the engineering of con- 
trolling temperatures downwards is of 
comparatively recent origin. 

According to the United States De- 
partment of Agriculture Circular 423, 
January 1937, an estimated total of 
60,000,000 rats on the farm cost the 
American farmer about’ $65,000,000 a 
year. 
this enormous amount of money involved, 
to say nothing of the danger to human 
health, American engineers have not 
tackled the problem yet. At least two 
types of electric rat catchers are known 
to exist and are reported to have given 
satisfactory results. American manu- 
facturers should concentrate on the study 
of this problem and attempt to develop. 
electric rat catchers which could be manu- 


factured by quantity production methods. 
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farm at reasonable prices. 

The study of the possibility of a small 
storage-battery-driven tractor has been 
delayed by the fact that some new light- 
weight batteries developed during the war 
are still military secrets. As soon as 
such batteries are available, the study 
should be continued. The convenience 
of electrical control certainly promises 
considerable advantages. Storage-battery 
charging would be excellent night load. 

The application of high frequency to 
various purposes on the farm has not been 
studied sufficiently yet; neither has that 
of ordinary light or infrared and ultra- 
violet radiations. 

At present, freezing, cooling, heating, 
lighting, water pumping, and similar 
electrical applications on the farm are 
mere adaptations of developments made 
Engineers should begin to 
place themselves in a state of mind of 
never having seen any of these applica- 
tions, crystallize the specific problem of 
farm use, and then proceed to develop 
equipment for the specific purpose. Good 
results would be inevitable. Numerous 
specific problems no doubt soon will be 
crystallized in relation to the electric 
motor and the motor control equipment 
on the farm. The problem of power 
factor control, limitation of starting cur- 
rent and similar specific problems are 
now ready for investigation in a similar 
manner as the welding problem was in- 
vestigated. One item, the need for 
which has been known for some time, is 
a simple and inexpensive means for stop- 
ping a motor automatically when the load 
is finished, as for instance for feed grind- 
ing and sawing wood, where time clocks 
are not suitable. One or more such de- 
vices are already on the market. But 
more designs for quantity production are 
needed. 

Electroagriculture offers a challenge 
and an opportunity to the electrical en- 
gineer. A great deal has been done by 
basic research, and many results of this 
research are available for the engineer to 
pick up for industrializing. It is sur- 
prising to find how little engineering has 
been applied to the problem of food pro- 
duction, food distribution, and food pres- 
ervation. 
of becoming engineering. On the whole 
our food production still depends on the 
climate and the weather as it did many 
centuries ago. Freezing and air trans- 
portation are in the process of bringing 
about drastic changes. As freezing and 
high-speed air transportation become 
economical, it no longer will be necessary 
to raise everything everywhere. Fresh 
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This art is only in the process . 


fruits and vegetables may be raised only 
in places where they can be raised with 
the least effort and delivered fresh to 
large consumption centers in a matter of 
hours. It is the job of the engineer to 
make this economical. But this is not 
enough. It is the ultimate job of the 
engineer eventually to make food inde- 
pendent of climate and independent of 
weather. It is not expected that such a 
revolution will be brought about in a day 
or a year, and it would be premature to 
suggest at this time bow this will be 
brought about. But when hundreds or 
thousands of engineers begin to think 
about it seriously and continue thinking 
about it for 25, 50, or even 100 years, 
they eventually will solve the problem 
as they have solved many more difficult 
problems in the past. But the time is 
definitely at hand to begin engineering 
thinking. ; 

It is evident that the farm load and de- 
mand diversity are, and will continue to 
be, of such uncertain nature as to make 
circuit computation difficult. But this 
is the time to start the study of the char- 
acteristics of this diversity and to con- 
tinue it. The present cost of the numerous 
demand meters which would be required 
makes such a study practically impos- 
sible. It is necessary to resort to statis- 
tical interpretation, and very little has 
been done even by statisticizing. The 
great accuracy of the present meters, 
which were developed for different pur- 
poses would not be required. Ifa simple, 
cheap, recording ammeter were to be 
brought out, there would be a quantity 
market for it. 


All of these features and many others 
must be given consideration in the plan- 
ning of rural electrification (supplying 
power for rural areas). A layman, or even 
the average engineer, when observing a 
typical rural circuit from the window of a 
railroad train, will be surprised to hear 
that the simple little pole with a pair of 
small insulators, carrying a pair of con- 
ductors and occasionally a small trans- 
former with its accessories, offers any en- 
gineering problem at all. It is therefore 
of some importance to show that there 
are engineering problems, that many of 
these problems have not been solved yet, 
and that others have not been stated. 
The crystallization of these problems and 
their solution are essential if the farmer 
is to have eventually the degree of con- 
tinuity of service which the character of 
the load calls for or will call for in the 
future when more items of electric 
equipment for farming are made available. 
In fact, the speed with which many new 
uses of electric service will be introduced 
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on the farm will depend to a great extent 
on the speed with which many engineer- 
ing problems will be stated and solved. 


Most of the primary circuits in rural 
areas are single-phase multigrounded 60- 
cycle 7,200-volts phase-to-ground. There 
is a main conductor and a neutral con- 
ductor, The primary and _ secondary 
windings of each distribution transformer 
are grounded together to the neutral, and 
a ground wire generally is carried down 
the pole to a ground rod at each distribu- 
tion transformer. Grounds also are in- 
stalled frequently on intermediate poles. 
The secondary windings are carried to the 
house or other building, and there usu- 
ally is located another ’ ground connec- 
tion. Thus, a multiplicity of parallel 
grounds exist along the line, primary and 
secondary. Anyone who ever tries to 
trace the various paths that the current 
could take loses himself in what appears 
to be a hopeless maze. This is one of the 
most complex circuits in electrical en- 
gineering. The question as to why this 
specific circuit was selected instead of a 
delta circuit would be beside the point at 
this time, because there are already 
hundreds of thousands of miles of such 
circuits and the time has definitely arrived 
to establish a mathematical foundation 
for them. After consulting many out- 
standing authorities, to the best of the 
author’s present knowledge, the general 
differential equation for the multi- 
grounded single-phase circuit has not been 
set up yet. After it eventually is set up, it 
no doubt will be of a series character with 
numerous variables, and very likely it 
will not be possible to integrate it gener- 
ally. It very likely will become necessary 
to assume some variables as constants 
for different purposes and establish a 
different integration for each purpose. 
The mathematical study is now under 
way, and the indications are that the 
basic differential equation soon will be 
available. Until it is available, problems 
of short circuit, voltage regulation, hazards 
brought about by voltage gradients on 
the surface of the soil, and similar prob- 
lems cannot be solved to the full satis- 
faction of electrical engineering. 


What goes on in the soil in the prox- 
imity of such a circuit? Very few test 
data or analytical data are available. The 
answer will not be at hand until many 
more tests are made and interpreted in 
the light of the basic formula yet to be 
set up. It is known that the circuit in 
the ground does not flow in the direction 
of the line from ground rod to ground 
rod. Tests show that the voltage dis- 
tribution in the soil is nearly uniform in 
each direction from each ground rod. It 
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is evident that soil capacitance will have 
to be given consideration in addition to 
soil resistance. Observations made so 
far indicate that the voltage gradient on 
the surface of the soil can be modified con- 
siderably with multiple grounds of various 
designs. But the available data are in- 
adequate as a foundation for definite de- 
signs in definite cases. It is evident that 
a great amount of testing superimposed 
on mathematical analysis will be required 
before a definite engineering foundation 
is available for the solution of many re- 
lated problems. 


This naturally leads to the question of 
the ground return line, a single-phase 
circuit made up of one wire, the earth 
forming the return. On one hand there 
are statements about great hazards, and 
on the other hand the question is raised 
why such circuits are not used more ex- 
tensively. Circuits of this nature have 
been used in various places, and to the 
best of the author’s present knowledge 
have not resulted in accidents. 


Two types of hazards are mentioned. 
The first is the possibility of a break in 
the conductor which runs down the pole 
to the ground. In this case there would 
be practically full voltage across the break 
even though two or more such ground 
conductors generally are carried down 
the pole. The protective covering of the 
conductors would have to be broken to 
result in this hazard. The second is the 
possibility of dangerous voltages on the 
surface of the soil. It is evident from 
the foregoing remarks that no definite 
statements of a quantitative nature can 
be made at this time which would serve 
as a guide for those who are considering 
the use of such circuits. Neither is there 
sufficient evidence to prove or disprove 
that there are real hazards, what their 
degrees are, and how to overcome them. 
Those who use such circuits have to exer- 
cise caution after a thorough familiarity 
with soil conditions and load conditions 
in each case. The National Electric 
Safety Code states in relation to such 
circuits: 


In urban districts supply circuits shall not 
be designed to use the ground normally as 
the sole conductor for any part of the cir- 
cuit. It is recommended that such use be 
avoided in rural districts. 


It is to be noted that in urban areas it 
“shall not be used” but in rural areas it is 
“not recommended.’ However, a _ re- 
sponsibility is involved in recommending 
it because in case of a jury trial for 
criminal negligence relating to an acci- 
dent, the recommendation of the National 


1068 


Electric Safety Code no doubt would 
carry considerable weight. 

Analytically the ground return circuit 
is a special case of the general multi- 
grounded circuit. Once the formula for 
the general circuit is available, the ground 
return circuit can be developed by making 
the neutral impedance equal infinity. 

It is evident from this discussion that 
the least that can be done is to provide the 
best possible grounds everywhere and to 
inspect and test the grounds periodically, 
first to make sure that they are intact, 
and second to accumulate as much data 
as possible on the electrical characteris- 
tics of the specific soil. However, our 
present methods of testing grounds are 
cumbersome, and the testing equipment 
is too expensive. Here too the great 
accuracy for which the various instru- 
ments were designed is not required. 
With lower accuracy it should be possible 
to develop simple low-cost instruments 
for quantity production, so that each 
farmer who has a worth-while electrical 
installation could himself periodically 
test not only all his electric circuit 
grounds, but also all his lightning rod 
grounds. Simpler methods of attaching 
the testing instruments to the circuits 
also are required. There will be very 
little testing if the present procedure is 
to be continued, which makes it necessary 
in each case to dig up the soil at each 
ground rod, disconnect the ground lead 
from the rod, connect the instruments to 
the rod, disconnect it after the test, re- 
connect the ground lead to the rod, and 
then refill the soil. What specific 
engineering problems are implied in 
the little distribution transformer used 
on rural circuits? Surprising as it may 
seem, there are numerous complex 
problems. It has not been possible yet 
and will not be possible until the pre- 
viously referred to recording ammeters 
are available in quantity to determine 
the best range of sizes of distribution 
transformers. The sizes now used are 
those originally determined for urban 
purposes. The weight is important be- 
cause of the handling difficulties in farm 
areas. Numerous accessories have been 
added to the little transformer, such as 
lightning arresters, gaps, and cutouts, 
which make it resemble a Christmas tree. 
A great deal of competent design study 
still is called for before a reasonably satis- 
factory arrangement will be had. 

A number of small transformers in a 
rural area with unsatisfactory I: T products 
may result in inductive interference, 
which may call for considerable expendi- 
tures in testing to determine the location 
of the cause of the interference and to de- 
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_ time. 


sign remedial measures altogether out of 
proportion to the cost of the transformers. 
It is essential that manufacturers are 
made to realize that it is more important 
for a rural transformer to have a satis- 
factory I-T product than it is for an urban 
transformer. This also applies as well 
to small generatorsin isolated areas. The 
cost of the remedy is less than the cost of 
the investigation. It is gratifying to 
report that most manufacturers appreci- 
ate this problem and are doing their best 
to reduce harmonic troubles. 

One of the most important features is 
the need for low core losses. An urban 
transformer may have a diversity of loads 
with a reasonably good over-all load 
factor. A rural transformer generally 
has only one consumer. The copper loss 
load factor may be as low as 15 or 20 per- 
cent, whereas the core loss load factor is 
always 100 percent. There arecases where 
the billed kilowatt-hours are less than the 
core loss kilowatt-hours which are not 
billed. The Kelvin law, in any one of its 
forms, could be set up to determine the 
economy of the ratio of core losses to 
copper losses. But the problem can be 
stated simply without any formula. 
There are three criteria. 


1. The lower the fixed charges, the more 
investment is justified on the saving of core 
losses and replacing them by a corresponding 
amount of copper losses. 


2. The higher the cost of energy is on the 


primary winding side, the more can be in- 


vested on the reduction of core losses. 


3. The lower the load factor is on the indi- 
vidual transformers, the more can be in- 
vested on the reduction of core losses. 


It is realized that the reduction of core 
losses is not a simple problem for the 
transformer designer if the over-all effi- 
ciency is not to be reduced, if the resulting 
exciting current is not to bring about 
troublesome harmonics, and if the voltage 
regulation is not to be made worse. 
Nevertheless, manufacturers advise that 
there is hope for a considerable reduction 
in core losses in the near future. To in- 
dicate the great strides already made in 
improving rural transformer design, it is 
only necessary to report what one large 
manufacturer accomplished in a short 
The weight of the 1!/.-kva trans- 
former was reduced from 275 pounds in 
1936 to 200 pounds in 1937, 145 pounds 
in 1943, and 120 pounds in 1945. Its 
core losses were reduced from 24 watts to 
22 watts. The core losses of the 3-kva 
transformer were reduced during that 
same time from 36 watts to 30 watts and 
those of the 5-kva unit from 51 watts to 
48 watts. This is progress indeed. But 
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it is not enough. Considering the fact 
that the cost of core losses on rural dis- 
tribution transformers amounts to sev- 
eral million dollars per annum, further 
reductions definitely are called for. It 
is reasonable to assume that they will be 
forthcoming. 

It was mentioned before that the ab- 
sence of a diversity of relays and electri- 
cally operated circuit breakers makes 
circuit control in rural: areas difficult. 
In addition, the small circuit breaker 
available for sectionalizing primary rural 
circuits has to be automatic reclosing. 
And yet, the performance of this little 
circuit breaker is nothing short of being 
miraculous. §. R. Faris, manager of 
Illinois Rural Electric Company, Win- 
chester, Ill., reports: 


During the heavy rains and floods of the 
spring of 1944 a landslide occurred on a 
bluff parallel to our line at a point about 
three miles west of the oil circuit breaker. 
Small trees of from three to six inches in 
diameter were carried into our line and the 
oil circuit breaker went to work. The land- 
slide occurred about eight o’clock one morn- 
ing and our members reported that our 
lights had been coming and going from that 
time until four the next afternoon when we 
finally discovered the condition. 


We discovered the condition during a patrol 
of the line along the river. The land on 
which the line was built was almost all 
about eight feet under water. During this 
patrol the linemen stopped at the oil circuit 
breaker installation and could hear it oper- 
ating once or twice every five to ten minutes. 
No reports of trouble had been received by 
our members on this line. 


Upon arriving at the location of the land- 
slide, our patrolmen found that the neutral 
wire was broken and that quite a few of the 
smaller trees had been burned off and cleared 
the phase wire. One tree, approximately 
four inches in diameter, had also been 
burned off and cleared, and another tree 
about six inches in diameter was up against 
the phase wire and it was about half burned 
in two. The power was still on, however, 
and it was necessary to kill the line before 
making repairs. 


Upon reading the counter on the circuit 
breaker, we determined that it had operated 
approximately 93 times during this fault. 
After repairs were made and the trouble 
cleared up, the writer visited several mem- 
bers receiving service from the section of line 
controlled by this circuit breaker and ques- 
tioned them as to why they hadn’t reported 
the condition. The answers were all the 
same—they didn’t think they should report 
an outage as long as the power kept coming 
and going and they felt sure it would clear 
up soon. 


This is quite an accomplishment for a 
little circuit breaker. 

The same system which installed 60 
circuit breakers in 1942 reports: 


Average number of operations per year per 
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circuit breaker 12.12 with an average of 0.25 
lockouts per month. The total operating 
expense saved by each circuit breaker per 
year is estimated as over $26.00. This is 
based on straight time pay, even though 
actually about 50 per cent of the outages 
had to be taken care of by overtime at time 
and a half. The cost of fuse replacements 
is offset by the cost of maintaining the cir- 
cuit breaker. 


However, even this investment is too 
high for minor primary tap lines. Two 
manufacturers therefore now are bringing 
out still smaller circuit breakers at con- 
siderably lower cost because this small 
circuit breaker requires practically no 
rupturing capacity. One manufacturer, 
for instance, furnishes the following de- 
scription: 


The sectionalizer is designed so that its con- 
tacts do not open during the time that a 
short circuit exists on the system. The 
actual clearing of line faults and interrupting 
of short-circuit current is performed by a 
backup recloser. The sectionalizer oper- 
ates to disconnect the branch line only after 
one, two, or three operations of the backup 
recloser have failed to clear the line fault. 


When a permanent line fault occurs beyond 
a sectionalizer which is backed up by a re- 
closer, the short-circuit current flowing 
through the sectionalizer will prepare it for 
an opening operation. The short-circuit 
current which also flows through the re- 
closer will cause it to operate in an attempt 
to clear the fault. During the time which 
the recloser is open, the sectionalizer moves 
forward one position toward the opening of 
the contacts. The second operation of the 
recloser again prepares the sectionalizer for 
an opening operation and during the time 
that the recloser is open the sectionalizer 
again moves forward another position to- 
ward opening. After the third operation of 
the recloser, the contacts of the sectionalizer 
are opened during the time that the recloser 
is open. In this way the faulted branch 
line is disconnected and when the recloser 
energizes the system after the third opera- 
tion, the fault has been removed, allowing 
service to be continued to the balance of the 
system. 


If the line fault is of a temporary nature, it 
will be cleared by the first or second opera- 
tion of the recloser, and service to the entire 
system will be restored. Following this, the 
recloser and the sectionalizer will reset 
themselves automatically for another com- 
plete cycle of operations. 


The sectionalizer may be adjusted to open 
on a permanent line fault after one, two, or 
three operations of the backup recloser. 
Inasmuch as the sectionalizer opens its con- 
tacts only during the no voltage period 
while the backup recloser is open, the sec- 
tionalizer is not required to interrupt short- 
circuit current. Consequently, there is no 
appreciable wear of the sectionalizer con- 
tacts or contamination of the insulating oil. 


Even for the primary and secondary 


sides of the little distribution transformer 
manufacturers have been at work develop- 


Samuels—Rural Engineering Problems 


ing automatic devices to replace fuses. 
The type of transformer with internal 
primary fuse and internal secondary 
circuit breaker has become very popular. 
One manufacturer recently placed on the 
market a “‘fuseless cutout.’’ This device 
is said to produce a dead short circuit to 
ground on the primary side when a heavy 
overload occurs on the secondary side or 
within the transformer, resulting perhaps 
in a heavy arc on the primary side. The 
main reclosing circuit breaker then trips. 
As soon as this happens the arc is ex- 
tinguished. When the main reclosing 
circuit breaker recloses, the arc is out; 
the individual faulty transformer is dis- 
connected; the reclosing circuit breaker 
remains closed; and the whole system, 
except for one consumer, again has service. 

One reason against the latter two types. 
is that every time there is a fault on the 
tap line or on the individual transformer, 
the main sectionalizing circuit breaker 
will open for a short period and many 
farmers will have to reset their clocks. 
But a farmer would much rather have to. 
reset a clock than be without service for 
a considerable period. 

Anyone who is familiar with the history 
of switchgear knows that no item of 
electrical equipment has been undergoing 
such a continuous process of change and 
improvement as has the circuit breaker. 
No circuit breaker design ever is finished. 
The need for major and minor improve- 
ments continually is revealed by con- 
tinuous co-operation of manufacturer and 
operating man. No one therefore needs 
to be unduly disturbed if operating ex- 
perience calls and will continue to call 
for improvements in the design of the 
rural sectionalizing circuit breaker which 
already meets unprecedented demands. 
It is certain that as the need for improve- 
ment is revealed, manufacturers will 
introduce them. 

When the load on a line has been dis- 
connected for any appreciable length of 
time and the line is re-energized, a large 
current, several times the normal value, 
flows. This current decreases with time 
but does not return to the normal value 
for an appreciable period sometimes 
running into minutes. This re-energiz- 
ing phenomenon has been termed inrush 
current and is caused by the current in- 
rush into resistance type loads, and more 
particularly by the starting requirements 
of direct connected motors. 

The early types of reclosers used on 
rural circuits had a very short opening 
time delay. Consequently, in many 
cases when the recloser was closed back 
in on the load for re-energization purposes, 
the inrush current retripped the recloser. 
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In many cases the recloser had to be 
by-passed temporarily in order to pick up 
the load. 

Some later designs have greater open- 
ing time delay, overcoming pickup diff- 
culty to some extent. However, the 
exact shape or characteristic of the inrush 
current as it varies with time is not yet 
sufficiently known. Moreover, the rapid 
increase in the use of motors on the farm 
promises to make the problem much more 
serious. 

Tests now are being carried on to deter- 
mine the shape of the inrush current 
time curve and to predict the ultimate 
shape with the load growth. Prelimi- 
nary tests on one section of rural line in- 
dicate an inrush current of less than 200 
per cent of the normal peak after an out- 
age of a few seconds. After an outage 
of one hour the inrush current was 400 
per cent of the normal peak. But in all 
cases the inrush currents decayed to 
roughly one-third of their initial values 
in the first two seconds. It is hoped that 
results of further tests will be available 
soon. 

Small rural generating plants run fewer 
machines at light load than at full 
load. The full load current at peak, 
therefore, may be more than the fault 
current during off-peak hours. The 
power factor of the load current is not 
vastly different from that of the fault cur- 
rent. Inexpensive devices are needed 
that will distinguish between load and 
fault currents, and which could be applied 
to pole-mounted reclosers. 

In some cases of transformer failures 
the line sectionalizing devices may operate 
to lock out the lines before the transformer 
fuses blow. The transformer then may 
be very difficult to find. There seems to 
be a vast difference in characteristics of 
internal fuses furnished by different manu- 
facturers. There is a need for stand- 
ardization of internal fuses and develop- 
ment of recloser and fuse characteristics 
to co-ordinate more properly. 

Voltage regulation problems on rural 
circuits are not vastly different from those 
on any circuit. They are only more ag- 
gravating, first because the rural circuits 
extend comparatively great distances 
from the source, and second because line 
investment must be kept to a minimum. 

Original estimates of load on rural 
systems were difficult because very little 
experience was available as to rural power 
consumption. Later experience on rural 
systems has shown that the original es- 
timates were too low, and a great deal of 
engineering is called for on many systems 
to bring the voltage regulation within 
acceptable limits. Now that the farmer 
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is learning how to use electric power for 
production, experience shows that load 
estimates need to be revised sharply up- 
ward. 

As already mentioned, the solution of 
the problem of voltage regulation is first 
of all waiting for the setting up of the 
basic circuit formula. Inexpensive low- 
capacity regulators with small steps are 
needed for regulating long branch lines. 
The rapid changes in load characteristics 
which may be expected in the near future 
would seem to make it imperative for 
manufacturers to explore the possibility 
of inexpensive secondary regulators. Per- 
haps some device eventually will be incor- 
porated in’ the distribution transformer. 

The rapid growth of motor power on 
rural systems indicates an eventual need 
for low cost capacitor installations to 
switch on and off automatically with load. 
Series capacitors no doubt would solve 
many a problem, but a competent system 
of protection for such capacitors still re- 
mains to be developed. 

The problem of fault locating is as old as 
the electric circuit itself. Aggravating 
as a long delay in locating a fault may be 
in urban areas, it is even more aggravat- 
inginrural'areas. And again the problem 
is aggravated by the imperative demand to 
do the job at low cost. 

Rural distribution systems extend into 
remote areas which are frequently inade- 
quately served with telephone facilities 
or have no telephone service at all. Out- 
ages in such areas may be prolonged be- 


cause of lack of communication with the 


power maintenance office. There are 
cases on record in which the maintenance 
office was notified of outages by postal 
card and letter. Needless to say, such 
loads as milking machines, coolers, chick 
brooders, and water pumps make pro- 
longed outages intolerable. 

A carrier current outage recorder was 
manufactured experimentally and was 
undergoing field tests at the outbreak of 
the war. Further work on this equip- 
ment was suspended for the duration of 
the war. It consisted of a small low-cost 
carrier current transmitter located at each 
important sectionalizing point and an 
associated receiver located at the main- 
tenance office. When an outage occurred 
a coded impulse from the appropriate 
transmitter was sent to the receiver, 
which activated a punch type paper strip 
recorder andtime stamp. Thus, the loca- 
tion and time of the outage were recorded 
immediately. Provisions were made 
for another operation of the recorder 
when service was restored so that a com- 
plete record of the outage could be main- 
tained. 
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After the end of the war the study was 
resumed. Several schemes which offer 
the possibility of being simpler and more 
reliable than the original one are being _ 
considered now. One of these schemes 
may make use of the radar pulse tech- 
nique for detecting circuit irregularities 
and discontinuities. Another scheme may 
make use of the change in circuit imped- 
ance when an outage occurs. 


It appears today that some competent 
means for reporting and recording outages 
automatically will be solved in the not 
too distant future. 


Mention already has been made of the 
fact that the main problem of inductive 
co-ordination in rural areas is the cost of 
investigation. With the great amount of 
research and development over many 
years and the unusually high degree of 
co-operation by power system engineers 
and communications engineers, there is 
as yet no cut and dried method either for 
locating the source of trouble or for de- 
signing the remedy. Each case is still 
practically an individual research job, 
and each remedy still has to be practically 
a tailor-made job. Special equipment is 
required for testing, and it takes a good 
engineer a considerable time as an assist- 
ant on actual cases before he can take 
charge of investigating a case on his own 
and designing the remedy. This applies 
equally to telephone interference, tele- 
graph interference, and railway signal in- 
terference. A complete visualization of 
the simultaneous functioning of an inter- 
connected power system is called for, 
superimposed on a visualization of the 
functioning of the communicationssystem, 
in addition to a familiarity with the func- 
tioning of each part of each system. The 
ability for such a visualization cannot be 
acquired in a day. It is utterly impossi- 
ble and no doubt will continue to be im- 
possible to do such a job from a text book, 
even if a good text book were available, 
which is not yet the case. Neither 
could the best special college course pre- 
pare an engineer to be able to assume the 
responsibility without first having served 
as an assistant on several actual cases. 

With the exception of radio, full co- 
operation prevails between the engineers 
of power systems and those of communi- 
cation systems, so that neither side is 
called upon to carry alone the burden of 
the investigation and the design and in- 
stallation of the remedy. Power systems 
and communication systems both find it 
advisable to have specially trained en- 
gineers available. These engineers on 
both sides generally communicate with 
each other and tackle the job jointly. It 
is suggested respectfully that every young 
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electrical engineer who makes power his 


career make every effort to find an op- 


portunity to participate in at least two or 
three inductive co-ordination investiga- 
tions from the first report of the trouble, 
through the tests, the preparation of the 
report, and the installation and testing 
out of the remedy. It will help him ac- 
quire a visualization of the functioning of 
a power system. Not only do the en- 
gineers on both sides co-operate after a 
case of interference actually is reported, 
they also consult with each other when a 
power system or a communication system 
is being designed and thus prevent in ad- 
vance as much as possible the appearance 
of interference. Research laboratories 
and manufacturers of power and communi- 
cation equipment likewise render their 
services and co-operation. 


_ In the field of radio such co-operation 
has not yet been established, and this 
applies not only to rural systems but to 
all power systems. When a case of radio 
interference is reported, the whole burden 
of locating the source of trouble and de- 
signing and installing the remedy has to 
be carried by the power system. It is 
hoped that it will be possible soon to es- 
tablish between the engineers of power 
systems and those engaged in broadcast- 
ing, radio research, and radio manufac- 
turing the same degree of co-operation 
that now prevails in other fields of com- 
munication. 

There is now a great need for a simple, 
practical, and inexpensive radio inter- 
ference locating instrument, specifically 
for rural areas. It is hoped that radio 
research institutions soon will bring out 
not just one such instrument, but a diver- 
sity of instruments. Here, as in most 
fields, competition will result in progress. 
There is definitely a quantity market for 
such an instrument. 

In addition to the previously referred 
to possible use of carrier for the automatic 
recording of outages, carrier recently has 
been tried out on some rural power sys- 
tems for communication purposes for 
Here too 
the difference between carrier on high 
voltage lines and carrier on rural lines is 
principally one of permissible cost. The 
developments have not gone far enough 
for a competent analysis on the AIEE 
platform. 

This applies also to 2-way radio as an 
auxiliary to maintain the rural power sys- 
tem. Some interesting and promising 
developments are taking place now, but 
they do not yet lend themselves to a com- 
petent AIEE presentation. Possibly, 
leased radio channels furnished by tele- 
phone systems will be the best answer, 
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just as leased telephone wires werefound by 
many power systems to offer advantages 
over private telephone circuits on the 
transmission towers or on_ separate 
poles. 

All of this relates only to communica- 
tion problems for the power system itself 
and not to the problem of communication 
for the farmer. Particularly in the case 
of carrier there has been some confusion 
of the two, and it is important to estab- 
lish the distinction. Recently an un- 
precedented demand for telephone serv- 
ice developed among farmers throughout 
the country. This probably was brought 
about partly by the enormous increase 
in the use of mechanical and electric 
equipment on the farm. The challenge 
was taken up and is being attacked rig- 
orously from three angles. 


1. There is a great activity in the extension 
of direct wire communication to farms. 


2. Intensive studies are being made and 
experiments carried on in the joint wire use 
of power poles for telephone and telephone 
poles for power. 


3. Intensive experiments are being carried 
on in the joint use of carrier telephone on 
power lines to render telephone service to 
farmers who have electric power service. 


The latter two developments are not yet 
ready for a competent AIEE presentation. 
It is sufficient to mention that numerous 
intricate engineering problems, some ap- 
parently picayune but actually very diffi- 
cult and annoying, are involved in 
joint wire use and joint carrier use. In 
connection with carrier it is important to 
mention that there is a great difference 
between the incidental use of a carrier 
phone by a lineman to talk to his head- 
quarters and the continuous use of tele- 
phone service by a domestic or commer- 
cial telephone subscriber. Several years 
of research at great cost have been devoted 
to the latter problem, both in the labora- 
tory and in the field, before the first ex- 
perimental instruments were installed in 
farm homes. Here again, the cost is of 
extreme importance. One of the bottle- 
necks of cost was the couplirig capacitor. 
For a long time the cost appeared to be 
prohibitive, until a progressive American 
manufacturer developed a capacitor for a 
7,200-volt line, with a dry impulse flash- 
over of about 200 kv and at a cost of 
around $10. It is reasonable to say that 
without this development carrier tele- 
phones in quantity would not be an im- 
mediate prospect for the American 
farmer. They are definitely so now. 

This is about all which is considered 
practical to present within the scope of a 
single paper. But it is hoped that it will 
serve the purpose of bringing about a 
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realization in the electrical engineering 
profession that the humble rural circuit 
offers important engineering problems 
worthy of the serious consideration of the 
electrical engineer. It is hoped that it 
will result in a much broader realization of 
the utter necessity of co-operation be- 
tween system design engineers, operating 
engineers, manufacturing engineers, and 
research engineers. 


Appendix. Applications of 
Electricity for the Farm 


Farm Home 


Air conditioner Food 
Air sterilizer Chopper 
Alarm Mixer 
Burglar Warmer 
Fire Freezer 
Amplifier Cabinet 
Aquarium heater Walk-in 
Attic fan Fruit and vegetable 
Bell juicer 
Bell ringing trans- Fruit corer and 
former peeler 
Biscuit baker Frying pan 
Blanket Furnace fan 
Bottle Circulating 
Sterilizer Forced draft 
Warmer Games 
Bread mixer Garbage disposer 
Broiler Grill 
Bun warmer Hair drier 
Can opener Hand drier 
Casserole Heating pad 
Cauterizer Hedge clipper 
Chafing dish Hot plate 
Chimes Humidifier 
Cigar lighter Ice cream freezer 
Clippers Ice maker 
Clock Insect 
Household Trap 
Time Eradicator 
Coal stoker Iron 
Coffee Ironer 
Maker Laundry drier 
Mill Lawn 
Communication Edger 
system Mower 
Corn popper Lights 
Cream whipper Building 
Croup kettle Decorative 
Curling iron Photoflood 
Dehydrator Yard 
Dishwasher Massager 
Door opener Meat 
Double boiler Cooker 
Doughnut kettle Grinder 


Dumb-waiter Milk shaker 


Egg Motion picture pro- 
Beater jector 
Cooker Necktie presser 
Poacher Oil furnace 

Evaporative cooler Organ 

Fan Oven 

Floor Oven (infrared) 
Polisher Paint sprayer 
Sander Pants presser 
Waxer Percolator 

Flour and cereal Phonograph 
mill Photoenlarger 

Flour sifter Player piano 

Fly trap Pottery kiln 
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Pump jack 

Radiation 
Infrared 
Ultraviolet 

Radio 

Range 

Razor 

Refrigerator 
Household 
Walk-in 

Roaster 

Room heater 

Sausage 
Grinder 
Stuffer 

Scissors 

Screen 

Sewing machine 

Shoe polisher 

Siren 

Slicer—food 

Space heater 

Steam iron 

Steam radiator 

Straw flower drier 


Farm Equipment 


‘CRopP PROCESSING 


Baler 
Blower 

Grain 

Roughage 
Bulb cooker 
‘Caster bean huller 
‘Clover huller 
‘Cider mill 
‘Conveyer 
‘Corn 

Cracker 

Sheller 
Dehydrator 

Fruit 

Vegetable 
Drier 

Grain 

Hay 

Hop 

Nut 

Seed 
Elevator 

Grain 

Roughage 
Ensilage cutter 
Fanning mill 
Feed 

Carrier 

Chopper 

Cooker 

Grinder 

Mixer ° 
Filbert huller 
Flour and cereal mill 
Freight elevator 
Fruit 

Apple butter 

maker 

Cleaner 

Grader 

Washer 

Waxer 
Grain sprouter 


Dairy 


Agitator 
Cheese vat 
Milk can 
Milk cooler 
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Sump pump 
Teakettle, 
Televisor 
Toaster 
Tooth brush 
Toys 


Vacuum cleaner 


Vaporizer 
Ventilator 
Vibrator 
Waffle iron 
Washing machitie 
Water 
Chlorinator 
Cooler 
Heater 
Pail 
Softener 
Water system 
Deep well 
Jet 
Shallow well 
Wiener roaster 
Woodburner— 
decorative 


Green feed chopper 
Hay 

Chopper 

Crusher 

Hoist 
Husker—shredder 
Irradiator—seed 
Metal removing 

magnet 
Molasses heater 
Oat huller 
Pea and bean huller 
Pea viner 
Peach defuzzer 
Potato 

Grader 

Seed cutter 

(Idaho) 

Washer 
Root 

Chopper 

Shredder 
Seed 

Cleaner 

Duster 

Germinator 

Grader 

Scarifier 
Storage 

Fruit 

Vegetable 
Straw chopper 
Sugar cane press 
Sweet potato 

Curer 

Shredder 
Thresher 
Tobacco curer 
Vegetable 

Grader 

Tier 

Washer 
Walnut separator 


Pasteurizer 
Air conditioner 
Alarm 
Barn cleaner 


Boiler 
Bottle washer 
Bottling machine 
Brine pump 
Bull exerciser 
Butter worker 
Calf weaner 
Cheese maker 
Churn 
Clippers 
Cream 
Ripener 
Separator 
Fan 
Feed 
Carrier 
Grinder 
Mixer 
Fence 
Fly 
Screen 
Trap 
Groomer 
Heating cable— 
water pipe 
Homogenizer 
Ice cream 
Freezer 
Stirrer 
Insect sprayer 
Irradiator 
Lights 
Building 


FarM SHOP 


Air compressor 
Alarm 

Burglar 

Fire 
Battery charger 
Buffing wheel 
Concrete 

Mixer 

Vibrator 
Drill 

Portable 

Press 
Emery wheel 
Forge blower 
Glue pot 
Grinder 

Implement 

Tool 
Grindstone 
Hoist 
Lathe 

Metal 

Wood 
Lights—building 
Paint 

Brush cleaner 

Drier 


FIELD OPERATIONS 


Cultivator 
Irrigation 
Manure pump 
Stump 


HORTICULTURE 


Bleacher— 
vegetable 
Bulb - 
Drier 
Grader 
Cider mill 
Cultivator 
Elevator 
Box or crate 
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Liquid manure 
pump 
Litter carrier 
Manure 
Carrier 
Drier 
Pump 
Milk 
Pump 
Tester 
Milk cooler 
Dry 
Immersion 
Surface 
Milking machine 
Ox-grub remover 
Pasteurizer 
Prod 
Radiation 
Infrared 
Radio 
Silage unloader 
Space heater 
Steam accumulator 
Sterile lamp 
Stock tank heater 
Utensil sterilizer 
Ventilator 
Water heater 
Water pail 


Mixer 

Sprayer 
Planer 
Portable motor 
Pump 

Gas 

Grease 
Sander 
Saw 

Band 

Buck 

Circular 

Cross-cut 

Hack 

Jig 
Shaper 
Soldering 

Tron 

Pot 
Space heater 
Vulcanizer 
Welder 
Wood 

Saw 

Splitter 


Burner 

Puller 
Tractor 
Truck 


Fruit 
Vegetable 
Fans—orchard 

Fruit 
Drier 
Grader 
Storage 
Washer 
Greenhouse 


Fan 

Heater 

Ventilator 
Hotbed heater 

Cable 

Lamp 
Humidifier 
Insect 

Sprayer 

Trap 
Irrigation pump 
Lights 

Building 

Greenhouse 

Plants 
Pollinator 
Seed germinator 
Soil 

Shredder 


INSECT 


Comb wire imbed- 
der 

Fly 
Screen 
Trap 

Hive heater 

Honey extractor 


LIVESTOCK 


Animal prod 
Branding iron 
Brooder 
Lamb 
Pig 
Bull exerciser 
Clipper 
Feed 
Cooker 
Grinder 
Mixer 
Groomer 
Hog caller 
Lamb docker 
Lights 
Building 
Litter carrier 


MISCELLANEOUS 


Fish barrier 
Limestone pulver- 
izer 


POULTRY 


Alarm 
Burglar 
Fire 
Temperature 
Voltage 
Bone grinder 
Brooder 
Battery 
Hover 
Room 
Caponizer 
Cleaner 
Dropping board 
Incubator 
Poultry house 
Debeaker 
Egg 
Candler 
Cleaner 
Cooler 
Grader 
Washer and 
dryer 


Sifter 
Sterilizer 
Soil heating cable 
Greenhouse 
Hotbeds 
Soilless culture 
Pump 
Solution heater 
Stationary spray 
plant 
Sweet potato curer 
Vegetable 
Drier 
Grader 
Storage 
Tier 
Washer 
Viner—pea 
Water heater 


Insect sprayer 
Insect trap 
Field 
Fish feeding 
Home 
Orchard 


Manure 
Carrier 
Drier 
Meat processing 
Brine pump 
Fat cooker 
Fat cutter 
Freezer 
Grinder 
Hoist 
Refrigerator 
Saw 
Sterile lamp 
Ox-grub remover 
Radiation 
Infrared 
Sheep shears 
Stock tank heater 


Well drill 
Worm getter 


Electrocutioner 
Foot piercer 
Grain sprouter 
Grinder 

Bone 

Shell 
Hatcher 
Heating cable— 

water pipes 
House heater 
Incubator 
Lights 

Building 

Poultry 
Manure shredder— 

grinder 
Mash warmer 
Picker 
Radio 
Scalder 
Singeing device 
Time clock 
Ultraviolet 
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Self-Excited Electromagnetic Drive 


for a Resonant Fatigue Machine 


ABNER R. WILLSON 


MEMBER AIEE 


Synopsis: This paper describes the de- 
velopment of low frequency and self-syn- 
chronous electric drive equipment for 
fatigue life testing machines. These test 
machines simulate the vibrating loads that 
result from reciprocating engines, variable 
air loads, and so forth. The self-syn- 
chronous feature is important because the 
inherent high mechanical Q of the system 
amplifies some 10 to 50 watts of drive power 
into 2,000 to 5,000 pounds of vibrating load 
at frequencies from 7 to 40 cycles per 
second. Mechanically driven types lack 
sufficient speed stability to maintain reso- 
nance, and this results in poor control of 
the specimen test load. The power re- 
quirements for large loads at high speeds 
are excessive. An experimental 5,000- 
pound machine with self-excited electro- 
magnetic drive is described. This electric 
drive is low in both original and maintenance 
costs. The specimen load is controlled 
as simply as the volume on a radio receiver. 
A 100,000-pound machine is nearing com- 
pletion and is discussed briefly. 


FRaURING the past few years the test- 

ing of alloy metals and structures 
under vibrating loads has assumed an 
ever increasing importance, especially in 
the manufacture of structures subject to 
the vibration of high power reciprocat- 
ing engines, variable air loads, and im- 
perfectly balanced rotating machinery. 


Fatigue testing has been practiced by 
most structural test laboratories to some 
extent for many years. The common 
practice has been to apply the vibrating 
loads by rotating eccentric weights or 
mechanically driven vibrating cantilever 
beams. These mechanical systems have 
inherent limitations which prevent ac- 
curate control of the applied force and 
vibrating frequency. Maintenance costs 


Figure 1. A 5,000- 
pound fatigue ma- 
chine, amplifiers, re- 
cording meter, actua- 
tor solenoid assem- 
bly, vibrating beam, 
and test specimens 


Waxer 
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have been high, and interruptions be- 
cause of mechanical failures have been 
too frequent. 

The several types of electric drive sys- 
tems which have been used, all have had 
characteristics that were not adequate 
for the type of fatigue testing described 
in the foregoing paragraph. 


1. One type required an alternator with 
a complex type of frequency control. 


2. Another required that the test specimen 
be a bar of limited dimensions.” 


3. A third was a separate drive solenoid 
motor which was connected mechanically 
to the specimen and excited by a separate 
oscillator and amplifier. The load limit 
was eonsiderably below the requirements.? 


4. A self-resonant type was adapted to the 
vibration testing of large beams suspended 
so as to vibrate at their natural frequencies. 


In order to design equipment which 
would meet the requirements of the pro- 
posed test program an experimental 
model was developed which provided a 
maximum peak-to-peak vibrating load 
change of 5,000 pounds. The preload 
may be adjusted to 7,500 pounds which 
results in a maximum specimen load of 
10,000 pounds (refer to Figure 1). A 
second fatigue machine has been designed 
and constructed for 100,000-pound maxi- 


Paper 46-194, recommended by the AIEE com- 
mittee on industrial power applications for pres- 
entation at the AIEE Pacific Coast meeting, 
Seattle, Wash., August 27-30, 1946. Manuscript 
submitted June 25, 1946; made available for 
printing July 19, 1946. 


ABNER R. WILLSON is an electrical test engineer, 
structural test department, Boeing Aircraft Com- 
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chief of the Boeing structural test unit for valuable 
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system. 


The electric drive is nearing 
completion (June 1946) but performance 


mum loads. 


data are not yet available. These ma- 
chines may be adjusted so that the speci- 
men may be vibrated in tension alone, in 
compression alone, or in a combination of 
tension and compression. 


The Mechanical Problem 


The problem was to design and con- 
struct a relatively low cost fatigue ma- 
chine of the resonant type which would 
provide large vibrating loads and require 
a minimum of operating supervision and 
maintenanceexpense. Theresonant type 
was chosen because of the inherent large 
amplification of the synchronous drive 
force into the specimen load. 

Rotating beam and other small stand- 
ard machines were not acceptable be- 
cause of the limitations in size and shape 
of test specimens. These machines were 
designed primarily for test coupons of 
small dimensions to determine the fatigue 
life of test specimens of various materials. 
The requirements for the equipment were 
not to establish the fatigue lives of present 
materials but rather to determine the 
comparative fatigue lives of proposed 
or actual existing airplane construction 
members. Typical test problems in- 
clude the comparative performance of 
various types of rivets and bolts alone 
and rivet and bolt patterns on assembled 
structural sections. Comparative fatigue 
data also are required for various types of 
welds and new materials. 
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Figure 2. Electro- 
magnetic actuator 
and pickup, strain 
gauges and shielded 
cable, and wedge 
for indicating vibra- 
tion amplitude 


The vibrating load demands were to be 
from a few hundred to 5,000 pounds. 
These loads would be the peak-to-peak 
loads as shown in Figure 11. That is, 
the specimen would be preloaded sta- 


Figure 3. Test bolts 
and strain gauge 
dynamometer 
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tically in excess of half the total vibrating 
load, and the resulting maximum and 
minimum specimen loads then would be 
the preload plus or minus one-half of the 
peak-to-peak vibrating load change. For 
the example shown in Figure 11 the pre- 
load was 2,350 pounds, and the vibrating 
load change was 3,766 pounds. The 
maximum specimen load was 4,233 
pounds, and the minimum was 467 
pounds. 


The 5,000-Pound Machine 


The development model of the Boeing 
fatigue machine is illustrated in Figure 1. 
The vibrating beam is a pair of 6-inch 
commercial steel channels supported at 
the right end by flexure pivots. The 
beam is vibrated by the actuator solenoid 
assembly shown at the left end of the 
beam in Figure 1 and also in Figure 2. 
This actuator is in two sections. The 
top half is bolted to the framework, and 
the lower part is fastened to the vibrating 
beam with four one-quarter-inch alu- 
minum-alloy bolts on which are mounted 
strain gauges. Copper tubing electro- 
statically shields and mechanically pro- 
tects the gauges and their leads. The 


shielded cable shown coiled around the 
lower shell connects the gauges to a 
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Figure 4. Amplifiers for 5 ,000-pound|fatigue 
machine 


The recording amplitude meter shows the 

preliminary adjustment of preload and ad- 

justment of impedance matching transformers. 

The machine was operating with a specimen 
load of about 3,000 pounds 


e 


Figure 5. Impedance matching’ transformer 
for 5,000-pound fatigue machine 


vacuum tube voltmeter and recording 
oscillograph to indicate and record the 
driving force. 

The test specimen is attached between 
the fixed support shown at the upper right 
in Figure 1 and a point on the vibrating 
beam near the flexure joint to give a 9.5- 
to-1 mechanical advantage. The test 


‘specimens illustrated in Figures 1 and 3 


are 5/16-inch special alloy steel bolts. 
The bolt heads and nuts are shown at the 
bottom and top of the O jigs. Strain 
gauges are mounted on the top adjust- 
ment bar. These gauges are for measur- 
ing the loads in the specimen, both static 
and dynamic.. These specimens were pre- 
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loaded with the flat spring and turn- 
buckle shown in the lower part of Figure 
1. The preload is measured statically 
by the strain gauge output into a d-c 
bridge-type instrument which is cali- 
brated directly in pounds per square 
inch. This instrument with its white 
dial is shown at the lower center in Figure 
12. The recording strip chart meter 
shown at the top of Figure 4 indicates the 
amplitude of beam vibration and is 
therefore an indication of the load in the 
specimen. The broken curve on the 
strip chart shows the preliminary calibra- 
tion of the meter and adjustments of the 
amplifier output and impedance matching 
for the bolt test. The exciting voltage 
is generated by the pickup (Figure 2), 
amplified by the equipment shown in 
Figure 4, and fed through the impedance 


PICKUP 


Figure 6. Electric 

circuit of the 5,000- 

pound fatigue ma- 
chine 


AMPLIFIER 
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POLARIZING COILS 


matching transformer (Figure 5) into the 


actuating solenoid (Figure 2). Each of 
these electric components is to be 
described. 


The Electric Circuit 


The electric circuit may be considered 
as that of an oscillator with the output 
sufficiently amplified to drive the vibrat- 
ing beam (refer to Figures 2, 4, and 6). 
The exciting voltage is generated by a 
permanent magnet attached to the 
vibrating beam and vibrating into fixed 
coils (Figure 2). The pickup voltage is 
usually in the order of three to six volts. 
It is fed to the input circuit of the ampli- 
fiers (Figure 4). The amplifier output is 
impedance matched to the actuator wind- 
ing by a special transformer designed for 
the 7- to 40-cycle-per-second frequencies 
(Figure 5). The polarizing coils are 
energized by the rectified power supply 
for the 6L6 amplifier. A filter separates 
the polarizing current from the plate 
voltage supply to the amplifier tubes. 

The recording meter, Figure 4, indi- 
cates the amplitude of the vibration of 
the beam. It is a 0-1.4-volt 1,400-ohm 
d-c voltmeter. It is connected to the 
output of the pickup coil through a series 
calibrating resistor and a small dry recti- 
fier. The meter reading follows the 
amplitude of the beam vibration with 
sufficient range and accuracy for any one 
test frequency and load condition. The 
strip chart gives a continuous record of 
specimen load and operating time. The 
vibrating specimen loads first are meas- 
ured with strain gauges and an oscillo- 
graph. The recording meter then is cali- 
brated for that test condition. The 
record on the strip chart meter shows a 
gradual decrease slightly before the speci- 
men fails. 
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Figure 7. Cross section of the actuator 
solenoid assembly 


After the failure of the specimen the 
beam falls on a limit switch which opens 
all electric circuits including the electric 
drive on the strip chart. 


The Actuator System 


A cross section of the actuator system 
is shown in Figure 7. A polarizing mag- 
netic field is induced by the top and bot- 
tom coils. They are wound with num- 
ber-30 enameled magnet wire and usually 
are worked at about 2,500 ampere turns. 
The central coil corresponding to the 
voice coil in a loud speaker, supplies the 
actuating force. This coil, the load for 
the output of the amplifier, usually is 
worked at an alternating current dens- 
ity of 150 to 350 milliamperes and at 
frequencies between 12 and 30 cycles per 
second. The impedance characteristics 
of the actuator coil will be discussed. 


Motional Impedance of the Actuator 
Solenoid 


Measurements were made of the vibrat- 
ing and blocked impedance components of 
the actuating coil with the normal 50- 
milliampere polarizing current in the 
field coils. The exciting alternating 
voltage was from an audio oscillator. 
The test set up was as shown in Figure 8, 
and the vector relationships of the quanti- 
ties measured were as shown in Figure 9. 

The voltages across BD and ED were 
measured at the resonant vibrating fre- 
quency of the mechanical system (19.6 
cycles per second) and also at other fre- 
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Because the driving 


quencies from 18 to 50 cycles per second. 
The impedance components were calcu- 
lated and plotted as shown on the curves 
in Figure 10. From these data the 
motional ,impedance® and the drive 
efficiency of the actuator coil were de- 
termined. 

The impedance values for the 19.6- 
cycle-per-second natural mechanical reso- 
nant frequency are listed in Table I. 


Motional impedance = 365 ohms 


bgt 


POLARIZING 

COIL -- 
VACUUM TUBE F 
VOLTMETER Es 


ACTUATING __y e9 
COIL LOAD s t 


POLARIZING 
COIL 


Figure 8. Setup for measuring motional 
impedance 


For vector relations refer to Figure 9 
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Figure 9. Vector relations of the voltages 
in Figure 8 
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Figure 10. Varia- 

tion of impedance 

components with 
frequency 
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power is a function 
of the resistive com- 
ponent it is evident 
that a small depar- 
ture from resonance 
means a large loss in 
power 
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TOTAL Z (VIBRATING AT 19.6 CYCLES 
PER SECOND) = 692 OHMS 
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The motional impedance is the differ- 
ence between the 666-ohm resistive com- 
ponent of the vibrating impedance and 
the 301-ohm resistive component of the 
blocked impedance. _ 


Efficiency (666 — 301)/(666) = 55 per cent 


This efficiency may be defined as the 
ratio of output power to input power when 
the load resistances for these quantities 
are considered as 


Vibrating resistive component — 
blocked resistive component 


vibrating resistive component 
= 565 per cent 


The sharp resonance curves show the 
importance of operating the electric drive 
at the mechanical resonant frequency. 
The power into the actuator coil is ob- 
viously a maximum when the motional 
resistive component is a maximum. 


Amplifier 


The amplifier is in two sections. The 
first has a 6J5 tube input, and a push-pull 
6L6 output with transformer coupling 
between the 6J5 plate and the 6L6 grids. 
When the specimen loads are less than 
2,000 pounds the output of the 6L6 
plates is fed through a special impedance 
matching transformer directly to the 
actuator coil. For greater loads the 6L6 
output drives the second amplifier section 
which has push-pull TZ40 tubes. The 
output is coupled to the actuator through 
a second special impedance matching 
transformer (Figure 5). The output of 
the 6L6 amplifier directly into the load at 
12 to 30 cycles per second is 15 to 30 
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watts. For greater specimen loads the 
TZ40 amplifier delivers 30 to 90 watts at 
the same frequencies. In this case the 
‘6L6 amplifier supplies only the three to 
‘Six watts required to drive the TZ40 grids. 


Low Frequency Transformers 


‘When one considers the comparative 
sizes of conventional power transformers 
of equal kilovolt-ampere and voltage rat- 
ings to operate on 400-, 60-, and 25-cycle 
circuits it will be evident that the 7- to 
40-cycle power requirements of the vibrat- 
ing machine demand transformers with 


much copper and iron in order to face ° 


both the tube output and the actuator in- 
put circuits with sufficient inductance to 
transfer the low frequency energy with 
reasonable transformer losses and proper 
impedance matching. 

The impedance matching transformer 
illustrated in Figure 5 is used to match 
the TZ40 push-pull plates to the actuator 
coil. For vibrating the specimens shown 
in Figure 3 the plate-to-coil impedance 
ratio was 59 to 1. The frequency for this 
test was 12.5 cycles per second. 


Performance 


A typical test setup is shown in the 
illustrations. The test specimens were 
5/16-inch special alloy bolts. The initial 
preload and vibrating load in the specimen 
was measured by the output of the speci- 
men strain gauges. The force produced 
by the actuator solenoid was measured 
by a second set of strain gauges. The 
oscillograph curves reproduced in Figure 
11 show the static preload and the mag- 
nitude and phase relation of the force sup- 
plied by the electric drive system and the 
resulting vibrating load change in the test 
bolts. The over-all Q of the system was 
100. This 100-to-1 ratio of the 3,766- 
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Figure 12. A 
100,000-pound fa- 
tigue machine 


The vibrating beam 


weighs 1,100 
pounds and the 
actuator coil  as- 


sembly weighs 440 
pounds; five-eighths- 
inch heat treated 
bolt specimens are 
being fatigue tested 


pound load in the specimen bolts to the 
27.7-pound driving force results from the 
9.5-to-1 mechanical advantage of the 
application points of the driving force and 
specimen load and the amplification which 
results from operating the beam system 
at its natural resonant frequency. 


Table |. Impedance of the Actuator Solenoid 
Impedance» 
Component Ohms 
Total vibrating, 15.7° phase angle......... 692 
RESISTING a ea I ae etclens is ors iene 666 
TREACEL VG TPA mite ie nae pemeh isneea fotodeausrehsreus 184 
Total blocked, 34.5° phase angle.......... 365 
RieSiGtive, Ah .ue rire a An ees gen Gs 301 
Riea ctivie ter re itn acters reeacte Siete lene ees omens 206 


Figure 11. Oscillo- 
graph record of the 
actuating force and 
resulting load in the 
specimen 


A Q of 100 was 

obtained for this test 

at 12.5 cycles per 
second 


Willson—Electromagnetic Drive 


The lead weight shown clamped to the 
beam in Figure | lowered the natural fre- 
quency of the beam system as it was 


moved away from the pivot point. Low- 
ering the frequency increased the speci- 
men load but decreased the transformer 
efficiency. The optimum frequency for 
this test condition was 12.5 cycles per 
second. 

Measurements were made of the various 
voltages and currents while operating 
with a 3,000-pound load change in the 
specimens. These rms voltages and cur- 
rents are listed in Table II. When 
operating with a 4,000-pound load in the 
specimens the actuator alternating cur- 
rent was 250 milliamperes. 


The 100,000-Pound Vibrating 
Machine 


A vibrating machine was designed for a 
maximum specimen load of 100,000 
pounds. This is 50,000 pounds vibrating 
load change and 50,000 pounds preload. 
The mechanical portion has been com- 
pleted and temporarily is being driven for 
light specimen loads by a mechanical 
eccentric until completion of the electric 
drive (Figure 12). Three five-eighths- 
inch bolts were being tested in the O 
jigs at the left. Directly above the 
specimens is shown a copper cylinder 
which electrostatically shields and also 
mechanically protects the strain gauges 
which measure specimen loads. The 
static prestress is measured on the d-c 
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bridge shown at the central rear. 
natnic loads are measured with a vacuum 
tube voltmeter and oscillograph as in the 
measurements for the 5,000-pound ma- 


Dy- 


chine. The lower specimen mounting is 
fastened near the pivot point of the 1,100- 
pound offset beam. The 12-inch cylin- 
drical sections which house the polarizing 
and actuator coils are shown at the right 
end of the beam. The top section vi- 
brates with the beam, and the lower sec- 
tion is fastened to the framework. A 
large helical preload spring is mounted 
directly above the actuator assembly and 
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Figure 13. 
fiers for 100,000- 


pound fatigue ma- 
chine 


is adjusted by the hand crank shown at 
the upper right. The preload also may 
be adjusted by the specimen adjusting 
bolts shown at the upper left. 

The actuator assembly consists of the 
12-inch steel shells, the enclosed polarizing 
coils at the top and bottom, and the 
actuating coil at the center. The weight 
of the copper wire is 170 pounds, and the 
steel shell and core assembly weighs 270 
pounds. The polarizing coils will be 
operated at 2,000 to 5,000 ampere turns, 
and for maximum load conditions the 
actuator is expected to require about 400 


Willson—Electromagnetic Drive 


Ampli- 


Table Il. Voltages and Currents at 3,000- 
‘Pound Load Change 

Rating 
Pickup’ voltage; osc.) aie, ro epee cient aero 5 
Coupling transformer primary voltage....... 150 
Coupling transformer secondary voltage...... 78 
Output transformer primary voltage......... 530 
Output transformer secondary (load) voltage. . 84 
Load.current \(Gania)is a cicrtcts oncutekeiot ete eatin 130 
Polarizing current: (ma) ose aceite a eel 40 
watts. A permanent magnet and a 


solenoid attached respectively to the sta- 
tionary and moving shell sections will 
furnish the synchronous exciting voltage 
to the amplifier input. The driver am- 
plifier is a 6L6 type similar to the one 
described for the 5,000-pound machine. 
The power amplifier stage contains push- 
pull RK63 power tubes rated at 200 watts 
plate dissipation. Special low frequency 
transformers couple the two amplifiers 
and match the output of the power stage 
to the actuator solenoid. Preliminary 
tests have indicated that the operating 
frequencies will be from 7 to 40 cycles per 
second. 
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Synopsis: Prior to the war a compandor 
was developed for general use on telephone 
circuits of the Bell System. This equip- 
ment provides power range compression at 
the transmitting end and power range ex- 
pansion at the receiving end of a telephone 
channel. The resulting crosstalk and noise 
reductions of about 25 decibels are large 
enough to make useful circuits out of chan- 
nels which otherwise would be unworkable. 
This paper considers engineering problems 
in the application of compandors and de- 
scribes the circuit principles involved in the 
equipment. 


OOD transmission characteristics of a 

communication channel are primarily 
the result of care exercised in the original 
design and construction of the communi- 
cation system of which the channel is a 
part, whether it be cable, open wire, 
radio, or mixtures of these. In the de- 
signs allowance is made for growth, 
so that future added channels will meet 
noise and crosstalk limits themselves and 
at the same time not react on the earlier 
installations. There are economic limits 
to such anticipatory design, however, and 
sometimes demands for additional chan- 
nels arise more rapidly than was expected. 
It then may prove either physically diffi- 
cult or expensive to provide the relief 
needed. For example, the obvious meas- 
ure of adding a 12-channel carrier system 
to another pair of wires of an open-wire 
line might require elaborate reassignment 
of all the pairs in the lead, retransposition, 
and retensioning to avoid undue cross- 
talk from system to system. 

The compandor to the present time has 
found its main field of use in meeting such 
situations. The principles involved are 
sufficiently general, however, to suggest 
that circuit designers will find it ad- 
vantageous to consider the application of 
compandors, in some form, in the over-all 
planning of new systems. It then be- 
comes a question of economics as to 
whether this, or other methods, or both 
should be employed to meet noise and 
crosstalk limits. 

The compandor described is a voice- 
frequency device, applied channel by 
channel where needed, which enables 
noise and crosstalk reductions up to about 
25 decibels to be obtained. Its first 


application to wire lines in the Bell Sys- 
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tem was made early in 1941 on the Char- 
lotte-Miami and Charlotte-West Palm 
Beach routes. It proved of value during 
the war in permitting rapid additions to 
cope with some of the demands stimu- 
lated by military installations. Circuits 
which otherwise would have been un- 
workable were brought to satisfactory 
standards. The number of compandors 
in use at the present time is over a hun- 
dred, on the routes mentioned and in 
other locations, and substantial additions 
are to be made during the current year. 

A compandor was applied to the long- 
wave New York-London radio circuit 
some years ago.” At that time vacuum 
tube circuits were utilized for compres- 
sion and expansion, but the general theory 
stated then still is applicable to the 
present compandors, in which there are 


COMPRESSOR 


Figure 1. Com- 

pandors applied to 

4-wire telephone cir- 
cuit 


vario-lossers formed of copper-oxide va- 
ristors. An experimental model using 
varistors was installed in 1938 on the 
Boston—Provincetown circuit, which is 
partly wire and partly radio; this is still 
in operation. Other applications of com- 
pandors outside the Bell System have been 
made by the British Post Office.® 


Functional Description 


Crrcuir APPLICATION 


A compandor consists of two units, a 
compressor and an expandor, from which 
it obtains its name. Each is a piece of 
equipment of about one-half cubic foot in 
volume. The units are one-way devices 
operated at voice frequencies so that they 
are installed, as Figure 1 indicates, on the 
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EXPANDOR 


4-wire side of the circuit. The 4-wire 
circuit is converted to 2-wire by the stand- 
ard hybrid coil and balancing network 
arrangements indicated. The compressor 
is installed at the transmitting end of a 
one-way channel and the expandor at the 
receiving end. 

The line between the two terminals 
may be voice frequency or carrier and it 
may include a radio link. The channels 
may be equipped with compandors in 
each direction of transmission, or only 
in one direction, as required. The func- 
tions of the attenuating pads P, and Px 
and of the cross controls shown in Figure 
1 will be discussed later. 


COMPRESSION AND EXPANSION 


The compressor and the expandor com- 
plement each other; what one does the 
other reverses. If the compressor inserts 
amplification in the channel the expandor 
inserts an equal attenuation. The noise 
reduction afforded by these comple- 
mentary units comes about because the 
compandor allows a basic principle to be 
pushed further than is possible otherwise. 
This is the old proposition that if the 
transmitting level of a circuit is increased, 
a loss can be inserted at the receiving end 


EXPANDOR 


oras-y 


LINE 


COMPRESSOR 


without changing the net loss, but re- 
ducing noise coming into the line be- 
tween terminals by the amount of the in- 
serted loss. Usually transmitting levels 
cannot be increased without overloading 
the line amplifiers by the stronger sig- 
nals. The compandor avoids this dif- 
ficulty by giving no gain, or even a loss 
to the strongest signals, and by giving the 
maximum gain to the weakest signals, 
which although so amplified are well be- 
low the overload point. 


Paper 46-183, recommended by the AIEE commit- 
tee on communication for presentation at the AIEE 
Pacific Coast meeting, Seattle, Wash., August 
27-30, 1946. Manuscript submitted April 18, 
1946; made available for printing July 12, 1946. 


C. W. CartTeR, Jr., A. C. Dickreson, and D. 
MITCHELL are members of the technical staff of 
Bell Telephone Laboratories, Inc., New York, N. Y 
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The variable gains and losses in the 
compressor and expandor are controlled 
automatically by the syllabic envelope of 
the signal itself, which ordinarily is 
speech. There are rapid variations in 
speech power and these produce an in- 
cessant variation in the gains and losses 
of the two units. It is simpler to consider 
the action of the compandor in terms of 
steady-state testing power. 


Figure 2 shows input-output char- 
acteristics of the compressor and ex- 
pandor, measured separately. The in- 
put power was applied in each case at the 
toll switchboard or other zero-level points 
ahead of the device. The output power 
was measured at a zero-level point be- 
yond the device. (Zero-level points ina 
toll circuit are those points at. which the 
net loss as measured from the toll switch- 
board is zero; these points are designated 
before insertion of the compandor.) 


27.5 decibels to an output range of 55 
decibels. 


POWER LEVELS 


In the usual communication circuit two 
input powers, differing by 30 decibels, for 
example, will remain 30 decibels apart 
from one end of the circuit to the other. 
This condition is changed when a com- 
pandor is inserted, as is shown in Figure 3. 
This indicates graphically how a range of 
input power is reduced by the compressor 
for transmission and then restored by the 
expandor. 

In Figure 3 the power levels and level 
changes in a compandored circuit are 
shown at three points. 


1. A zero-level input point. 
2. A zero-level output point. 


3. A point between the compressor and ex- 
pandor which would be a zero-level point if 
the devices were not there. 


OVER-ALL 
CIRCUIT 


ZERO-LEVEL OUTPUT POWER IN DBM (DECIBELS REFERRED TO! MILLIWATT) 


3500-45 40 Som Ona aoe On stoma lO 


FeRO- LEVEL INPUT POWER IN DBM (DECIBELS REFERRED TO | MILLIWATT) 


The 45-degree slopes at the extremes of 
the curves mean that the devices are 
ordinary amplifiers at those values. 
The companding action takes place in 
the range between called the companding 
range. In this range the slope of the 
compressor curve is one-half. A range of 
input power of 55 decibels (minus 45 to 
plus 10 “‘dbm”’ is converted by the com- 
pressor to an output range of 27.5 deci- 
bels. (This electric power is expressed 
in decibels referred to the commonly used 
base of one milliwatt. In the Bell System 
this unit generally is abbreviated “dbm”’ 
and for the sake of convenience the ab- 
breviation will be used throughout this 
paper.) The slope of the expandor curve 
is two, and it converts an input range of 


1080 


Figure 2. Input- 

output characteristics 

of compressor and 
expandor 


=o fo) 5 10 «615 


One input power only (for this compandor 
it is plus five “dbm’’) goes through the 
system unchanged. The top of the com- 
panding range, plus ten ‘‘dbm”’ is attenu-. 
ated by 2.5 decibels in the compressor 
and thus is transmitted over the line at 
a level lower than normal. Input powers 
between plus five and minus 45 ‘‘dbm” 
are amplified by amounts equal to half 
the separation in decibels between the 
input power and plus five “dbm.”’ Zero- 
“dbm” testing power, for example, is 
amplified by 2.5 decibels and a power of 
minus 30 ‘“‘dbm”’ by 17.5 decibels. Pow- 
ers that were 30 decibels apart at the in- 
put thus are transmitted 15 decibels 
apart. Powers at the bottom of the com- 
pounding range, minus 45 ‘“dbm,” and 
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below are amplified 25 decibels. The 
whole companding range, 55 decibels, 
thus is transmitted as a range of 27.5 
decibels. At the receiving end the ex- 
pandor restores the original separation 
between the powers. 


Since the maximum gain of the com- 
pressor is 25 decibels, the maximum loss of 
the expandor is also 25 decibels, and this. 
is the maximum possible noise reduction, 
Ordinarily the crosstalk reduction is 
slightly less than this figure, but under 
some circumstances to be discussed later 
it may be considerably more. More 
noise reduction could have been obtained 
if the value of power which receives 
neither gain nor loss had been put at the 
top of the companding range, for then the 
maximum loss would have been 27.5 
decibels, one-half the whole range. This 
was found to be undesirable for it in- 
creased the frequency of occurrence of 
high speech peaks on the line, thus re- 
ducing the overload margin. 


Noise and Crosstalk Reduction 


When a compandor is installed on a cir- 
cuit to reduce noise, crosstalk, or both, ad- 
justments can be made to suit various 
circumstances by selecting the values of 
the attenuation pads P, and P, indicated 
in Figure 1. In the compandor de- 
scribed in this paper, the sum of these 
losses (Pc + Py) must be kept at 20 
decibels to maintain the complementary 
relation between compressor and ex- 
pandor. Thus there is only one inde- 
pendent adiustment to be made. 


Formulas describing the relations be- 
tween steady-state input and output 
powers are helpful in understanding the 
basis for selecting the values of Po and ~ 
Py. Referring to Figure 2, the slope for 
the straight line representing the com- 
pressor characteristic is one-half, and the 
output power for an input of 0 “dbm’’ 
is 2.5 ““dbm.’”’ The pad Pg of the com- 
pressor will reduce further the output 
power. Thus, in ‘“dbm,” the output 
power Cour is related to the input power 
Cry as follows: 

1 
Cour =5Cin+2.5—Po GY) 
The slope for the expandor is two, and the 
output power for an input of zero ““dbm’’ 
is minus five ‘‘dbm’”’ when the pad P, is 
20 decibels. If the value of P, is de- 
creased from 20, the output will be in- 
creased by twice the change in P,, since 
Py, is in the input side. Thus the output 


power Four is related to the input power 
Eqy. 
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Hs 


COMPRESSOR 
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STEADY-STATE INPUT POWER IN DBM 
AT ZERO LEVEL 


Figure 3. Power levels in telephone circuit with compandor 


Eout =2E1x —5+2(20—P,) (2) 


As stated in the foregoing text, to pre- 
serve complementary action, 


PotPz=20 (3) 


Thus, choosing P, for the independent 
adjustment, the expression for Eoyr be- 
comes 


Eout =2E1n—5+2Pe¢ (4) 


If Ery is made equal to Cour, by substi- 
tution from equation 1 it will be found 
that Hour = Cx; the over-all net loss 
is unaffected. 

The maximum gain inserted by the 
compressor occurs when Cin = —45 
“dbm.” At this value Cour = —20 
—Pe, and the gain Cour—(Cin at this 
value is (25—P,) decibels. This maxi- 
mum gain is matched by the complemen- 
tary loss in the expandor, so that the 
maximum loss in the expandor, desig- 
nated Emax, is 


Emax =25—P¢ (5) 


NOISE REDUCTION 


If noise is induced in the line between 
its terminals, the maximum loss is de- 
sired at the receiving terminal. To ob- 
tain this, the compressor pad P, is made 
zero, and the expandor pad P, is made 20 
decibels. The power levels then cor- 
respond to Figure 3. In general, the 
noise advantage is Emax; thus, if for any 
reason P, is not zero, the noise advantage 
becomes (25—P,) instead of 25 decibels. 

There is an upper limit to the amount 
of noise with which the expandor can deal. 
If the noise is high enough it will operate 
the expandor controls and the loss in- 
serted will be less than 25 decibels. The 
upper limit is quite high, however. As 
Figure 2 shows, any noise corresponding 
to a power of minus 20 ‘‘dbm”’ or less will 
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Figure 4. Losses in 

crosstalk paths be- 

tween telephone cir- 

cuits with compan- 
dors 


OUTPUT POWER AT ZERO LEVEL 


not operate the expandor controls and 
therefore will be attenuated by the full 
loss. A single frequency noise of minus 
20 ‘‘dbm’’ would read plus 70 decibels on 
a Western Electric type 2 noise measur- 
ing set,4 unweighted. The corresponding 
figure for noise spread over the frequency 
band, such as static, is about 55 to 60 
decibels above reference noise, with mes- 
sage weighting. Noise of this value also 
is reduced by the expandor to 30 to 35 
decibels at the zero level, or 20 to 25 
decibels at a minus 10-decibel level, which 
is within satisfactory limits. 


CROSSTALK REDUCTION 


The crosstalk problem usually differs 
from the noise problem in that whole 
groups of channels need to be considered 
in relation to each other. These may be, 
for example, all of the channels of the 
same frequency allocation and direction 
of transmission in several carrier systems 
in the same cable. Nothing is gained in 
this case by raising all of the transmitting 
levels and inserting compensating losses 
at the receiving end, since the couplings 
between channels are not changed. 

The crosstalk advantage provided by 
the compandor is a result of its selectivity 
with respect to amplitude. The range of 
talking volumes applied to a telephone 
circuit is about 40 decibels; of these, it is 
the louder ones which constitute the 
sources of crosstalk. The compressor 


Table | 
No. of Channels Value of Pc For 
Being Equipped Which CXA=0 
LEIS TonR TER esha oiieraconeiiv ea eseiate 5 
ES ier ree OI IEE Ce a 4 
LUGS Qo He See OD iG Sey ee eee a 2 
AU ete nies ettetnts Sis erie ea. sree) slais 0 
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can be arranged to discriminate against 
these by lowering the level for high talk- 
ing volumes while raising the level for 
low talking volumes. The compressor 
therefore can be used to control crosstalk 
into other channels, A further crosstalk 
reduction is provided by the expandor on 
the receiving end of the disturbed circuit. 
This can be used to control crosstalk from 
other channels. Ordinarily it is desirable 
to gain the maximum advantage at the 
expandor end, since this also provides the 
maximum noise reduction. In special 
cases it may be more useful to work the 
compandor in such a way as to gain a 
large advantage at the compressor end. 
For example, the total advantage may be 
divided between two circuits, The choice 
of values for the compressor and expandor 
pads P, and P, depends on such con- 
siderations. 


COMPRESSOR CROSSTALK ADVANTAGE 


The compressor crosstalk advantage 
CXA for test tone is the reduction in the 
power transmitted to the line caused by 
the compressor, or 


CXA (for test tone) = Cin — Cour 


1 
= Gin —2.5+Pe (6) 


For input powers less than plus five 
“dbm”’ this is negative, that is, a disad- 
vantage unless Py is made greater than 
zero. 

In speech the power varies widely dur- 
ing the time one talker is speaking, and 
the averages for different talkers cover a 
wide range of volumes. Also there are 
often several possible disturbing sources. 
For these reasons the compressor crosstalk 
advantage for speech requires a statistical 
evaluation. This has been done, with the 
results listed in Table I. 

The number of channels being equipped 
signifies the quantity which have such 
frequency allocations as to be potential 
crosstalk disturbers, and in which com- 
pandors are being installed. 

Designating the figures in the right 
hand column as P’¢, the crogstalk ad- 
vantage formulation for speech then be- 
comes 


CXA (for speech) =Pce—P’¢ (7) 
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In ordinary practice, Pg is made equal to 
P’. so that CXA is zero, that is, the cir- 
cuits with compandors are no more dis- 
turbing to other circuits than previously. 
In special cases, it may be desirable to 
reduce the disturbing effect to other cir- 
cuits and this is done by making Pg, 
greater than P’,, 


EXPANDOR CROSSTALK ADVANTAGE 


Since crosstalk of manageable pro- 
portions is too weak to operate the ex- 
pandor controls, the expandor crosstalk 
advantage is the maximum loss in the 
expandor Emax, or 


EXA=25—P¢ (8) 


VARIO-LOSSER 


THERMOSTAT 


CONTROL 
AMPLIFIER 


Figure 5. Schematic 
diagram of compan- 
dor at one end of a 
4-wire telephone cir- 
Po cuit 


CONTROL, 
AMPLIFIER 


The formula shows that it is desirable to 
make Pg, as small as possible. As 
previously indicated, however, this is 
limited by the disturbing effect of the 
circuit to which the compandor is applied. 


TOTAL CROSSTALK ADVANTAGE 


Total crosstalk advantage from one cir- 
cuit to another is the sum of the com- 
pressor crosstalk advantage CXA of the 
disturbing circuit and the expandor cross- 
talk advantage EXA of the disturbed cir- 
cuit. In the usual cases with Py made 
equal to P’¢, the value of CXA is zero, 
so that the total crosstalk advantage 
from circuits either with or without com- 
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pandors to a circuit with a compandor is 
EXA, or 25—P’¢ or from 20 to 23 deci- 
bels. 

In special cases where specific couplings 
are known the crosstalk advantages may © 
be distributed in other ways. For ex- 
ample, assume a situation as in Figure 4 
where there are only two circuits. The 
values of Pg can be chosen so as to 
equalize the crosstalk loss in the two 
directions, even though the couplings are 
not equal. Assume that 


Ypa=YastD (9) 


where the Y’s indicate the attenuations 
through the crosstalk paths from B to A 
and A to B, and D is the difference be- 
tween them. In the A-B direction the 
total advantage is 


CXA,+EXAgz 


and in the B—A direction the subscripts 
are interchanged. It is desired to have 


CXA,+EXAp=CXApgt+EXA,t+D (11) 


so that a greater advantage in the A-B 
direction will compensate for the fact 
that there is less attenuation to crosstalk 
in that direction. Using equations 7 and 
8, with added subscripts to denote 
terminals. c 


(10) 


Poa—P'c+25—Pes=Pes—P'ct+ 
25—PeatD (12) 


Therefore 


(13) 
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Assume, for example, that D = 20 deci- 
bels. Since there are only two circuits 


_and both are equipped, P’, = 0, so that 


Pex can be made zero. Then, by equa- 
tion 13, Pc, should be ten decibels. The 
corresponding values of Pz, and Py, are 


20 and 10 decibels, respectively. The 


total advantage in the A-B direction is 
10 + 25 = 35 decibels, while that in the 
B-A direction is 0+15=15 decibels, 
The same formula (13) also can be derived 
from equations 6 and 8 for test tone. It 
is of some interest that in a situation of 
this kind the total advantage in one direc- 
tion can exceed Ey,x, since the advantage 
is the sum of the value of CXA on one 
circuit and EX A on the other. 


Transmission Considerations 


NET Loss VARIATIONS 


Net loss variations in a communica- 
tions channel are deviations from the 
nominal or assigned value of over-all net 
loss. These may occur from a variety of 
causes, but on wire lines primarily from 
fluctuations of weather. A positive varia- 
tion, which increases the net loss, is un- 
desirable: because the loudness of the 
speech heard by the subscribers is re- 
duced. Negative variations, though im: 
proving the loudness of the speech, also 
may be undesirable if too great. Speech 
reflected from the far end of a circuit then 
may be audible as an annoying echo. If 
the negative variation is extreme the cir- 
cuit finally may become unstable and sing. 


VARIO-LOSSER 
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Figure 7. ‘Schematic 
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Electric type 1A 
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The compandor accentuates the prob- 
lem of net loss variations. Equation 4 
shows, for powers within the companding 
range, that if the input power to the ex- 
pandor is changed by a line loss variation, 
the change in output power is twice as 
great. For this reason, compandors are 
applied to most advantage on circuits 
which have good regulation of net loss. 


EFFECT OF CROSS CONTROL ON EcHO 
AND SINGING 


When both sides of a 4-wire circuit are 
equipped with compandors the effect of 
the increased net loss variations on the 
round trip path can be avoided by means 
of cross controls from the expandor to 
the compressor at each terminal. These 
are indicated in Figure 1. By means of 
the cross control, when the expandor is 
inserting gain in its own path it simul- 
taneously inserts an equal loss in the com- 
pressor at the same terminal. This is a 
unilateral action, since a directional ele- 
ment prevents the control current of the 
compressor from reaching the expandor. 
Bilateral controls also have been tested, 
but were found to be unnecessary. How- 
ever, in most applications to modern well- 
regulated carrier circuits the unilateral 
control is not needed either, so that its 
use is made optional. 

When cross controls are used in a 4- 
wire circuit equipped with compandors in 
both directions, the echo conditions are 
better in some circumstances than on the 
same circuit without compandors. This 


LINE AMPLIFIER 
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advantage is most pronounced when the 
compandors are at the terminals and the 
circuit is not switched to other circuits to 
distant cities at either end. The echo 
then returns so quickly that it passes 
through the compressor while the cross 
control from the expandor at the same 
terminal is inserting a loss in it, and the 
net loss to the echo in the return path 
thereby is increased as compared with a 
return path not having a compandor. If 
there is a long connecting circuit the echo 
may return after such an interval that 
the cross control has ceased its action, so 
that this echo improvement no longer is 
obtained. 

With respect to singing, the cross con- 
trol tends to cancel the effect of the in- 
creased net-loss variations introduced by 
the expandor, since a compensating loss 
or gain is inserted in the return path. 


Quality Considerations 


THE COMPANDOR, A DyNAMIC DEVICE 


For simplicity, the preceding sections 


have described the properties of the com- 


pandor in terms of steady-state testing 
power. Its primary purpose, however, is 
to transmit speech, which is a constantly 
varying quantity. The wide fluctuations 
of power during speech cause continual 
variation of loss in both compressor and 
expandor. In these circumstances it was 
not easily predictable that speech powers 
could be compressed, transmitted over a 
telephone line of limited frequency range, 
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and then themselves guide the expandor 
in such a way as to reproduce the original 
dynamic pattern sufficiently well to be 
acceptable to the ear. 

The quality characteristics depend on 
close matching of the characteristics of 
the vario-lossers at the two terminals, 
and on the selection of the proper attack 
and recovery times in the control circuits. 
Attack time is the interval required, after 
the sudden application of a steady testing 
signal, for the gain of the compressor or 
of the expandor to reach substantially its 
final value. Recovery time is the analo- 
gous interval after the interruption of a 
steady testing signal. If the attack and 
recovery action is too abrupt, modulation 
products may be created which may be 
heard as distortion and noise. If the 
attack time is too slow there may be 
mutilation of the initial part of a syllable. 
If the recovery time is too slow the loss of 
the expandor is not inserted fully between 
syllables. Talking and listening tests 
established that attack times on the order 
of ten milliseconds and recovery times on 
the order of 50 milliseconds gave satis- 
factory quality on good toll circuits. 


NoisE—E ADVANTAGE IN THE ABSENCE OF 
SPEECH—AURAL TESTS 


When speech is not being transmitted, 
the expected improvement, as discussed 
in preceding sections, is equal to the loss 
inserted by the expandor. Measure- 
ments of this improvement have been 
made with a noise measuring set and also 
by ear balance comparisons for noises 
both below and above the threshold of 
expandor operation. In the ear balance 
tests, each of a group of observers listened 
alternately with the expandor in and out 
of the circuit, adjusting the noise in the 
latter condition until he judged the two 
noises to sound equally loud. The re- 
sults are shown in Table II. 

The noises were inserted between com- 
pressor and expandor and measured at 
zero-level points. It is of interest that 
the ear balance measurements check the 
meter measurements quite closely and 
that the full improvement is obtained up 
to values of noise measuring nearly 60 
decibels. 


NoIsE ADVANTAGE IN THE PRESENCE OF 
SPEECH—AURAL TESTS 


When speech is being transmitted along 
with the noise the explanation of the 
noise improvement is not so simple, and 
the figures are somewhat different. 
This is because of the fact that during 
speech the vario-losser of the expandor is 
being varied by the speech. Consider 
first the case of a noise measuring less 
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than 60 decibels above reference noise 
at a zero-level point. Between syllables 
the expandor attenuates this 25 decibels. 
During a syllable the speech operates the 
expandor, removing loss, perhaps to the 
extent of 25 decibels. Thus the attenua- 
tion given the noise during speech varies 
according to the strength of the syllables. 
If the recovery times of the control cir- 
cuits are not chosen carefully the variation 
of the background noise may be quite 
audible; from its nature this effect has 
been named ‘‘hush-hush.”” The recovery 
times chosen disguise the hush-hush on a 
message circuit from all but the most 
critical listener. 


Table Il. 


Noise Improvement—Compandor 


In Versus Out 


a — 


Magnitude of Noise, Db 


Noise 
Improvement, Db 


With Compandor 


Without Noise Noise 
Com- Measur- Measur- Ear 
pandor ing Set Ear ing Set Balance 
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Table Ill. Noise Improvement in the Presence 
of Speech 
Ear Balance Tests 
Talking Zero Level Noise, Db 
Volume at Noise 
Zero Level, Without With Improve- 
vu Compandor Compandor ment, Db 
INoispeechine. cass DB ievtactetan teilanes 12 8S nese dara eee 26 
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Although with these adjustments the 
speech syllables mask the noise variations 
it is a fact that the noise actually is 
present in greater or less amounts and 
presumably is interfering with the syl- 
lables. That being so it is reasonable to 
ask whether the noise improvement is the 
same when speech is present as when it is 
absent. This is a matter for listening 
tests, which indicate that when speech is 
present the appraisal of noise improve- 
ment indeed is affected, but to a small ex- 
tent. This is shown in Table III. 

As a matter of orientation minus ten vu 
represents about the average volume 
which reaches the toll switchboard for 
transmission, while plus eight vu is at- 
tained by only one in about 10,000 talkers. 
It is apparent that over the practical range 
of talking volumes nearly the full improve- 
ment is maintained, even though the noise 
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may rise many decibels during the trans- 
mission of a syllable. Suppression of the 
noise during intervals between syllables 
seems to be of controlling importance, 
which probably is related to the relief of 
the ear from fatigue. That the improve- 
ment is no mere illusion of judgment has 
been shown by articulation tests. It 
also has been demonstrated in a striking 
way by an experimental arrangement such 
that the noise without the compandor not 
only interfered with but completely 
obliterated the speech, whereas with the 
compandor the speech was intelligible. 


Circuit Description 


COMPRESSOR AND EXPANDOR 


The functional elements of a com- 
pandor are shown in Figure 5 as they are 
arranged at one terminal of a 4-wire 
circuit. The other end of the circuit is 
equipped similarly. 

The talking path through the com- — 
pressor consists of a vario-losser followed 
by an amplifier. The control path works 
from the output of this amplifier back to 
the vario-losser. In the control path 
there is an amplifier followed by a recti- 
fier, the current from which controls the 
loss of the vario-losser. 

Let EL; be the input voltage, and E, be 
the output voltage of the compressor. 
Since the vario-losser consists of a variable 
resistance R bridged across a circuit of 
considerably higher resistance, the voltage 
across R is proportional to the value of R 
and to the input voltage. Thus 2,= 
K,RE;. The relationship desired for a 
2/1 compressor is E,=KE;/?. This rela- 
tionship will be met if R is inversely pro- 
portional to E,. If the variable element 
is a copper oxide varistor, this relation- 
ship is approximated. The current-volt- 
age characteristic of copper oxide 
varistors can be approximated over a con- 
siderable range by the expression J= 
ae”, where J and E are current and 
voltage, a and dD are constants. 


R=1/bI 


If the control system is linear, so that J= 
K.E,, then, as desired. 


R=1/K3E, 


In the expandor the talking path also 
contains a vario-losser followed by an 
amplifier, but in this case the control 
amplifier-rectifier is connected ahead of 
the vario-losser. The latter is a variable 
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resistance R in series with a circuit of 
considerably lower resistance. Thus the 
current through the circuit is determined 
mainly by R. The voltage across the low 
output impedance is proportional to this 
current so that E,=E;/K\R. As before, 
the rectifier is linear, and the varistor is 
copper oxide, so that R=K./E,, whence 
E,=KE,’, as desired for a 2/1 expandor. 

The cross control consists of another 
rectifier connected to the expandor con- 
trol amplifier, with the d-c output con- 
nected through a one-way element to the 
vario-losser of the compressor. Thus at 
the same time that the expandor loss is 
being reduced by input, an approximately 
equal loss is being added to the com- 
pressor. The one-way device at the out- 


Front view of compressor (cover 
removed), Western Electric type 1A 


Figure 8. 


put of the cross control, a copper oxide va- 
ristor, makes the action unilateral. 


MATCHING CHARACTERISTICS 


The compressor and the expandor 
should be exactly complementary, so 
that the over-all circuit will have a con- 
stant loss at all amplitudes. It was a 
design objective to keep deviations from 
this relation to less than one decibel for 
all causes, including manufacturing toler- 
ances, aging, temperature, and power 
supply variations, with the added condi- 
tion that any compressor must work with 
any expandor. ; 

The variations contributed by ampli- 
fiers are made negligible by designing 
both line and control amplifiers with 
about 35 decibels of negative feedback, 
which reduces any individual variation by 
a factor of 50 or more. 

As ordinarily used, copper oxide va- 
ristors are subject to relatively large 
variations because of manufacturing 
tolerances, aging, and temperature 
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changes. As used here, the copper oxide 
disks are superaged in the factory. It is 
estimated that this produces an aging 
effect equivalent to about 75 years of 
ordinary service, and that further changes 
will be of the order of three per cent in re- 
sistance over a 20-year period. After 
this process, the disks are selected by 
individual tests, high and low resistance 
disks being combined so that the four 
arms of the vario-lossers are balanced. 
To minimize variations caused by am- 
bient temperature changes, the varistors 
are mounted in a small oven, the tem- 
perature of which is controlled by a 
thermostat to an accuracy of about 
plus or minus three degrees Fahrenheit. 
Because of the design precautions 


taken, the control rectifiers are closely 
alike; however, their input-output char- 
acteristic is not strictly linear. For this 
reason, the rectifiers are adjusted to work 
over the same portion of the curve by ad- 
justing their output currents to be equal 
at a normal testing tone input of zero 
“dbm”’ at a zero-level point in the circuit. 
It is found by experience that varistors 
differ most in resistance at low control 
currents. For this reason, an additional 
adjustment is made by means of a poten- 
tiometer at a circuit input corresponding 
to the bottom of the companding range. 
This adds a small direct current derived 
from the 130-volt plate battery to the 
current produced by the control rectifier, 
thus making the input-output curve 
cross the ideal again at this input. 


PERFORMANCE 


Figure 2, which shows the input-output 
characteristics of idealized compressors 
and expandors, contains dashed lines 
which show typical measured character- 
istics for comparison. These are matched 
to a degree such that the over-all circuit 
loss measured at different input ampli- 
tudes will not vary more than plus or 


Carter, Dickieson, Mitchell—Compandors 


minus one decibel, and in the usual case 
will be in the range plus or minus 0.25 
decibel. These figures include all varia- 
tions except the effect of loss variations in 
the circuit between compressor and 
expandor. 

Frequency characteristic distortion, 
modulation products, and noise from ap- 
paratus sources all have been reduced to 
the point of contributing only a negligible 
amount on a high-grade 200-3,500-cycle 
message channel. 


DETAILED DESCRIPTION 


Figures 6 and 7 show the circuits of the 
compressor and expandor in some detail. 
The line and control amplifiers each com- 
prise two stages, impedance coupled, with 


Figure 9. Front view of expandor (cove 
removed), Western Electric type 1A 


about 35 decibels of negative feedback for 
gain stabilization. Screwdriver controlled 
potentiometers in the feed-back path are 
used for fine adjustment of gain. Heater- 
type pentode tubes are used throughout. 

The temperature inside the oven may 
be measured by means of a thermistor 
disk about the size of a dime, which is in- 
side the potting can holding one of the 
vario-lossers. This thermistor is a por- 
tion of a Wheatstone-bridge circuit, 
the other arms being made up of re- 
sistances in a vacuum-tube cathode cir- 
cuit. The condition of balance of the 
bridge, which is an indication of the 
oven temperature, may be determined by 
the same testing equipment® used to 
maintain other circuits in the telephone 
office. The currents flowing in the vari- 
ous cathode circuits and in the control 
rectifier output are measured also with 
this same test set by connection to the 
receptacle ‘‘test’”’ on the panel. 

In case of a thermostat failure causing 
permanent closure, damage to the 
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An Oscillograph for Recording 


Transient Recovery Woltages 


W. G. HOOVER 


ASSOCIATE AIEE 


HE importance of the effects of the 
l Reeaee and rate of rise of the 
transient recovery voltage upon the 
difficulty of are interruption in circuit 
breakers has been recognized for a num- 
ber of years. It is known that differences 
in the interrupting performance of cir- 
cuit breakers may be obtained at different 
locations in power systems, even though 
the power-frequency voltages and short- 
circuit currents involved may be similar." 
In general, the greater the rate at which 
the transient recovery voltage builds up 
and the greater the final value that it 
attains across the arc space as the arc 
extinction process occurs, the more dif- 
ficult it is for the circuit breaker to clear 
the circuit. There is not, however, any 
simple quantitative relationship between 
these transient values and the arcing 
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time of a circuit breaker or its interrupt- 
ing capacity limit. Individual short- 
circuit interruptions with a given circuit 
breaker and circuit conditions may show 
considerable variations in arcing time. 
For such and other reasons the added 


generally are intended to be sufficiently 
conservative to hold under the most 
severe recovery conditions likely to be 
encountered in practice. In the larger 
ratings, test verification of this assump- 
tion may be difficult or impossible to ob- 
tain. In certain applications full rating 
short circuits result in low recovery- 
voltage rates. Such a condition well 
might be considered in specifying inter- 
rupting capacity requirements, especially 
where the choice otherwise lies between 
adjacent standard ratings. 

Although the transient recovery char- 
acteristics of circuits in which circuit 
breakers are connected may be calcul- 


Figure 1. Block dia- CATHODE- 
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complication of transient recovery-volt- 
age rate and magnitude limits has not 
been added to circuit breaker interrupt- 
ing capacity ratings or specifications.” 
Interrupting capacity ratings applied 
by manufacturers to circuit breakers 
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ated,*4 the numerical results desired 
may be obtained in many cases only 
after the expenditure of considerable ef- 
fort and the making of a number of 
simplifying assumptions. Indirect tests 
at low voltages may be made to deter- 


varistors is prevented by a temperature 
operated fuse which opens the heater cir- 
cuit when the oven temperature becomes 
greater than 140 degrees Fahrenheit. 

The pads “out” (Figure 6) and “in” 
(Figure 7) are the adjustment pads Pe 
and P, previously discussed. They are 
arranged to plug into tube sockets, and 
may be selected in 0.25-decibel steps 
from 0 to 20 decibels. The losses of the 
two pads in one direction of transmission 
always must sum up to 20 decibels to 
maintain complementary action in this 
compandor. 


Physical Description 
The compressor and the expandor, 


which are shown in Figures 8 and 9, are 
7-by-19-inch panels designed to mount 
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on relay racks. Stud-mounted com- 
ponents are on the rear while wiring and 
vacuum tubes are on the front of the 
panels. Front covers have cutouts for 
access to testing jacks and controls. 
Each panel weighs approximately 25 
pounds. Shop-wired bays normally in- 
clude 12 units, which may be compressors, 
expandors or a combination of both. 
Patching and monitoring jacks, a 4-wire 
monitoring and talking panel, and mis- 
cellaneous trunks as required also are 
provided in the bay. 

The power supplies required are 130 
volts for plates, 24 volts for filaments, and 
24 volts for the ovens. A power panel is 
also available so that the filament circuit 
and oven heaters may be operated from 
an a-c source, if desired. It is a 10!/2- 
inch panel with sufficient capacity to 
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supply 12 units. The total power re- 
quired is about 40 watts for each unit. 
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mine transient performance of circuits 
viewed from the circuit breaker loca- 
tion.®5 Such tests require that the cir- 
cuits involved be de-energized during the 
test. They do not indicate any modifica- 
tions of the recovery-voltage transient 
resulting from circuit breaker arc voltage 
or residual are conductivity after the 
main current zero. Where interruption 
tests are made, either in the field or 
in the high-power test laboratory, there 
is considerable interest and satisfaction 
in directly measuring these voltages. 
Such measurements lie within the field 
of application of the moderate or high- 
speed recording cathode ray oscillograph. 


Methods of Measurement 


A requirement peculiar to these re- 
covery-voltage measurements involves 
the ability to record transient voltage 
variations occurring in a few micro- 
seconds, and maintaining this high re- 
cording speed sensitivity over a time in- 
terval of several cycles of power fre- 
quency. Two basically different methods 
have been employed for timing the record 
on the photographic film and obtaining 
a sufficiently expanded time scale. 

One method utilizes a moving film 
oscillograph.”> The film is attached to a 
drum which is rotated at speeds up to 
several thousand revolutions per minute. 
The cathode ray beam is deflected by the 
variations of voltage across the circuit 
breaker along an axis at right angles to 
that of the film travel. The beam is 
energized for a period of time sufficient 
to include the interruption process. 
During this exposure time the film may 
complete a number of revolutions with 
the result that a similar number of over- 
lapping traces appears on the record. 
The separate traces are usually dis- 
tinguishable, and since the total length 
of trace on the film is several feet, low 
and moderate transient recovery-voltage 
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Figure 2 (left). Front 
panel of oscillograph 


Figure 3 (below). 

Oscillograph with 

camera and tripping 
transformer 


In the other method of recording tran- 
sient recovery voltages the cathode-ray 
beam is deflected in a direction per- 
pendicular to that caused by the voltage 
being measured to give the time axis.19 
The oscillogram is produced on stationary 
film. The total deflection distance in the 
time axis direction is limited to a few 
inches in this case. Without difficulty 
the speed of deflection may be made 
much greater than obtainable with 
mechanically driven film. A relatively 
intensive examination of a small fraction 
of the total interruption process is thus 


possible. The main difficulty encoun- 


frequencies and rates of rise can be re- 
solved satisfactorily. With this method 
the complete history of the arc voltage in 
the circuit breaker from the beginning of 
the arc to its final extinction is available 
on the oscillogram. For most purposes, 
however, the important parts of the rec- 
ord are only those regions in the im- 
mediate vicinity of the current zeros, 
wherein the transient recovery voltages 
appear. The moving-film oscillograph is 
electrically relatively simple, and timing 
the period of recording is easily accom- 
plished. There are, nevertheless, a num- 
ber of disadvantages. The maximum 
speed at which the film may be driven 
is limited by mechanical considerations to 
a value in the order of 0.005 centimeter 
per microsecond. This is not sufficient 
for easy or accurate resolution of the 
higher frequency components that may 
exist under some test conditions. For 
example, one cycle of a 100,000-cycle 
wave would appear 0.5 millimeter long 
at this speed. The high-speed revolving 
drum with its necessary accurate balanc- 
ing, film supporting means, and motor 
drive involve mechanical complications 
not present in oscillographs using a sta- 
tionary film. 
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tered is that of timing the start of this 
high speed short duration time sweep to 
occur at the proper instant to include the 
transient recovery voltage at the end of 
the last half cycle of arcing. Probably 
the most satisfactory solution so far em- 
ployed for this problem involves the use 
of a saturating-core current transformer 
to produce a voltage peak in the second- 
ary winding at approximately current 
zero in the primary. In another case, 
the beam is swept back and forth by a 
sine-wave power-frequency deflection 
voltage of much greater peak value than 
necessary to move the beam across the 
fluorescent screen width. The timing is 
arranged so that the arc extinction period 
occurs during the time the beam is on 
the screen. A number of sweeps appear 
on the same part of the record, and the 
right and left-hand travel is somewhat 
difficult to follow. 


Description of Oscillograph 


The oscillograph described in this 
paper utilizes a high-voltage sealed-off 
cathode-ray tube of the same kind as 
used for impulse testing.1! The record 
is produced on a stationary film. The 
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Figure 4. Recovery voltage oscillograms 

taken on 110-kv line-to-ground short-circuit 

tests at Newark substation of Pacific Gas and 
Electric Company 


A. Test at 8,290 amperes. The 60-cycle crest 
recovery volts = 88,000 

B. Test at 14,400 amperes 

C. Test at 5,200 amperes 


necessary high time-sweep speed is ob- 
tained by moving the beam horizontally 
across the screen in a short period of time 
in the region of current zero. This sweep 
is repeated once each half cycle from a 
time definitely before the arcing contacts 
of the circuit breaker separate untif the 
final arc interruption. The successive 
horizontal sweeps are separated by super- 
imposing them on a relatively slow uni- 
form downward sweep or drift of several 
cycles duration. The time interval be- 
tween the horizontal sweeps, when the 
screen is dark, is nearly a half cycle. 
The complete record thus appears as a 
series of spaced horizontal lines with 
vertical deviations produced by the volt- 
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age across the circuit breaker. The 
last and lowest line contains the recovery- 
voltage transient at the final current 
zero. 

This method of operation permits use 
of a high intensity beam with about the 
same time integral of beam power to the 
fluorescent screen per horizontal sweep as 
when the tube is used in oscillographs for 
impulse testing. This is possible be- 
cause the actual fraction of the time the 
beam is energized is very small and be- 
cause in the successive sweeps the beam 
does not retrace the same screen area. 
Because the film is stationary the usual 
medium-persistence screen may be used. 
The advantages of a simple fixed camera 
are apparent. The camera used in this 
case allows simultaneous visual observa- 
tion and photographic recording of the 
traces on the screen. This opportunity 
of visual observation has been found 
very useful in giving immediate informa- 
tion about the duration of arcing, the 
polarity at interruption, the shape of the 
recovery voltage transient and the effect 
of the residual are conductivity in modi- 
fying it. 

Although the circuits contained in this 
instrument are more complex than neces- 
sary with the moving-film type of oscillo- 
graph, most of the extra equipment is 
made up of easily available radio receiv- 
ing tubes and parts. The oscillograph 
and auxiliary equipment are sufficiently 
compact and portable to be transported 
easily to test locations in a passenger 
automobile. 

A block diagram of the main com- 
ponent circuits is shown in Figure 1. 
The cathode-ray tube used is an RCA- 
912. This tube may be operated with a 
total beam accelerating voltage of 15,000 
volts. It was decided in this case to use a 
maximum value of 10,000 volts since the 
recording speeds necessary are consider- 
ably below the tube limit. The lower 
voltage power supply is lighter in weight 
and more compact. 

The sequence of operation may be sum- 
marized as follows: 


1. Initiation of the vertical and horizontal 
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sweep actions depends upon the closing of 
an external starting contact a short time (a 
few cycles) before the circuit breaker arcing 
contacts separate. This contact should 
remain closed during a portion of the opening 
stroke of the circuit breaker sufficient to 
include the interruption process. 


2. Actual initiation of the afore-mentioned 
sweeps follows the closing of two small fast- 
acting relays within the oscillograph. To 
aid in timing the starting of the two sweeps, 
an adjustable delay circuit is interposed be- 
tween these relays and the external starting 
contact. The vertical sweep starts im- 
mediately upon the closing of its starting 
relay. On closing the horizontal sweep- 
starting relay simply completes the circuit 
from the externally mounted tripping trans- 
former to the horizontal sweep voltage 
generating circuit. This tripping trans- 
former produces a sharp peak of voltage 
once each half cycle of the test current at a 
few degrees (adjustable) before current zero. 
The successive horizontal sweeps are initi- 
ated by these voltage pulses and are thus 
properly timed to include the current zero 
region. 

3. The control grid of the cathode ray tube 
is normally maintained at a bias voltage 
sufficiently negative to prevent the forma- 
tion of an electron beam. For the short 
duration of the individual horizontal sweep, 
however, the beam is released by the ap- 
plication of a rectangular positive voltage 
pulse from the horizontal sweep circuit. 


4, The recovery voltage appearing across 
the test circuit breaker is reduced to a lower 
and accurately proportional value by means 
of a capacitance-type voltage divider. This 
voltage is fed through a shielded transmis- 
sion line from the circuit breaker location to 
the oscillograph deflection plates. 


Figures 2 and 3 show the oscillograph, 
tripping transformer, and camera. Con- 
trols brought out to the front panel of the 
instrument are for adjusting the starting 
position of the beam at the beginning of 
the sweeps, the speeds of both the ver- 
tical and horizontal sweeps, the sweep- 
starting time delay, the cathode-ray tube 
beam focus and intensity, and the total 
beam accelerating voltage. This last 
quantity is indicated by a meter on the 
panel. A push button for producing a 
test sweep also is provided. Input 
terminals shown at the lower left of the 
panel are for the 115-volt 60-cycle power 
source, the secondary of the tripping 
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Figure 6. Recovery voltage oscillograms 
taken on short-circuit tests with laboratory 
generator at Stanford University 


A. Recovery showing high-frequency oscilla- 
tion 
B. Recovery showing damping due to arc- 
space conductivity 


transformer, a connection for the ex- 
ternal sweep-starting contact, and one 
concentric cable terminal for each ver- 
tical deflection plate. 


Test Results 


This oscillograph has been used on in- 
terruption tests on power systems and as 
a key instrument in laboratory studies of 
arc-extinction phenomena. 

Figure 4 shows oscillograms taken dur- 
ing short-circuit tests made at the 
Newark substation of the Pacific Gas 
and Electric Company, July 8 and 15, 
1945. The single-pole test circuit breaker 
was connected from a section of the 110- 
kv bus to ground. Figure 4A is the 
oscillogram obtained for a current of 
8,290 amperes rms, corresponding to an 
equivalent 3-phase interruption of 
1,600,000 kva. The current in this case 
was limited principally by reactance 
of transformers within the substation 
grounds. The rate of rise of recovery 
voltage obtained was high. It is inter- 
esting to note the restriking voltage built 
up across the arc space on the previous 
half cycle. In another test, Figure 4B, 
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the interrupted current was 14,400 
amperes and the equivalent 3-phase in- 
terruption was 2,720,000 kva. In this 
test the current was limited mainly by 
the impedance of several long transmis- 
sion lines feeding into the substation. 
The voltage at the receiving end of these 
lines was pulled down to a low value 
during the flow of current. A relatively 
low recovery rate was obtained, as a re- 
sult of the time required for restoration 
of normal voltage on these lines after the 
current ceased to flow. Figure 4C 
was obtained for a test on a smaller cir- 
cuit breaker. The test current was 
limited to 5,200 amperes with reactance 
at the substation. In order to reduce the 
severity of the recovery-voltage condi- 
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tions, an open-ended 110-kv transmission 
line was connected in parallel with the 
circuit breaker. The length of this line 
was about 40 miles. The oscillogram 
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shows the returning wave front reflected 
from the open end of the line. 

Figure 5 shows the connections be- 
tween the test circuit breaker and the 
cathode-ray oscillograph used in the 
foregoing tests. Since the short cir- 
cuits were line to ground there was pos- 
sibility of a considerable difference of po- 
tential between the ground connection 
at the location of the circuit breaker and 
grounds at other parts of the substation. 
For reasons of safety and convenience all 
measurement and control equipment was 
centered in the substation building about 
500 feet from the test circuit breaker. A 
connection to the capacitance tap in the 
line-side bushing of the circuit breaker was 
brought through a concentric transmis- 
sion line to one of the vertical deflection 
plates of the cathode-ray oscillograph. 
The outer conductor of this line was con- 
nected solidly to the circuit breaker tank. 
The oscillograph housing and the other 
vertical deflection plate were connected 
to the other end of the outer conductor. 
A capacitive division of the voltage across 
the circuit breaker was obtained accord- 
ing to the ratio of the capacitance be- 
tween the bushing tap and the bushing 
center conductor to the capacitance of the 
transmission line center conductor, the 
bushing tap, the deflection plate circuit, 
and an auxiliary shunting capacitor to 
ground. The cathode-ray oscillograph 
was mounted on insulating supports and 
the 115-volt 60-cycle power required for 
its operation supplied through a low 
capacitance insulating transformer. In 
this way the potential of the oscillo- 
graph housing was allowed to follow 
freely that of the circuit breaker ground 
and only the difference of voltage across 
the circuit breaker caused deflection of 
the beam. Actually, the voltage appear- 
ing between the oscillograph housing and 
the ground connection near by was only 
about 200 volts during the test current 
flow of 14,000 amperes. 

Two oscillograms taken in laboratory 
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short-circuit tests of a small circuit 
breaker are shown in Figure 6. The 
circuit voltage was 1,300 volts and the 
interrupted current 600 amperes. The 
oscillogram in Figure 6A shows a large 
high-frequency oscillation with relatively 
low damping. Figure 6B was obtained for 
another test interruption several minutes 
later under identical circuit conditions. 
In this case the effect of the are conduc- 
tivity during the extinction period is in- 
dicated by the complete damping of the 
high-frequency oscillation and the re- 
duced rate of rise of the recovery-volt- 
age transient. Simultaneous records of 
the current in the arc space during this 
critical period of time show for the first 
test practically no current flow after the 
normal zero, but a considerable amount, 
in the order of two amperes, for a short 
time in the second test. Results of these 
current measurement tests will be re- 
ported at a later date. 

The oscillograms of Figure 6 were 
taken with afast horizontalsweep. They 
represent periods of approximately 2 de- 
grees of the 60-cycle power-frequency 
wave. Figure 7 shows a 200-ke timing 
wave test with the same oscillograph 
adjustments as used for Figure 6. The 
horizontal sweeps were tripped by pass- 
ing a steady 60-cycle current through the 
primary of the tripping transformer. 


Circuit Details 


TRIPPING TRANSFORMER 


The principle of operation of the satu- 
rating-core peaking or horizontal-sweep 
tripping transformer is illustrated by 
Figures 8 and 9. The primary winding 
consists of four coils, two on each out- 
side leg of the core. Each coil has 22 
turns of number 14 wire. The coils 
may be connected in series, series-par- 
allel, or parallel. The operating range 
is approximately 3 to 30 amperes per 
coil. The impedance of the primary 
winding with the series connection is 
about 0.5 ohm. The secondary windings 
each have 250 turns of number 38 wire. 
They are wound on single strips of 0.007 
inch thick silicon steel, 0.05 inch wide 
by 0.25 inch long. Ends of the saturat- 
ing sections flare out to 0.5 inch width for 
good magnetic contact with the main 
‘core. The center leg of the core has a d-c 
bias winding of 1,200 turns of number 
26 wire. The current in this winding 
may be adjusted up to a maximum value 
of 100 milliamperes by means of a poten- 
tiometer and indicating meter on the 
panel of the transformer housing. The 
copper sleeve around the center core 
leg is to reduce the effect of any un- 
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balance of the a-c magnetomotive force 
upon the d-c winding circuit. 

Figure 9 shows wave forms, somewhat 
idealized, applying to the tripping trans- 
former. The result desired is to pro- 
duce sharp pulses of voltage at a con- 
trollable small angle before the current 
zeros in the primary winding. The net 
fluxes ®, and ®, in the outside core legs 
may be considered as the sums of com- 
ponent fluxes resulting from the a-c 
primary and d-c bias magnetomotive 
forces. The magnetic strips through 
the secondary windings are saturated ex- 
cept during short periods in the vicinities 
of the next flux reversals. The corre- 
sponding induced voltage peaks have a 
maximum value in the order of two volts 
and a width of about two degrees at half 
amplitude. Only the negative pulses 
are used; the input to the oscillograph 


Idealized wave forms in tripping 
transformer 


Figure 9. 


@,, Pz, net fluxes in outside core legs 
Pac, 4 Pa-c, p, d-c components of flux in out- 
side core legs 
Ps 4, Ps, fluxes in saturating strips 
€zo, induced voltages in secondary 
windings 


€40, 


contains a stage of voltage amplification 
and rectification, with a result indicated 
by the peaked voltages eg in Figures 9 
and 10. An increase in the d-c bias 
current causes the peaks ep to lead the 
alternating current zeros by a larger 
angle and causes the recovery-voltage 
transient to appear farther to the right 
on the horizontal sweep. 

The above construction of the tripping 
transformer is used not only to provide 
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horizontal sweep timing control, but to 
insure satisfactory timing with a con- 
siderable (as much as 10 per cent at 
maximum primary current) d-c com- 
ponent in the main short-circuit current 
wave at the time of interruption. If the 
d-c component at the time of clearing 
may be appreciable, a high-accuracy 
current transformer must be used to 
supply both components of current to the 
tripping transformer primary. 


HORIZONTAL SWEEP 


Figure 10 shows some idealized wave 
forms applying to different stages of the 
horizontal sweep circuit. The amplified 
and rectified voltage peaks ep are used to 
trip a pulse-sharpening stage employing 
a type 884 gas thyratron. The sharp 
negative peaks A then trigger a ‘‘flip- 
flop” or “one-shot” rectangular pulse 
generating circuit.12 This circuit con- 
sists of two tubes with the plate of each 
coupled to the grid of the other. The 
tube into which the triggering pulse is 
fed normally carries considerable plate 
current at a low plate voltage. The 
other tube is biased beyond cutoff. 
Upon triggering, the plate voltage of the 
first tube rises quickly to full plate supply 
value and remains there for a period of 
time during which the second tube carries 
current. The duration of this high plate 
voltage ends abruptly when the circuit 
restores itself to the original condition. 
The length of the practically rectangular 
pulse of plate voltage B on the first tube 
is mainly a function of the time constants 
of the grid-plate coupling circuits. 

The control grid of the cathode-ray 
tube normally has a sufficiently negative 
voltage with respect to the cathode to 
prevent the formation of an electron 
beam. It is coupled through a capacitor 
to the rectangular pulse generating cir- 
cuit, so that the grid potential rises in the 
positive direction with the rectangular 
pulse. The amplitude of this change of 
grid voltage D, about 150 volts, allows 
the production of a strong beam current 
C. The actual beam intensity is adjusted 
by controlling the original negative bias 
on the control grid. 

The rectangular pulse of voltage B also 
is applied to a resistance and capaci- 
tance in series. The resistance is high 
enough so that the capacitance is charged 
to but a small fraction of the amplitude 
of the rectangular pulse at the end of the 
pulse. The rate of change of the voltage 
E across the capacitance is very nearly 
constant under these conditions. The 
voltage E is supplied to a push-pull 
voltage amplifier, the output of which is 
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connected to the horizontal deflection 
plates of the cathode-ray tube to produce 
a nearly linear horizontal time-sweep. 
Any one of four different sweep speeds 
may be selected by means of a multi- 
contact switch operated from the front 
panel. The times available for a com- 
plete horizontal sweep are approximately 
20, 10, 5, and 2 degrees on a 60-cycle basis. 


VERTICAL SWEEP 


Two 0.05 microfarad capacitances, one 
charged to + 1,250 volts and the other to 
—1,250 volts with respect to ground, are 
discharged in series through a type 6AC7 
pentode upon the closing of the sweep- 
starting relay. The constant-current 
characteristic of the pentode produces a 
nearly uniform rate of change of voltage 
across these capacitances. This voltage 
is supplied to the vertical deflection plates 
through 2-megohm resistances in each 
lead. Voltages to be measured are fed to 
the vertical deflection plates through 
0.015 microfarad capacitances. The rate 
of change of vertical sweep voltage is 
low enough to change the charge on the 
0.015 microfarad capacitances without 
much voltage drop in the 2-megohm 
resistances. Though the continuous volt- 
age rating of the 6AC7 pentode is ex- 
ceeded greatly in this circuit, the dura- 
tion of application is so short that no 
trouble has been experienced over more 
than a year of frequent use. Different 
vertical-sweep speeds are obtained by 
varying the cathode bias resistance for 
the 6AC7 pentode. 


OTHER CIRCUITS 


Four rectified d-c power supplies are 
built into this oscillograph. Accelerating 
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and focusing voltages for the cathode-ray 
tube are obtained from a voltage-doubling 
circuit using type 2X2 rectifier tubes. 
Voltage for the vertical sweep circuit and 
for the last amplifier stage of the horizon- 
tal sweep circuit is obtained from a 2,500- 


Idealized wave forms in horizontal 
sweep circuit 


Figure 10. 


volt supply with midpoint grounded. 
Two conventional 300-volt rectifier and 
filter combinations are used, one for the 
amplifier circuits, and the other for the 
sweep-starting relay circuit. These re- 
lays are operated by current flow in the 
plate circuit of a type 884 thyratron. 
The tripping grid voltage for this thyra- 


Hoover—Transient Recovery Voltage Oscillograph 


tron is developed across a capacitance 
which is charged through an adjustable 
resistance in series with the external 
sweep-starting contact. Steps of this 
charging resistance controlled from the 
front panel may be set to cause delays of 
0 to 6 cycles in 1-cycle intervals. 
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Asynchronous and Single-Phase 


Operation of Synchronous 
Machines 


A, W. RANKIN 


MEMBER AIEE 


SYNCHRONOUS operation of syn- 
chronous machines has been the 
subject of numerous articles in the tech- 
nical literature, for example, the articles 
of Fechheimer,! Hay and Mowdawalla,? 
Putman,* Park,‘ Linville,> Lauder’. The 
fact that articles on this subject continue 
to be of primary interest to design and 
operating engineers is attributable to the 
importance of satisfactory operation at 
asynchronous speeds. It is only through 
a precise knowledge of the conditions 
present in asynchronous operation that 
machines can be designed for and operated 
through these asynchronous periods sat- 
isfactorily. As examples of the extreme 
conditions which can arise during asyn- 
chronous operation, it should be noted 
that stalling a synchronous machine with 
the field voltage applied can result in 
pulsating torques greater than those ob- 
tained by inadvertent synchronizing 
180° out of phase;® or that the currents 
in the damper bars on the trailing half of 
a pole can be considerably greater than 
the currents in the corresponding bars on 
the leading half of the pole, and the re- 
sulting unequal heating will influence the 
design of the damper winding to a con- 
siderable degree. Because of the impor- 
tance of these and similar phenomena, the 
problem of asynchronous operation must 
be studied continuously until a complete, 
easily visualized, and easily applied solu- 
tion is obtained. 
The analysis of asynchronous operation, 
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however, is quite involved, and the num- 
ber of pertinent variables is so large that 
heretofore the physical aspect of the prob- 
lem has tended to become submerged 
completely in the mathematical manipu- 
lations involved. The first of the major 
steps by which the design engineer was 
extricated from this maze of mathemati- 
cal transformations was due to Park, 
whose generalized 2-reaction theory was 
applicable directly to asynchronous phe- 
nomena. A further step was the appli- 
cation of the equivalent-circuit concept 
by Linville. The next major step was 
the application by Lauder of the tensor 
symbolism of Kron’ by which the mul- 
tiple mathematical equations could be 
handled by groups rather than individ- 
ually. 

Important as these latter steps were, 
however, the calculations were still too 
time-consuming and labyrinthine to per- 
mit their application to routine design 
problems. The most promising solution 
to these difficulties appears to be the 
generalized equivalent circuits of 
Kron.” With these circuits the prob- 
lem is reduced to the determination of 
currents and voltages in relatively sim- 
ple networks. This not only eliminates 
the distracting mathematical transforma- 
tions heretofore employed but also pre- 
sents an easily visualized method in which 
the physical characteristics retain their 
importance and are not submerged in the 
mathematics. 


It is accordingly the purpose of this 
article to present an analysis of the asyn- 
chronous and single-phase operation of a 
synchronous machine based on the gen- 
eralized equivalent circuits of Kron. The 
fundamental equations of Park will be 
used as the starting point, but the suc- 
ceeding mathematical operations will be 
guided by the aforementioned tensor 
publications of Kron. The asynchronous 
torque and current relations will be pre- 
sented in terms of the currents and volt- 
ages of simple equivalent circuits, and, in 
addition, a numerical comparison will be 
given of the asynchronous and single-phase 
operating characteristics of synchronous 
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machines with complete and incomplete 
end rings on the damper windings. This 
comparison has direct value in design en- 
gineering not only as a study of the vari- 
ous torques, but also as a picture of the 
distribution of the damper-bar currents 
in the leading and trailing pole halves. 

The methods here presented are in- 
tended for use with the a-c network ana- 
lyzer,!° and all the torque and current 
expressions are given directly in terms of 
current and voltage readings obtained 
from the network analyzer. 

This paper is divided into the fol- 
lowing four main parts: 


A. Derivation of the equivalent circuits for 
constant-speed asynchronous operation. 


B. Numerical example of the application 
of the equivalent circuits of A. 


C. Derivation of the equivalent circuits for 
constant-speed single-phase operation. 


D. Numerical example of the application 
of the equivalent circuits of C. 


This article is based upon three recent 
papers by the author,!!~1* which were 
published to provide a sound basis for the 
present study. It will be assumed that 
the reader is familiar with their contents. 

The equivalent circuits for asynchro- 
nous operation are based on the circuits 
of reference 8, while the equivalent cir- 
cuit for single-phase operation is based 


Equivalent circuits for constant- 


Figure 1. 
speed asynchronous operation 


A. Rotor excitation only 
B. Stator excitation only 
C. Stator excitation only 
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on the circuits of the primitive machine 
presented in reference 9. 


Results 


Figure 1 gives the equivalent circuits 
(spin circuits) from which the asynchro- 
nous operating characteristics of a syn- 
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Figure 2B. Impedance functions x,(js) and 
x (is) for the synchronous machines used in 
the numerical examples 


x(is)=x—jR withx and R givenby these curves 

a—real component (x) 

b—imaginary component (R) 

1—direct-axis quantities; complete and in- 

complete end rings 

2—quadrature-axis quantities; complete end 
rings 

3—quedrature-axis quantities; incomplete end 
rings 

As an example, x(js) for the machine with 

complete end rings at 0.5 slip isO.170—j0.024 
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chronous machine may be determined by 
meter readings of the currents, voltages, 
and powers. The formulas by which the 
machine characteristics are expressed in 
terms of the spin-circuit quantities are 
given in part A. 

A comparison of the calculated operat- 
ing characteristics of synchronous ma- 
chines with complete and incomplete end 
rings is given by Figures 2A-15. These 
figures are discussed in part B. From 
these curves it is evident that by means 
of the spin circuits, a solution to the prob- 
lem of asynchronous operation at con- 
stant speed has been obtained which, for 
ease of application, elimination of mathe- 
matical transformations, and complete- 
ness of treatment, surpasses the solutions 
previously published for this problem, 
The numerical example itself possesses 
immediate practical value. The curves 
showing current distribution in the dam- 
per windings present a picture of the un- 
equal heating which the damper winding 
must be designed to handle satisfactorily, 
while the torque curves illustrate the 
dangerous torque pulsations which exist 
not only at stalling speeds but through- 
out the entire speed spectrum. 

Figure 17 gives the equivalent circuit 
from which the single-phase operating 
characteristics of a synchronous machine 
may be determined by meter measure- 
ments of the various currents, voltages, 
and powers. The type of single-phase 
loading is shown in Figure 16. The 
formulas which express the machine op- 
erating characteristics in terms of the 
spin-circuit quantities are given in part C. 
Note that this spin circuit permits the 
direct determination of the harmonic 
currents and torques to any harmonic 
order. 

A numerical example of the calculated 
single-phase operating characteristics of 
the synchronous machines described in 
part B is given by part D. It is shown 
there that even in single-phase operation, 
a considerable difference exists in the load- 
ing of the leading and trailing damper 
bars. In the case of the machine with 
incomplete end rings on a pure resistance 
load, the 240-cycle currents and torques 
are of the order of ten per cent of the cor- 
responding 120-cycle quantities, 


Unit Currents 


All currents in the following study are 
expressed in per unit. Such dimensions 
are adequate in studying machine opera- 
tion, but for design and manufacture the 
actual ampere values must be known. 
That the stator currents are in per unit 
of the rated stator current is obvious, but 
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Figure 3. Current in damper bar 1 of machine 
with complete end rings 
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the unit values of the rotor-circuit cur- 
rents are not at all obvious. In refer- 
ences 11 and 12, the author points out 
that unit rotor-circuit currents are en- 
tirely arbitrary, but that after they are 
selected the per-unit rotor-circuit impe- 
dances must be calculated accordingly. 
In this article, the x,g bases of reference 
12 are used. 

Unit field current is that current which 
at synchronous speed will induce in each 
stator phase a voltage x,gi,,. This cur- 
rent is expressed in amperes by equation 
35a in terms of i,, and the machine de- 
sign constants. Unit current for the 
additional rotor circuits, both direct and 
quadrature axes, is that current which 
when flowing in a damper-bar circuit of 
100 per cent pitch will induce in each 
stator phase, at synchronous speed, a 
voltage Xggtg,. This current is expressed 
in amperes by equation 35) in terms of 
i,, and the machine design constants. 


Thao 4An N 1 
Se See Deak) an(35ap 
(3/2) tao Tv Fu KypK@Pi Nya ( ) 
I 4A N it 
7 = = TO (peak) (35b) 
(3/2) tao w Daz KyKaP Nra 


All impedances are calculated with the 
base-current ratios, equations 35a and 
35b. Formulas for the impedances, using 
these base-current ratios, were derived in 
reference 13. 

The various current expressions are in 
per unit instantaneous rather than effec- 
tive values, but these instantaneous 
values are in per unit of the unit currents,” 
equations 35a and 35d. Hence, when 
it is desired to determine the effective 
value of a slip-frequency current, it must 


1093 


be taken in per unit of the effective values 
of the base currents equations 35a and 
35d. 


A. Derivation of the Equivalent 
Circuits for Constant-Speed 
Asynchronous Operation 


EQUIVALENT CIRCUIT FOR STATOR 
EXCITATION ONLY 


The fundamental relations between the 
axis quantities are given by equations 
8, 9, and 10 of reference 4. Assuming a 
constant rotor speed of v per unit and a 
balanced 3-phase system, these equations 
reduce to the following: 


(1a) 
(1b) 


€a = Pla—Ma— Wy 
Cg = bby — 1g +vpq 


Let the following complex spin quantities 
be defined. 


br= es (2a) 
a Wa —jvq 
vB \/2 ( ) 


Let the spin quantities é@, and é@,, tp and 
tg, be defined analogously in terms of their 
corresponding axis quantities. Since the 
axis quantities are real, it is evident that 
the spin quantities are conjugate complex 
quantities. 

Since all the rotor-circuit voltages are 
assumed zero, the axis linkages are given 
by the following operational functions of 
the axis currents. The first of these re- 
lations, equation 3a, was given by equa- 
tion 8a of reference 13, and the second is 
obtained in an analogous manner. 


(3a) 
(3b) 


a= —Xa(P)ta 
Vg = —Xq(P)tq 


The spin linkages are obtained in terms 
of the spin currents by substituting equa- 
tions 3a and 3b into equations 2a and 2b. 
Equations 4a, 4b, 5a, and 5b thereby are 
obtained. 


br = —x0(p)ir—xa(p)ts (4a) 
be = —xp(p)ir—xr(p)te (4b) 
xr(p) en A (Sa) 
x2(b) _*a() —Xq(p) (Sb) 


2 


Substituting the spin equations of the 
type given by equations 2a and 2b back 
into the axis equations la and 1) will 
give the fundamental spin relation of 
equations 6a and 6d. 


ér = (p+jv)br—rip 
én =(p—jv)¥a—rip 


(6a) 
(6b) 
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Figure 4. Current in damper bar 2 of ma- 
chine with complete end rings 
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Substituting equations 4a and 4b into 
equations 6a and 6b gives the operational 
equations 7a and 7). 


—ér = (p+ jv) [xr(p)tr+xa(p)is)]+rir 
— ép = (p—ju) [xp(p)ivt+xr(p)te)]+rés 


(7a) 
(7b) 


Assuming that balanced 3-phase volt- 
ages are applied with the machine running 
at a constant slip, the phase voltages are 
as given by equations 8a-8c; the angular 
position is as given by equation 9; and 
the axis voltages are as given by equations 
10a and 10b. These latter voltages are 
obtained by means of equation 6 of ref- 
erence 4. 


€a=e cost 


€y =e cos (t—120) (8b) 


ead) le Shea yl 


PER-UNIT CURRENT 


Oo 2 “+ 6 8 1.0 


Figure 5. Current in damper bar 3 of ma- 
chine with complete end rings 
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(8c) 


é. =e cos (t+120) 

6=(1—s)t—6y (9) 
ea =e cos (st-+6) (10a) 
e, =e sin (st-+6) (10b) 


Substituting equations 10a and 10d into 
the voltage equations analogous to equa- 
tions 2a and 2b gives the spin voltages 
equations lla and 110. 


ér =0.707e€ 1 (st+40) (11a) 


én =0.707e€-4 (st+60) (11b) 


With the spin voltages given by equa- 
tions 1la and 11), it is evident from equa- 
tions 7a and 7b that the steady-state 
values of the spin currents can contain 
only exponentials of the type given by 
equations lla and 11b. Because it is 
also evident from the current equations 
analogous to equations 2a and 2b that 
the spin currents are conjugate quantities, 
it is permissible to assume solutions for 
the spin currents as given by equations 
12a and 126. The subscript s is used 
here to identify these spin currents as 
belonging to the solution for constant- 


speed asynchronous (slip) operation. 
tp =tpset'+ip,* eI (12a) 
tp =1p,€ Tt 4p, *e—Ist (12b) 


Substituting equations 12a and 12) and 
equations 1la and 11) into equations 7a 
and 7b, grouping the terms containing 
like exponentials, and equating these 
groups to zero will result in equations 
13a and 13b and equations 14a and 140. 


+0.707jeet™ = Ee + hin + 
Xe(js)ies; (13a) 


O=£z(js)irst 
, r tal 
Ee = ol (13b) 


—0.707jee%% =| eeu) = hast 
£p*(js)izs* (14a) 

O=fe"(js)irt+ 
Ee + 


r 
j(1—2s) 


Jot (14b) 


Equations 13a and 13) can be solved 
electrically by means of the a-c network 
of Figure 1B; equations 14a and 146 can 
be solved similarly by the a-c network of 
Figure 1C. It is evident that the circuit 
of Figure 1C is the conjugate of the cir- 
cuit of Figure 1B, and that the currents 
and voltages of the former are the con- 
jugates of the corresponding quantities 
in the latter. For this reason the circuit 
of Figure 1C at present may seem super- 
fluous. Actually, however, both these 
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circuits are needed simultaneously for the 
determination of the torques as will be 
shown in a following section. 


EQUIVALENT CIRCUIT FOR ROTOR 
EXCITATION ONLY 


The equivalent circuit from which the 
steady-state currents and voltages due to 
rotor excitation alone may be obtained is 
derived as follows. Let the subscript O 
be used to designate all quantities due to 
the rotor excitation. 

If the machine is connected to a bal- 
anced unexcited system, the line currents 
will be balanced, but their frequency will 
correspond to the machine speed. As- 
suming operation at speed v, the phase 
currents are as given by equations 15a— 
15c; the angular position is as given by 
equation 16; and the axis currents are as 
given by equations 17a and 17b. These 
latter currents were obtained by means of 
equations 3 and 3a of reference 4. 


ig =1o cos vt (15a) 
ty =io cos (vf— 120) (15b) 
te =t0 cos (vt+-120) (15c) 
6=vt—O% (16) 
1go =10 COs Oo (17a) 
4go =1to Sin % (17b) 


Assuming that the d-c rotor excitations 
in the direct- and quadrature-axis field 
circuits are Iyz9 and Iy,9, respectively, the 
stator axis linkages are given by equa- 
tions 18a and 18). These expressions 
are taken directly from equation l6a 
of reference 11. It is evident that no 
currents are flowing in any of the addi- 
tional rotor circuits because the machine 
now is assumed to be connected to a bal- 
anced unexcited system. 


(18a) 
(18b) 


Wao = Xazal tao — Xatao 
00 = Xazgl fgo — Xgigo 


Substituting spin relations of the form 
of equations 2a and 2b into equations 18a 
and 180 gives the spin linkage equations 
19a and 19b with the spin rotor excitations 
and spin reactances defined by equations 
20a and 20b and equations 2la and 218, 
respectively. 


bro =l1ro—£r(0)tro —£2(0)tz0 (19a) 
P20 = Iz0—£n(0)tro—£r(0)tz0 (19b) 
fro =0.707 (xazal tao t+jxafal 10) (20a) 
Io =0.707 (xazal tao —JXazql fq0) (20b) 


Substituting equations 19a and 19} 
back into the fundamental spin relations, 
equations 6a and 60, gives equations 22a 
and 220. 
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Figure 6. Current in damper bar 1 of ma- 
chine with incomplete end rings 
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%a(0) +xq(0) _ xat%y 


£r(0) = 5 s (21a) 
sos vo-| 0+ © ro—#n(0)o (22a) 
jv ju 
ES —* fro (22) 
jv 


If the machine is connected to a bal- 
anced unexcited infinite system, the volt- 
ages épg and égo are zero, and the react- 
ance expressions include only the ma- 
chine reactances. If the system is of 
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Figure 7. Current in damper bar 2 of ma- 
chine with incomplete end rings 
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finite magnitude, the voltages éro and 
éno Still are to be considered zero, but the 
system reactance then must be added to 
the machine reactances. In either case 
equations 22a and 226 will reduce to 


equations 23a and 230. 

r 
tro=| (0) +© foto (0hn (23a) 
Izo =43 (Vteot| #0) a (23b) 


It is evident that equations 23a and 
23b can be solved electrically by the a-c 
network of Figure 1A. 


DETERMINATION OF ROTOR AND STATOR 
CURRENTS 


The rotor and stator currents during 
constant-speed asynchronous operation 
at slip s are obtained from the spin cir- 
cuits of Figures 1A, 1B, and 1C as follows. 

From expressions analogous to equa- 
tions 2a and 20, the spin currents are ob- 
tained in terms of the axis currents by 
means of equations 24a and 240. 


V 2ig=tr+te 
GV 2ig = te — tp 
Substituting equations 12a and 12) into 
equations 24a and 24b and adding the cur- 
rents due to rotor excitation gives 7g and 


i, in terms of the spin-circuit currents as 
in equations 25a and 250. 


(24a) 
(24b) 


A A Ainge [Ace 
ipsttps ,; trs*+tps* _; 
se etist est 


las = 
tro+tpo 
——-_ (25a) 
V2 
trs—tps ., UF tps” 
ijg = € Ht - e Fst 
B jvV/2 iv2 
tro—tzo 
=e, ZOD) 
jv2 


The damper-winding currents in the 
direct and quadrature axes are obtained 
by means of the above equations and the 
current moduli U,qs and Ungs. These 
current moduli were introduced in equa- 
tions 9a—9c of reference 13. Unas is de- 
fined as the a-c current (in complex 
notation) in the mth bar of the direct- 
axis circuit (Figure 1, reference 13) at 
slip s when the terminal current igs of the 
direct-axis circuit (Figure 1, reference 13) 
is 1.00 /0. Ong; is defined analogously 
for the quadrature-axis circuit. The 
currents in the mth bar of the direct- 
and quadrature-axis circuits are then as 
given by equations 26a-26d. The sub- 
zero currents of equations 25a and 256 
obviously cause no currents to flow in the 
damper windings because the frequency 
of these currents corresponds to the rotor 
speed. 


1095 


UOnas=Ings for tg3=1.00/0 (26a) 
Ongs=Lngs for t7,=1.00/0 (26b) 
Ins = Opace 
trs*+ips 
——UngsteI8* (26¢ 
4/2 nds ( ) 
tps—tes 5 
Lngs =— Use 78st — 
nrAS jv2 S 
A a A: * 
UF's TBs Ungsne (26d) 


jv 2 
Inas and Ings May be expressed more con- 
cisely as in equations 27a and 27). 


Tnas = V 28 [(trs +435) Onase 8] 
25 {(ére—t9s) Orgs) 


Equations 27a and 27) give the axis bar 
currents as real functions of time, and 
complex quantities are not present. 

The preceding expressions have given 
the axis currents. The true currents in 
the physical bars are given by the fol- 
lowing expressions which are taken from 
equations 9d and 9e of reference 13. 

Bars on trailing pole halves 


(27a) 
(27b) 


Ins = +Inas+Ings (28a) 
Bars on leading pole halves 
Ins = —Inast+Ings (28b) 


Due consideration must be given to the 
bar numbering system described in ref- 
erence 13 by which the direct-axis bars 
are numbered from the direct axis and the 
quadrature axis bars are numbered from 
the quadrature axis. 

It is evident from equations 28a and 
28) that, in general, there is unequal 
loading of the bars in the trailing and 


fe) 
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Figure 8. Current in damper bar 3 of ma- 
chine with incomplete end rings 
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leading pole halves. The degree of this 
inequality depends upon the pole saliency 
and lack of symmetry between the direct 
and quadrature axes. Equal loading of 
the trailing and leading pole halves exists 
only when J,g; and J,7, are in time quad- 
rature. A quantitative illustration of 
this unequal loading is given in the fol- 
lowing part B. 

The currents Ij, and I,,, may be ob- 
tained from expressions analogous to 
equations 27a and 27b. The concept of a 
quadrature axis field winding is some- 
what academic but, as discussed in ref- 
erence 13, its introduction simplifies con- 
siderably the analysis of the quadrature 
axis. If such a winding were present, 
however, it would not be a part of the 
direct-axis field winding, and expressions 
such as equations 28a and 28 could not 
be written for the field circuit. The al- 
ternating currents in the direct and quad- 
rature axis field-winding circuits are given 
by equations 27a and 276 directly. The 
rotor excitation currents Iygg and Ij,9 must 
be added to these, of course, to obtain the 
total current. 

The stator line currents are obtained, 
as follows, directly from the spin currents 
of Figures 1A and 1B. At a constant 
slip s, the line current 7, in the a-phase is 
expressed in terms of the axis currents as 
in equations 29a and 29b. (See equation 
14, reference 4.) 


1q =1gs COS O9—igs sin 6 (29a) 
tq =1tas cos [(1—s)t—@)]— 
tgs Sin [(1—s)t—6)] (29b) 


Substituting equations 25a and 25b into 
equations 29a and 29) and noting that 
iyo =igo* simplifiesthe latter into equation 
30a. 


ig =V 28 [ere tOt—%) 4 p¢ tl (l—s)t— 60] 4 
tpse Il (1—2s)t— 60] (30a) 


It is immediately evident that three fre- 
quencies exist in the line current, namely, 
system frequency, system frequency 
times (1—s), and system frequency times 
(1—2s). The magnitudes of the currents 
of these three frequencies are given ex- 
plicitly by equation 30a. If zero time is 
selected so as to make 6=0, then equa- 
tion 30a reduces to equation 300. 


tg= V2 Rltpset"+ipoetiG—t4 
tpse 70 —28)t] 


(30b) 


DETERMINATION OF TORQUES 


The rotor torques during constant- 
speed asynchronous operation at slip s 
are obtained from the spin circuits of 
Figure 1 as follows. 

In terms of the axis quantities, the ro- 
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Figure 9. Slip-frequency current in direct- 
axis field winding 


1—Complete end rings 

2—Incomplete end rings 

The exciting current Iya. must be added to these 
curves to obtain the total current 


tor torque is given by equation 3la. (See 
equation 19, reference 4.) 
T= gta << tag (31 a) 


Substituting the spin quantities defined 
by equations 2a and 2b and analogous ex- 
pressions into equation 3la will give the 
general torque equation in terms of spin 
quantities. 


T =jltabr —trf) (31b) 

The currents and linkages used in equa- 
tion 31b must include the effects of both 
rotor and stator excitation. The linkages 
due to the stator excitation are given by 
equations 4a and 4b; the currents due to 
the stator excitation are given by equations 
12a and 12); the linkages due to the 
rotor excitation are given by equations 
19a and 19); and the currents due to the 
rotor excitation are simply tpg and fgp. 
Substituting these equations into equa- 
tion 31) will give the torque expressions 
of equations 32a-32g, 33a-33f, and 34a- 
34d. Note that the torques now are 
known directly in terms of the currents 
and voltages of the spin circuits of Figures 
1A, 1B, and 1C. 


Zero-Frequency Torque Ts 
— Tos = (Voo— Voror) + (Vir — Vez) — 


(Vi1*— Vorox) (32a) 
(ér0) *tro =0+j Voo (32b) 
(é80) *tz0 =0+7 Vorox (32c) 
(érs) *trs= WutjViu (32d) 
(érs*) *irs* = Wiere+j Visye (32e) 
(és) *tas = Wo2+j Vo0 (32f) 
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Figure 10. Stator current in machine with 
complete end rings 


O—Current of system frequency 
4—Current of system frequency times (1—s) 
9—Current of system frequency times (1 — 25) 


(é3s*) *tps* = Woere +7 Voro* (32g) 
Slip-Frequency Torque Tis 
Tis =24| (Wo — Wor2+ Woo% — Wo)? + 

( Voi— Vor2— Voor + Vio) 2 (33 a) 


—Ti5=2( Wo — Wox2+ Wao — Wo) X 
sin st+2(Va-— Vor2— Voox+ Vio) x 


cos st (33b) 
(éro) *trs = Wa t+j Vo (33¢) 
(épo) *tps = Wor2+J Vors (33d) 
(érs) *tro = Wio tJ Vio (33e) 
(433) *tn0 = Wave +j Voor (33f) 


Double-Slip- Frequency Torque T 2s 
Tog = 2-V (Wise — Was)? + (Vise — Var)? 


(34a) 

T 25 =2(Wiex — Wai*) X sin 2st— 
2(Viox— Vat) cos 2st (34b) 
(ér5) *tas* = Wisk +j View (34c) 
(éps) *trs* = Waxtj Vax (34d) 


The method of writing the products of 
complex numbers as used above is neces- 
sary in order to clarify the W+jV read- 
ings taken on the network analyzer. If 
the analyzer flow conventions are such 
that positive flow of reactive power is 
opposite to the positive flow of real 
power, then the analyzer is wired inter- 
nally so that the product e*/ is obtained 
by plugging the voltage e (not its con- 
jugate) to the voltage terminals and the 
current i to the current terminals. In 
order to maintain the forementioned 
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flow convention, the W+7V meter will re- 
verse the angle of the voltage automati- 
cally and will give e*7. Hence, on the 
voltages in the foregoing expressions, the 
(*) outside the parentheses refers to the 
conjugation automatically performed by 
the meter. The potential terminals of 
the meter are to be plugged to the voltage 
inside the parentheses. 

The forementioned currents and volt- 
ages are indicated on the spin circuits of 
Figures 1A, 1B, and 1C. The determina- 
tion of the various torques during con- 
stant-speed-asynchronous operation has 
been reduced to the measurement of the 
real and reactive power in these spin 
circuits. 


B. Numerical Example of the 
Application of the Equivalent 
Circuits of Part A 


As a numerical example illustrating 
the application of the equivalent circuits 
developed in part A, part B will present 
the calculated operating characteristics 
of the synchronous machines described 
in the following paragraph when operat- 
ing asynchronously on an infinite system. 


SYNCHRONOUS MACHINE 


937.5 kva, 750 kw 

779 volts line-line 

695 amperes line current 
6-pole, 1,200-rpm 
8-phase, 60-cycle 

six damper bars per pole 


€a0 = 636 volts per phase, peak 
igo =983 amperes line, peak 
Xao = 0.647 ohm 


r=0.008 
gq = 1.093 
X%q = 0.587 


The impedance functions 4g(js) and 
(7s), as defined by equation 8b of ref- 
erence 13 and Figure 1 of the same ref- 
erence, are shown in Figure 2B as func- 
tions of the per-unit slip. Two end-ring 
conditions are shown by these curves. 
Curves 1 and 2 show £g(js) and 4,(js), re- 
spectively, for the case of complete end 
rings, and curves 1 and 3 show the same 
functions for the case of incomplete end 
rings. Since it is physically impossible 
to open the end rings between poles com- 
pletely, the incomplete end ring condi- 
tion was simulated by making the im- 
pedances X,31, and Rei, of the incomplete 
ring ten times the corresponding values 
for the complete ring. It should be 
noted that £4(js) and “f,(is) for unit slip 
are in satisfactory agreement with normal 
subtransient reactance values. 

The impedance operators £4(js) and 
4,(js) as given in Figure 2B were obtained 
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by a-c network analyzer measurements of 
the equivalent circuits shown in Figure 1 
of reference 13. The impedances used in 
these circuits were calculated by the per- 
unit impedance formulas of the same ref- 
erence. These per-unit formulas, in turn, 
are based upon the xq base-current 
ratio recommended in reference 12 as a 
preferred standard, and evaluated in equa- 
tions lc and ld of the same reference. 
These base-current ratios are as follows. 


Tsao 44a N 1 
(3/2) tao us Fai KyKaPi Nya 


(35a) 


Lae ae, Ne 
(3/2)tao n Daiz K,pKaPi Nya 


(35b) 


Substituting the required design con- 
stants in the foregoing formulas gives the 
following for the unit currents in the field 


and damper windings: 
T yao = 24.70 amperes (35c) 
Ieao =5,300 amperes (35d) 


As discussed in reference 13, Izao is the 
base current for the damper-winding cir- 
cuits in both the direct and quadrature 
axes. By this means, the per-unit values 
of Igand I, may be added directly. 

The operating characteristics of the two 
synchronous machines defined by the 
foregoing constants and the impedance 
operators of Figure 2 are given by Fig- 
ures 3-15 inclusive. These characteris- 
tics describe asynchronous operation at a 
constant slip, with the direct-axis field 
winding carrying unit excitation, with no 
quadrature axis field winding, and with 
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Stator current in machine with 
incomplete end rings 


Figure 11. 


O—Current of system frequency 
41—Current of system frequency times (1—s) 
9—Current of system frequency times (1 — 2s) 
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the machines connected to an infinite sys- 
tem of unit voltage and synchronous fre- 
quency. 

Figures 3, 4, and 5 show the magnitudes 
of the slip-frequency currents in damper 
bars 1, 2, and 3, respectively, for the 
machine with complete end rings; the 
curves marked T and L refer to the trail- 
ing and leading bars, respectively. The 
numbering system which defines the 
physical location of the damper bars in 
the pole is given on Figure 2A. It should 
be noted from Figures 3, 4, and 5 that 
above half speed, the trailing bar is loaded 
more heavily while below half speed the 
leading bar carries a heavier load. The 
inequality is greater above half speed, 
however, and the trailing bar in general 
must carry a much heavier load than the 
leading bar. 

Figures 6, 7, and 8 show corresponding 
curves for the machine with incomplete 
end rings. In this case, the trailing bar 
carries a heavier load than the leading 
bar almost continuously, this inequality 
being especially marked for bar 2 and 
bar 3. The unequal heating which is 
concomitant with this unequal current 
distribution influences the design of the 
damper winding to an appreciable degree. 

Figure 9 shows the slip-frequency cur- 
rent in the direct-axis field windings for 
both complete and incomplete end rings. 
Except at the half-speed point, there is 
little difference between the two cases. 


a 
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Figure 12. Torques of machine with com- 
plete end rings 


O—Unidirectional torque with stator excitation 
only 
O—Unidirectional torque with rotor excitation 
only 
2—Double-slip-frequency torque with stator 
excitation only 
The unidirectional torques O and 0’ are Op- 
posite in sign 
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It should be remembered that to obtain 
the total current in the field winding, the 
rotor-excitation current Jj;,=1.0 must be 
added to the curves of Figure 9, 

Figures 10 and 11 show the stator- 
current curves for complete and incom- 
plete end rings, respectively. The sys- 
tem-frequency current for the case of in- 
complete end rings is less than the same 
current for the case of complete end rings 
almost in the ratio of the average of the 
ra(jw) and (jw) impedances, as ex- 
pected. The currents labeled 2, which 
are of system frequency times (1—2s), are 
larger for the case of incomplete end rings 
due to the greater inequality between the 
d and g axes. The currents labeled 1, 
which are of system frequency times 
(1—s), are exactly the same for the two 
cases because these currents are caused 
by the rotor excitation only. 

The torque characteristics are given by 
Figures 12-15, inclusive. Figure 12 
shows the torques of the machine with 
complete end rings with stator and rotor 
excitation applied separately, but not con- 
currently. The curve marked 0 gives the 
unidirectional torque caused by stator 
excitation alone, and the curve marked 
0’ gives the unidirectional torque due to 
rotor excitation alone. These two torques 
are naturally opposite in sign. The small 
dip in the 0 curve around half speed in- 
dicates little tendency to lock at this 
speed. The curve marked 2 gives the 
double-slip-frequency torque due to sta- 
tor excitation alone. Note that this 
torque exceeds the maximum of the uni- 
directional torque. 

Figure 13 corresponds to Figure 12 but 
is for the case of incomplete end rings. 
Note that the unidirectional torque 0 due 
to stator excitation alone is less than that 
of Figure 12 and has an extreme dip at 
half speed. The double-slip-frequency 
torque 2 is very large, indicating extreme 
torque pulsations. The unidirectional 
torque 0’ due to rotor excitation alone is 
identical with the corresponding curve of 
Figure 12. 

Figure 14 shows the effect of applying 
rotor and stator excitation concurrently 
for the machine with complete end rings. 
The unidirectional torque 0 is similar to 
that of Figure 12 but becomes negative 
at very low speeds. The double-slip- 
frequency torque 2 is identical with that 
of Figure 12. The slip-frequency torque 
1, however, has increased considerably, 
because the flux caused by rotor excita- 
tion has reacted with the currents result- 
ing from stator excitation. At standstill 
this slip-frequency torque reaches a value 
of 5.8 per unit. The danger in inadvert- 
ently stalling a synchronous machine 
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while rotor excitation is maintained is 
shown vividly by this figure. 

Figure 15 corresponds to Figure 14 but 
is for the case of incomplete end rings. 
The pronounced dip in the unidirectional 
torque curve at half speed is still present, 
and in addition, this torque becomes nega- 
tive at very low speeds. The double- 
slip-frequency torque 2 is identical with 
that of Figure 13. The slip-frequency 
torque 1 has increased considerably but 
not as much as for the case of complete 
end rings, because the currents due to 
stator excitation are less for the case of 
incomplete end rings. Nevertheless, at 
stalling a slip-frequency torque of 4.70: 
per unit is obtained. ; 


C. Derivation of the Equivalent 
Circuit for Constant-Speed Single- 
Phase Operation 


DERIVATION OF EQUIVALENT CIRCUIT 


The equivalent circuit from which the 
machine characteristics during constant- 
speed single-phase operation can be ob- 
tained will be derived in this section. 
The single-phase operation studied in this 
section is of the type shown in Figure 16. 
A load is connected across two of the ma- 
chine terminals, but the machine is not 
connected to any system. The single- 
phase load is simulated by putting an im- 
pedance Z in each line and then tying two 
phases together with the third open. The 
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Figure 13. Torques of machine with incom- 
plete end rings 


O—Unidirectional torque with stator excita- 
tion only 
0’—Unidirectional torque with rotor excita- 

tion only : 
2—Double-slip-frequency torque with stator 
excitation only 
The unidirectional torques O and 0’ are op- 
posite in sign 
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Figure 14. Torques of machine with complete 
end rings with stator and rotor excitations of 
1.0 each applied concurrently 


O—Unidirectional torque 

1—Slip-frequency torque 

9—Double-slip-frequency torque 

The slip-frequency torque reaches a maximum 
of 5.80 at 1.00 slip 


load impedance Z is lumped with the 
machine impedance, and the machine 
terminal voltage discussed below is the 
voltage external to the load impedance. 
Such single-phase operation is defined by 
equations 36a—36d. 


Iq = (36a) 
dp = ig =1 (36b) 
la =Ca (36c) 
lp = ee =e (36d) 


The axis linkages are given by equations 
37a and 37b. Note that these linkages 
differ from those of equations 18a and 18) 
because the constant rotor excitation in 
this case can produce currents of fre- 
quencies different from that corresponding 
to the machine speed. 


(37a) 
(37b) 


Wa =Xasal pao — Xa(P)ta 
Yq = Xagql foo — Xq(P) tq 


The spin linkages, as obtained from 
equations 2a and 2b and analogous equa- 
tions, are given by equations 38a and 38). 


(38a) 
(38b) 


dr =lro—xr(p)ir—xB(p)is 
tp = Leo— XB (pir = xr(p)te 


Substituting equations 38a and 38) 
into the general voltage equations in the 
spin system, equations 6a and 68, gives 
equations 39a and 39). 


ér = (p+jv) [Lro—xr(p)iv —xB(p)te]— rir 
(39a) 
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és = (p—jv) [[s0—xB(p)iv — xr (p)te|—rip 
(39b) 


The spin currents may be expressed as 
follows. ; 


bp =——[ige 4 + iy e+ 4, €-] 


“3 (40a) 


(i, € 9944 Gy 1800 4 7, ¢ +8) (40b) 
Analogous equations for the spin voltages 
can be written. 

Assuming operation at a constant rotor 
speed of v per unit, equations 40a and 40d 
can be reduced to equations 4la and 410. 


DAN ee Onn ° 

ta Wei tie ices, (4a) 
Pap Ne f120° | = ° 

t= et i tine ™ ier ) (41b) 


Introducing the single-phase defini- 
tions of equations 36a-36d will reduce 
equations 41a and 410 and the analogous 
voltage equations to equations 42a—42d. 


tp = tiv? pe (42a) 
tp = —jivn/?/se ** (42b) 
ip = —tre tl (42c) 
6p = +épe ti (42d) 


Substituting equations 42a and 42) into 
equations 39a and 39) and equating the 
two equations by means of equations 42c 
and 42d will give the single-phase spin 
equation 43. 


et(D+ jv) xn (pie — € "(p+ ju)xB(p) X 
1€ +Jut et p— ju) xp (pyie + 
e-!°'(p— ju) xp (p)ie H+ 2ri = 

/ 3] (froe 4+ Tpoe "| (43) 


To obtain a solution of equation 48, 
assume that 7 can be expressed as in 
equation 44. 


4=A, cos vt-+A3 cos 3vt-+ ... + 
Am cos mut+ ... +A,’ sin vt-+ 
A,’ sin 8ut+ ... +A,’ sin mut+... 
(44) 


The assumed current 7 can be expressed 
in complex form as in equation 45a, with 
the complex coefficients defined as in 
equations 45) and 4c in terms of the real 
coefficients of equation 44. 


gate ttt tye Hoot —_ 44,¢ time ee 
6, *e Mt 44, # 0b Hee, +4, te fmt 
belie, oF <n(458) 
Am—jAn' 
(tee (45b) 
2 
A jA m’ 
igh ” (48¢) 
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Figure 15. Torques of machine with incom- 
plete end rings with stator and rotor excita- 
tions of 1.0 each applied concurrently 


O—Unidirectional torque 

1—Slip-frequency torque 

29—Double-slip-frequency torque 

The slip-frequency torque reaches a maximum 
of 4.70 at 1.00 slip 


Consider the general term given by 
equation 46. Note that for negative 
values of m, the conjugate coefficient 
im* is to be used instead of 7p. 


(46) 


4 =tme +Jmvt 


Substitute equation 46 into the single- 
phase spin equation 43, group together the 
terms containing like exponentials, and 
equate these groups to zero. An infinite 
number of equations, corresponding to the 
infinite number of values of m thereby 
will be obtained. The equations for 
m=+1 and m=—1 are given by equa- 
tions 47a and 47b, while the general equa- 
tion for all other values of m is given by 
equation 47c. 


Let m=+1 
’ 2r |, < 
ES +£r(j2v) +h, —£3(0)4,*— 
A 18 
Xp (j2v)t; = Lateo (47a) 
Hl |Z 
Let m=—1 
: 2r |, y, 
[ se + 4p*(j2v) — *I, *_ ¢23(0)t)— 
£p*(j2v)t3* =]J te (47b) 
Let m = m (positive or negative) 


2 
; Lr [j(m— 1)v]-4+-4r[j(m-+ 1)9]+— bn 
jmv 


&p[j(m—1)v }én-2—Lalj(m+ 1)u]x 
tm+,=0 (47c) 
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When the value of m in equation 47c is 
such as to make the subscript negative, 
the conjugate current and conjugate im- 
pedance are to be used. Comparing 
equations 47a through 47c with the 
single-phase spin circuit of Figure 17, 
it is immediately evident that the 
latter is an electrical means of solving 
these equations. The efficacy of the 
equivalent-circuit solution is evident in 
this example, as this equivalent circuit 
provides a direct means of determining 
the harmonic currents to any desired 
order. The efficacy of the equivalent- 
circuit method of solution is still more 
evident in the following section on the 
rotor torques during single-phase opera- 
tion. 


DETERMINATION OF ROTOR AND STATOR 
CURRENTS 


Assume that the following currents and 
their conjugates have been obtained from 
the single-phasing circuit of Figure 17. 


q = i,/61 (48a) 
43 =1,/53 (48b) 
tm = tm/5m (48c) 


Substituting equations 48a—48c into equa- 
tion 45a will give the stator current as in 
equations 49a and 49d. 


t=2R[hebtypetiory 


Emetimett. . ] (49a) 


4=2% cos (vt+6,) +22; cos (8vt+63)+ ... 
(49b) 


The axis currents in the damper bars 
are obtained by means of i, 7,, Onam, and 
Onomm as follows. Substituting equations 
48a-48c, 42a and 42b back into the cur- 
rent equations analogous to equations 
2a and 26 will give the axis currents equa- 
tions 50a and 50b. 


; 1 [t+ (t,-15) +04. 
C= 
INS (Ghee 


+4,*— (4,*—4; *) e—F20t__ 


(4,* —4,*) eF#ot__ aie J (50a) 
: L [44,4 (4445) 6474 
4g = 
Vat eg! ne 
A+ (* tts) ety 
(is*+is*eM4 | (50b) 


Introducing the current moduli Onan 
and Ongm permits the axis currents in the 
damper bars to be written as in equations 
5laand 510. 

Tina = Zig IG —%) Ona€ 0b 4 
V3 
(ts) One "+ (4s —t) Onase Ht 4 
Sei ita) 
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6202-46 


Zz 
ae 
Zz 
Figure 16. Single-phase loading 
Z—System impedance 
2 A +J20t 
Hy. = ae [(t:+43) Ongr€ + 
(ists) Ongse tt? + 
(t+) Ongse °* +...) (51b) 


The physical currents in the various 
damper bars are obtained from the axis 
currents equations 5la and 51b by means 
of equations 28a and 28b. The subscript 
s, denoting slip operation, may be 
dropped from these equations when 
using equations 51a and 51). 


DETERMINATION OF TORQUES 


The rotor torques during constant- 
speed single-phase operation can be ob- 
tained from the spin circuit of Figure 17. 

Substituting the spin linkages of equa- 
tions 38a and 380 into the general spin 
torque expression, equation 316, will give 
the single-phase torque expression, equa- 
tion 52. 


Figure 17. Equivalent circuit for constant- 
speed single-phase operation of the type de- 
fined by Figure 16 
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T =jte(Ivo—xr(p)ir —xp(p)ts]— 
jir Lso—xn(p)ir—xr(p)ts] (52) 


Substituting equations 42a and 426 into 
equation 52 will give the torque in terms 
of the current 7. Substituting equation 
45a will give then the torque in terms of 
the current harmonics. This torque is 
composed of a unidirectional component 
plus an infinite series of harmonic com- 
ponents. These torques are given by the 
following expression. 


Unidirectional Torque Ty; Frequency=0 
To= —4/3(Virt V33-+ Vis+ Vat Be ei ae 


Vix) * — Va%g = Ve%5* = 


Vier — ae sit (53a) 


(6) 4 = WutjVu 
(63) *43 = Wag +j Viz 
(8s) *t5 = Wes +7 Vis 
(@)) *t7 = Wa tjiVn 
iG *) *f,* = Wyxyx +f Vis * 
(83*) *43* = Wg +j Vos 
(65*) *45* = Weasx +7 Voxsx 
(& =) 40, * = Wrx7* +] Vrer* 


Second-Harmonic Torque T:; Frequency 
=2ut 


Pa [Wist+ Wes+ -2. —~Wyxy— 


Werrk . . P+ [Vist Vast... 
Viei— Voxie— ...J? (54a) 


(41) *43 = Wi3 si) Vis 

(83) *45 = Was +jV3s5 

(é) *t, =Wa sei) Vox 

(€1) *t9 = Wie t+ j Vin 

(4 S) = Wie eH) Viey 

(é 5) 4 *= Wsxy% =i) Vx 
(45 2) as = Wox3 Ri Voxs* 
(2,*) *45* = Wrage +7 Vi%5% 


T2= —8/3[(Wis+ West 22. — Wye — 


Weeie— ...) sin Qut-+(Vist Vast 
<a oe Vix, — V3%1* — aa s)) cos 2ut} 


Fourth-Harmonic Torque Ts; Fre- 


quency 4ut 


Ti=*/, |[WstWats. —Wae 
Warr— .. 22+ [Vist Vat 
cee — Vi%3— Vox, — 5S .|? 


(55a) 


(1) *4s = Wis +7 Vis 

(€3) *t = Wor +7 Var 

(85) *t4a = Wes tj Vio 

(4 5) *f; = Wy«3+j Vy-3 

(@; x) t= Wx, aE] Vary 
(65*) *4,* = Wsxix +7 Vewt 


T= —*/3 ((WistWat ...—Wis3— 
Wse,— ...) sin 40t-+ 
(Vist Vat ...— Vias— 
Vi¥i— .. .) cos 4ut} 


The forementioned currents and volt- 
ages are indicated on the spin circuit of 
Figure 17, and the determination of the 
torques during constant-speed single- 
phase operation is reduced to the direct 
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measurement of real and reactive power 
in this network. The torques of higher 
harmonic order can be obtained from the 
preceding equations by analogy. 

The discussion given after equations 
34c and 34d concerning the method of 
writing the products of complex numbers 
also applies to the above expressions. 


D. Numerical Example of the 
Application of the Equivalent 
Circuit of Part C 


As a numerical example of the applica- 
tion of the equivalent circuit of part C, 
the synchronous machines described in 
part B were subjected to various single- 
phase loads, of the type defined by Fig- 
ure 16, while running at synchronous 
speed. The torques and rotor and stator 
currents so obtained are given below. In 
each case, the field current was adjusted 
to give unit fundamental stator current 
through the single-phase loads. The 
single-phase loads were of unit magnitude 
(per phase) of either pure reactance or 
pure resistance. 


COMPLETE END RINGS, PURE REACTANCE 
Loap 


Rotor d-c excitation Igo = 1.85 
Stator line current 7 =1.00 (60 cycles) 
Rotor-circuit currents 
bar 1, trailing =0.196 (120 cycles) 
leading =0.182 (120 cycles) 
bar 2, trailing =0.194 (120 cycles) 
leading =0.174 (120 cycles) 
bar 3, trailing =0.190 (120 cycles) 
leading =0.114 (120 cycles) 
field winding =0.407 (120 cycles) 
Second-harmonic torque =0.758 (120 cycles) 


COMPLETE END RINGS, PURE RESISTANCE 
Loap 


Rotor d-c excitation Iygo=1.31 
Stator line current 7 = 1.00 (60 cycles) 
Rotor-circuit currents 
bar 1, trailing =0.207 (120 cycles) 
leading =0.194 (120 cycles) 
bar 2, trailing =0.195 (120 cycles) 
leading =0.173 (120 cycles) 
bar 3, trailing =0.157 (120 cycles) 
leading =0.143 (120 cycles) 
field winding =0.413 (120 cycles) 
Undirectional torque =0.678 (Ocycles) 
Second-harmonic torque =0.670 (120 cycles) 


INCOMPLETE END RINGS, PURE 
REACTANCE LOAD 


Rotor d-c excitation Igo = 1.87 
Stator line current 7 =1.00 (60 cycles) 
Rotor-circuit excitations 
bar 1, trailing =0.184 (120 cycles) 
leading =0.169 (120 cycles) 
bar 2, trailing =0.168 (120 cycles) 
leading =0.158 (120 cycles) 
bar 3, trailing =0.118 (120 cycles) 
leading =0.118 (120 cycles) 
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field winding =0.411 (120 cycles) 
Second-harmonic torque =0.812 (120 cycles) 


INCOMPLETE END RINGS, PURE 
RESISTANCE LOAD 


Rotor d-c excitation Ijgo = 1.34 
Stator line current = 1.00 (60 cycles) 
0.063 (180 cycles) 
Rotor-circuit currents 
bar 1, trailing =0.180 (120 cycles) 
=0.019 (240 cycles) 
leading =0.160 (120 cycles) 
= 0.006 (240 cycles) 
bar 2, trailing =0.175 (120 cycles) 
=0.011 (240 cycles) 
leading =0.142 (120 cycles) 


=0.010 (240 cycles) 
bar 8, trailing =0.125 (120 cycles) 
=0.007 (240 cycles) 
leading =0.119 (120 cycles) 
= 0.008 (240 cycles) 
field winding =0.425 (120 cycles) 
= 0.024 (240 cycles) 
Unidirectional torque =0.700 (Ocycles) 


Second-harmonic torque = 0.690 (120 cycles) 
Fourth-harmonic torque =0.071 (240 cycles) 


All harmonics of orders higher than 
those given are negligible, and their 
magnitudes are less than five per cent of 
the values given. In the first and third 
cases the unidirectional torques are zero 
because the loads are purely reactive. 


Nomenclature 


All quantities are in per unit unless in 
boldface type, in which case they are in 
the ampere-inch-second system (amperes, 
volts, and inches). Quantities such as 
N, P,, and so forth for which it obviously 
is unnecessary to distinguish the ampere- 
inch-second values by a special script, 
are in standard type only. 

All vector quantities are indicated by a 
circumflex (“) over the symbol. All con- 
jugate quantities are indicated by an as- 
terisk (*). The d-c rotor-excitation cur- 
rents and in parts A and B the stator 
current due to the d-c rotor-excitation 
currents are indicated by the subscript 
O. The subscript s indicates constant- 
speed asynchronous operation at slip s, 
and the subscript m (which takes the 
values 1, 2, 3. . .) identifies the harmonic 
quantities obtained during constant- 
speed single-phase operation. The sub- 
script 0 identifies the unit values of the 
various currents and voltages. 

The d and gq functions, by which the 
various quantities are resolved into com- 
ponents in line with the direct and quad- 
rature axes, are termed the axis quantities. 

The axis quantities are grouped into 
vector quantities which in this paper are 
identified by the subscript F and B. 

The F and B quantities are equivalent 
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to vectors rotating at slip speed, and for 
this reason these quantities are termed 
the ‘‘spin”’ quantities. 

A double subscript rotation is used for 
the W+jV measurements. The first 
subscript locates the mesh in which the 
voltage is to be measured, and the second 
subscript locates the mesh in which the 
current is to be measured. 


A;, A3, As=current harmonics obtained 
during single-phase operation (see 
equation 44) 

Aq is defined in references 12 and 13 

Duiz is defined in references 12 and 13 

e=phase voltage 

€a, &o, &¢ = phase voltages 

€q, €g=axis voltages of reference 4 

ér, ég=spin voltages defined by equations 
analogous to equations 2a and 2b 

€qo = peak value of rated stator phase volt- 
age 

Fn =defined in references 12 and 13 

7=line current 

ta, 1p, i¢ = phase currents 

ig, I¢=axis currents of reference 4 

tp, i3=spin currents defined by equations 
analogous to equations 2a and 2b 

41, 43, 4% =current harmonics obtained during 
single-phase operation (see equation 
45a and Figure 17) 

igg=peak value of rated line current in 
amperes 

Tyra, Tjqg=direct- and quadrature-axis field- 
winding currents 

I,=current in nth damper bar 

Ina Ing = axis currents in nth damper bar 

Tr, fg=spin currents defined in equations 
20a and 206 

To =unit current in amperes for field-wind- 
ing circuit 

I,qao=unit current in amperes for damper 


bars 
J =imaginary part of ...;9(a+jb) =b 
j=V-1 
Ky, Ka=pitch and distribution factors. 


(greater than 1.0) 

m=order of harmonic during single-phase 
operation 

N=stator series turns per phase 

Nya, Nea = turns per pole of field windingand. 
xth additional circuit, respectively, 
(Nzq@=1.0 for damper-winding cir- 
cuits) 


d 
p=differential operator ze 


P,=number of poles 

r =stator resistance per phase 

G =real part of ...; R (at+jb) =a 

s=slip 

t=time in radians per second 

T =torque 

Tos, Tis, T23 = torques obtained during asyn- 
chronous operation; unidirectional,. 
slip frequency, and double slip fre- 
quency, respectively 

To, T2, Ty=harmonic torques obtained dur- 
ing single-phase operation; unidirec- 
tional, second harmonic, and fourth. 
harmonic, respectively 
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Characteristics of a 400-Mile 230-Kv 


Series-Capacitor-Compensated 


Transmission System 


B. V. HOARD 


MEMBER AIEE 


ERIES capacitors have been recog- 

nized for some time as a means of in- 
creasing the amount of power transmitted 
over a long transmission line and asa 
means of increasing the distance that al- 
ternating-current power can be trans- 
mitted economically.!_ The basic concept 
of neutralizing any portion of the series 
inductive reactance of a long transmission 
system by means of series capacitors is 
theoretically sound. The practical appli- 
cation of series capacitors for such service 
introduces several new and interesting 
problems of system design and operation, 
which while capable of solution will re- 
quire the attention of engineers of both 
the equipment manufacturers and the 
operating companies. It is the objective 
of this paper to outline system character- 
istics encountered when series-capacitor 
compensation is used, with a view to- 
ward solving the problems arising there- 
from. No attempt will be made to re- 
examine the relative cost of transmission 
with and without series compensation. 
In fact, the cost of the compensated sys- 


tem will be influenced to a certain degree 
by the methods used to sclve the problems 
arising through use of series compensa- 
tion. 

A brief discussion of some of the major 
factors that must be considered in the 
application of series capacitors on any 
system will present the problems involved 
and suggest methods of solution. Series 
capacitors are connected into a transmis- 
sion line in series with the line reactance 
in order to neutralize or compensate a 
portion or possibly all of the line re- 
actance. With greater capacitive re- 
actance, it is theoretically possible, but 
for several reasons not practical to com- 
pensate also a part of the reactance of the 
terminal equipment at each end of the 
line. It would be desirable from an opera- 
tion and protective-relaying standpoint 
to insert the capacitors uniformly along 
the line in a large number of small units; 
however, it is not practical from an 
economic standpoint to do so because of 
high overvoltages on the capacitors during 
system faults and because of the higher 


cost of a large number of small capacitor 
stations. 


From the standpoint of electrical per- 
formance, assuming capacitors are dis- 
tributed uniformly along the line and are 
in operation at all times, a 400-mile line 
with 50 per cent compensation would be- 
come the equivalent of a 200-mile line but 
would have a higher resistance and more 
line-charging current than the standard 
conductor used in the line. The electrical 
performance of such a 200-mile line could 
be represented exactly by an equivalent 
hollow-core conductor of rather large di- 
ameter and small cross section which 
would give both the higher resistance and 
larger charging current. 


System Characteristics During 
Faults 


A simple example consisting of a 400- , 
mile line in which the line reactance is 
assumed to be 100 per cent compensated, 
but with no compensation of reactance of 
terminal equipment, will illustrate some 
of the compensated system characteristics 
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Usa. Ong =current moduli defined in equa- 
tions 26a and 266 and in reference 13 

v=speed (v=1—s) 

V =reactive-power component of W+jV 

W =real-power component of W+jV 

x as a subscript denotes the 100-per-cent- 
pitch damper-winding circuit; de- 
fined in reference 13 

Xafa, Xafqg = mutual reactances between stator 
and field windings in direct and 
quadrature axes; evaluated in refer- 
ence 13 

Xa, Xq@=synchronous reactances; evaluated 
in reference 13 

Xa(p), %q(p) =operational impedances in the 
axis system; evaluated in refer- 
ence 13 

xr(p), xa(p) =operational impedances in the 
spin system; defined in equations 
da and 5b 

Xuo = base stator impedance in ohms 


©€a0 


Xa0 = 
Tao 

Z =system impedance defined by Figure 16 

61, 62, 6;=phase angles of the harmonic 


1102 


currents obtained during single-phase 
operation; see equations 48a—48c 
and Figure 17 

8=space angle between stator and rotor 
axes; defined in reference 4 

Wa, Wq = axis linkages defined in reference 4 

vr, Ye=spin linkages defined by equations 
2a and 26 
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Figure 1. 


General conditions 
1. Line characteristics 


Z, =85*j546n 
Zo * 27.6 +j 166.2 a 


INDICATES LINE RELAY 


[K} 
Z, 7 85*)546 n 
Zo #276 + j 166.2 


[M} [N} 


Xda 740% 
Xq (Sot) =32% 

X, 25% 

H= 5KW SEC/KW 


Characteristics of a 400-mile 230-kv compensated transmission system 


930 kv, double circuit, 400 miles with 795,000-circular-mil aluminum-cable-steel-reinforced 
at 27 feet flat spacing and two intermediate sectionalizing stations 


2. Terminal equipment rating 
Transformer R capacity =kva delivered 


Generator and transformer S capacity=rating transformer R plus line losses 

Receiver end transformer and generator capacity =2 times rating transformer R (impedances 
on same base as transformer R are 1/2 of those specified) 

Load = approximately 3 times rating transformer R at unity power factor 


3. Series capacitors 


X, of compensating capacitors was changed for the various studies but is expressed as a percent- 
age compensation of the total line reactance between buses S and R, normally with all line 
sections in service or during emergencies when a faulted line section is out of service 


4. Equipment reactances 
Xaq= adjusted synchronous reactance. 
electric. 
and turbo generation. 


Sending end generator is assumed to be hydro- 
Receiving end generator is assumed to consist of system containing hydro-electric 
Reactance of receiver end system (X=14.6 per cent) assumed to 


include both transformer and distribution system 


Equipment Rating 


Generator and 


Case No. Transformer S 
ORE wievsiets akties muesstais 375,000 ‘kvatciecmiag vaca 
O) ar an oota oN ODe FBSj/000 Kanan sect pre ene 


Receiver End Generator 


Transformer R and Transformer 


per O OOO Vara stictetateeiii years 640,000 kva 
oo Itsy Ay hidninsr Aonbe Honda toads 370,000 kva 


* Ratings based on conductor thermal limit (900 amperes) with one line section out of service. 
+ Ratings based on static stability limit with 15 per cent margin, with one line section out of service. 


during faults. Such a compensated line 
would have a net line impedance consist- 
ing of resistance only, so that any fault 
current would be limited almost entirely 
by the impedance of the terminal equip- 
ment. Therefore, approximately the 
same magnitude of fault current would be 
supplied from the sending-end generators 
whether a fault was at the generating 
station high-tension bus or at the receiver 
bus 400 miles away. In practice full 100- 
per-cent line compensation probably 
would not be used; however, this simple 
example illustrates the fact that fault 
current tends to be limited more by im- 
pedance of terminal equipment rather 
than by line impedance as the per cent 
compensation is increased. Hence, if a 
100-per-cent-compensated line is con- 
nected to a high capacity system having 
low terminal impedance which could 
supply a fault current ten times the maxi- 
mum full load current of the compensated 
line, then all series capacitors in the line 
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would be subjected to ten times normal 
voltage for a fault occurring near the re- 
ceiver bus. Even if the above line is con- 
nected to generators and step-up trans- 
formers having a total of 40 per cent re- 
actance, the fault current flowing through 
the capacitors when 100-per-cent compen- 
sation is used would result in 2.5 times 
normal full load capacitor voltage and 
6.25 times normal capacitor kilovolt-am- 
peres. In many cases such an increase in 
momentary kilovolt-ampere capacity and 


Table I. 


Emergency Ratings of Capacitors 


110 per cent of normal voltage continuously, 121 
per cent of normal kilovolt-amperes 
135 per cent of normal voltage up to 30 minutes 
182 per cent of normal kilovolt-amperes 
150 per cent of normal voltage up to 5 minutes, 
225 per cent of normal kilovolt-amperes 
*200 per cent of normal voltage up to 1/2 cycle, 
400 per cent of normal kilovolt-amperes 


* Protected by spark gap set at twice normal volt- 
age. 
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the resultant cost of capacitors cannot be 
economically justified, so that the capaci- 
tors will be installed in two or three large 
units with protective equipment which 
short-circuits them as soon as the exces- 
sive overvoltage occurs during the fault. 

When the capacitors are concentrated 
in a few large units, they will be placed at 
intermediate stations in the line as indi- 
cated in Figure 1 which shows three line 
sections but only two capacitor stations. 
When the per-cent compensation is suf- 
ficiently high, the capacitive reactance 
located in a station becomes greater than 
the inductive reactance of a line section, 
because there is always one less capacitor 
station than the number of line sections. 
Then, for a fault just beyond a capacitor 
station a net capacitive reactance is ob- 
tained between the fault point and the 
high-voltage bus of the generating station 
which causes partial neutralization of the 
reactance of terminal equipment. This 
produces a larger fault current for a fault 
located beyond the capacitor station than 
for a fault located at the generating sta- 
tion high-voltage bus. For the system 
shown in Figure 1 a line compensation 
greater than two-thirds of the line re- 
actance will result in partial neutraliza- 
tion of terminal reactance when the fault 
is located as described previously. For a 
75 per cent compensation of the line and 
the fault located at point 2’, practically 
all of the sending-end transformer re- 
actance is neutralized by the net capact- 
tive reactance obtained out to the fault 
point. Similar conclusions are obtained 
for the components of fault current sup- 
plied from the receiver end of the line 
when the fault occurs on the sending-end 
side of a capacitor. 

Capacitors have quite definite maxi- 
mum voltage ratings, the magnitude de- 
pending on the period during which the 
capacitor is subjected to overvoltages. 
Table I specifies four emergency ratings 
in terms of the allowable voltage, the time 
interval of application, and the corre- 
sponding kilovolt-amperes obtained in the 
capacitor. 

With the two conflicting requirements 
of a maximum allowable voltage across 
the capacitor and voltages above normal 
during system faults, it is desirable for 
purposes of comparison in this study to 
assume the capacitor equipment con- 
structed in one of two ways which will be 
designated hereafter as design A or B. 


A. Construct the capacitor to withstand the 
maximum momentary voltage to which the 
capacitors will be subjected during faults. 
Capacitor cost will increase almost directly 
with the kilovolt-amperes or as the square 
of the maximum voltage so that for many 
cases this design cannot be justified from 
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Figure 2A. Load flow diagram 75 per 

cent initial compensation (case 6). Initial 

operating conditions with economic loading 
(158,000 kw received per line) 


Power and reactive flow is indicated thus— 
kw/1,000 (kilovars/1,000) 
Arrows in same direction indicate lagging 
power factor 


an economic standpoint. In general, this 
design should be investigated when the re- 
actance of terminal equipment at each end 
of the line is relatively high, and when the 
per-cent compensation is relatively low. 
When this design is investigated, considera- 
tion should be given to the short-time over- 
voltage ratings of series capacitors. For ex- 
ample, if manufacturers will allow a maxi- 
mum capacitor voltage of approximately 
twice rated value during the short period of 
the fault, a system having a maximum fault 
current through the capacitors of 2.2 to 2.4 
times maximum load current may use this 
design economically in comparison with the 
design in which the capacitors are short- 
circuited during the fault. 


B. Provide protective equipment such as 
a spark gap or short-circuiting breaker to 
short-circuit the capacitors during a fault, 
and a contactor or circuit breaker to clear 
the spark gap as soon as the fault is removed 
so that the capacitive reactance will be re- 


238019 2402-5 238/19.5 
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inserted rapidly in the line. This design 
would be used when the terminal impedance 
is low and the per-cent compensation is 
high. The short-circuiting of the capacitors 
during the fault plus the effects of the short 
but important time interval needed to rein- 
sert the capacitors into the line after the 
fault is cleared make it necessary, in obtain- 
ing a given power limit, to use a higher per- 
centage compensation but in general not 
as high a kilovolt-ampere rating as for de- 
sign A for the same degree of initial line 
loading. 

If design A is used, it may be possible 
and is desirable to have several small 
capacitor stations in the line. If design 
Bis used, the cost of protective equipment 
dictates the need for a few capacitor sta- 
tions of relatively large capacity. 


Transient Stability Considerations 
It can be shown that the most economi- 


cal loading of a 60-cycle 230-kv 200-mile 
uncompensated line is approximately 


LINE AMPS- MULTIPLY BY 10 


Ee 
Needs 


eter 


| 
\ | 


LINE-LINE KV- MULTIPLY BY 1 


OD 205905560 


1104 


80 100 120 140 160 
LINE-LINE KV- MULTIPLY BY 1 


A 
a 


180 200 220 240 260 


Hoard—Transmission System 


LINE AMPS- MULTIPLY BY 10 


900(0) 


175,000 kw delivered. Similarly, the most 
economical loading of a 230-kv 400-mile 
line may be of the order of 165,000 kw 
delivered. If transient stability is con- 
sidered, it is possible by proper design to 
approach the above economical loading on 
lines of 200-mile length without series 
compensation, but it is not possible to ob- 
tain both stability and the most economi- 
cal loading on 400-mile lines without using 
relatively large series compensation. In 
fact, without compensation on the 400- 
mile lines, other system design being 
equal, the transient stability limit may be 
of the order of 75,000 kw per circuit for a 
system similar to that shown in Figure 1, 
except uncompensated. Compensation of 
lines longer than 400 miles also will show 
large relative increases in power trans- 
mitted without loss of stability. 

The determination of theallowable load- 
ing of lines and the transient stability 
limit becomes a major design and operat- 


Figure 2B. Vector diagram, 75 
per cent initial compensation 
(case 6). Initial operating con- 
ditions with economic loading 
(158,000 kw received per line) 


Equipment rating 


Generator S—375,000 kva 
Transformer R—320,000 kva 
System R—640,000 kva 


AIEE TRANSACTIONS 


> 


ing problem for all long lines supplying 
firm power whether they are compensated 
of uncompensated. But by increasing 
the compensation used, the stability-limit 
loading can be increased and will approach 
the most economical loading of the line. 

Determining transient stability intro- 
duces a number of other important fac- 
tors such as type of system, how con- 
nected, type of assumed fault and where 
located, time of clearing of fault, and per- 
centage of transmission capacity removed 
when the faulted line section is cleared. 
Series compensation using design B also 
involves short-circuiting of capacitors 
during the fault and then reinserting 
them. Ifthe capacitors are not reinserted 
at the instant the fault is cleared, a re- 
duction in the stability limit occurs. As- 
sume for example a line with 50-per-cent 
compensation after the faulty line section 
has been removed; then for the length of 
the period of delay in reinserting the 
capacitors the transmission line reactance 
is doubled, and this becomes a major fac- 
tor in maintaining stability. Likewise, 
less synchronizing power can be trans- 
mitted during the period of the fault if the 
capacitors are out of the circuit than if 
they remain in the circuit. It is obvious 
that the period of time the capacitors are 
short-circuited must be cut to the mini- 
mum. The time required to clear the 
fault, that is, whether sequential tripping 
must be used or whether it can be as- 
sumed that simultaneous tripping can be 
obtained through a reliable over-all car- 
rier relaying design, is similarly an im- 
portant factor in determining the sta- 
bility. To summarize, for design B for any 
specified initial load on the transmission 
system, there are three important factors 
which will make it necessary to increase 
the compensation required to maintain 
stability, first, removal of the capacitors 
during the fault; second, increase in fault 
clearing time; and third, increase in the 
time required to reinsert the capacitors 
after the fault is cleared. For design A 
only the second factor applies. 


System Analyzed 


In order to obtain more specific data 
on system characteristics resulting when 
series compensation is used, the system 
shown in Figure 1 was studied extensively 
on an a-c calculating board. It will be 
observed that this system consists of a 
2-circuit 230-kv 400-mile line using 795,- 
000-circular-mil aluminum-cable-steel-re- 
inforced conductors with sectionalizing 
stations at two intermediate points 1-1’ 
and 2-2’ and with series capacitors 
placed at these points. It was decided to 
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Figure 3. Vector diagram at angle of maximum transient swing (case 6). 75 per cent initial 
and final compensation 


Conditions 


4. Initial loading as per Figure 2A 

2. 9Q-phase ground fault on one line near point 1. 
Fault cleared at 7 cycles 

3. Capacitors short-circuited during fault periods and reinserted at 10.5 cycles 


Near end breaker open at 3.5 cycles. 


= a __e 


System Z** Per Unit Current 
Angular Difference, Degrees Ratio !/Jinitiat Each Line—Ohms Through Capacitor 
Ce a as a a a a 
E:R-is 98 5 3.26* 5 110/13.5 
Er-s 66 1 3.22* 1 —188/—62 
E:s-L =113 Ae 1.78 12 178/—21 
Eir-L —15 2 1.66 2 —302/—58 1 155i 
Es-1 —78 9’ 1.66 9! 165/10 2 1.50T 
Es—lIs —13.5 R 1.59 R 219/—-49 
Ai—-h 62 L 0.77 
Ay’ —h’ 21 34 1.00 
Eo—Ie 58 
Ex’ — Io —10 
Er—Ir 49 


* Line current carried by single line with faulted section removed. 


** Negative Z indicates | in nontripping direction. 
Negative @ indicates capacitive reactance. 


+ Based on 900-ampere rating. 


not in service. This assumption also re- 
sulted in a delivered power of approxi- 
mately 160,000 kw per line, which is con- 
sidered fairly close to the most economical 


load the line initially to approximately 
900 amperes at the sending end, corre- 
sponding to the thermal limit of one line 
section if the other parallel section were 


Hoard—Transmission System 1105 


line loading. As indicated in Figure 1, 
the delivered kilovolt-amperes plus line 
losses determined the capacity of the 
sending-end equipment. The receiver-end 
system, to the right of the load bus L, was 


assumed to have a capacity twice that of 
R and the resultant load L (unity power 
factor) to be three times the power de- 
livered by the compensated lines. Various 
reactances and inertia constants are also 


specified in Figure 1. Load-flow dia- 
grams were obtained with 240-kv sending- 
end voltage (bus S) and 220-kv load bus 
voltage (bus L). 

Most of the transient stability studies 


INITIAL LOAD WILL PRODUCE HEATING LIMIT ON REMAINING 
LINE SECTION WITH FAULTED SECTION REMOVED 
Ps *=374,000 KW Pr* 324,000 KW 


63% INITIAL COMPENSATION OF LINE IMPEDANCE 

29 TO GROUND FAULT APPLIED AT POINT (1) ON SYSTEM 
NEAR END OF FAULTED SECTION CLEARED AT 3.5 CYCLES 
FAULT COMPLETELY CLEARED AT 7.0 CYCLES 


COMPENSATION INCREASED EQUALLY AT POINTS (1) & (2) 
AT 7 CYCLES, TO 63% WITH FAULTED SECTION NOT IN SERVICE 


SERIES CONDENSERS NOT SHORTED DURING FAULT 


FOR TRANSIENT STABILITY NEGATIVE AREA MUST EQUAL 
OR BE GREATER THAN POSITIVE AREA AS SHOWN 
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Figure 4A. Net acceleration be- 

tween machine rotors for 230-kv 

400-mile compensated system 
(case 2) 


IF compensation is reinserted at 

10.5 cycles instead of 7.0 cycles, 

the system is unstable. Area A 
> area B 
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assumed a double-line-to-ground fault 
applied on one line near point 1, Figure 1. 
Checks were made which showed that the 
transient shock was more severe for a 
fault on the sending-end line section as 
compared to other sections and was 
slightly more severe for a fault at the send- 
ing-end bus than at the point 1 bus. How- 
ever, because a considerable amount of 
data had been obtained previously for 
faults at point 1, it was decided to con- 
tinue the study with the fault location at 
this point. 


Relaying Characteristics 


Both the time required to clear the 
fault and that required to reinsert the 
capacitors are of major importance in 
maintaining stability. These periods are 
tied up intimately with the protective re- 
laying of the lines and the control of the 
series capacitors. Of the standard relay 
schemes available, studies indicate that a 
high-speed current-balance scheme would 
provide proper protection for the lines. 
Other standard relay schemes show 
limitations which will require major 
modifications to the schemes before they 
can be used. In view of the many new 
factors to be considered, it is planned to 
make laboratory tests in the future to con- 
firm these results. 

It will be shown from examples studied 
here that relay requirements which must 
be met, namely, to trip the faulted line 
section and to block tripping on the un- 
faulted line sections are such that the 
standard methods of impedance relaying 
cannot be used. The following reasons 
are given: 

(2). When the compensation is high so that 
the compensating reactance ‘‘reaches” part 


way into the transformer and generator re- 
actance, faults located beyond the capacitor 


stations produce greater fault currents, and 
lower impedances may be seen by impedance 
relays than when the fault is located near 
the generator bus. 


(b). Before the gaps have flashed over, 
some relays may be called upon to operate 
on the basis of a small resistance and large 
capacity reactance. After the gaps have 
flashed, they must operate on the basis of a 
small resistance and a large inductive re- 
actance. This produces a shift in phase angle 
between voltage and current approaching 
160 to 170 degrees before and after gap flash- 
over. This system characteristic is critical 
for arelay scheme using conventional direc- 
tional relays or their equivalent since it allows 
only a 10- to 20-degree band between tripping 
and blocking. Other shifts in phase of 
voltage and current between a 3-phase fault 
and unbalanced faults may eliminate com- 
pletely the simple directional relay since it 
may not indicate the true direction of the 
fault when series capacitors are both short- 
circuited and not short-circuited. 


For these reasons if impedance relays 
or these relays with carrier current are to 
be used, it will be assumed that the first 
zone impedance relay will have to be 
eliminated, and modifications of existing 
directional relays will be necessary. With 
these modifications, perhaps existing car- 
rier relays can be depended upon to ob- 
tain fast and reliable tripping; or perhaps 
a high-speed back-up scheme should be 
included also. Assuming carrier, it is 
estimated that omission of the first zone 
impedance element may add from 0.5 to 
1.0 cycle to the clearing time of the circuit 
breaker nearest the fault because of the 
longer operating time required by the 
carrier relays. Such an increase in relay 
time would be disadvantageous. It 
might be overcome by substituting high- 
speed current-balance relays for the dis- 
carded first zone impedance relay. The 
current-balance relays would provide 
high-speed sequential tripping and would 
back up the carrier relaying and vice- 


versa. Or after possible improvements in 
the relatively new phase-comparison car- 
rier relaying scheme have been made, this 
scheme might prove satisfactory. For 
the present, the phase-comparison scheme 
is relatively slow and cannot be applied 
where the minimum 3-phase fault cur- 
rents are only slightly greater than maxi- 
mum load current, and therefore this 
scheme is not considered applicable. 

With the foregoing considerations in 
mind, it was decided that a reasonably 
safe assumption of clearing time for use in 
the stability studies would be 3.5 cycles 
for the relay and circuit breaker nearest 
the fault and 7.0 cycles for the equipment 
at the far end. Such sequential tripping 
was used in the study, although with 
carrier relays, simultaneous tripping 
of both ends might result in clearing in 
about 4.5 cycles, which would produce 
slightly less shock to the system than the 
sequential tripping assumed. 

No accurate data were available for 
time required to reinsert the capacitors in 
the circuit after clearance of a fault. 
Therefore, two values for reinsertion were 
assumed, either 7.0 or 10.5 cycles after the 
occurrence of the fault, and the amount 
of compensation required to obtain tran- 
sient stability for each assumed time was 
determined. Thus a comparison is ob- 
tained showing the increase in compensa- 
tion required for the same power trans- 
mitted when the reinsertion is delayed 
from 7.0 to 10.5 cycles. 


Results and Discussion 


Table II lists some of the results of a 
number of the studies made. For the 
first six cases listed, a constant percentage 
of compensation was used both before and 
after the faulted line section is removed, 
which assumes more compensation added 


Table Il. Summary of Stability Studies 
ee ee ee a == ne = 
Case Number 1 2 3 5 6 7 8 9 
1, Constant per cent compensation. See item Brees per cent..... GO Osa a. 63 66 Seo. 
5. (Before and after fault).........-..+-++ Final per cent...... COme e058. 63 66 re (2) 
2. Constant ohmic value of compensation. (Be-. Initialuper scent faye rcntese ccteeey eh = lela tcisl-(oleotsprunpe = s Nepener oss ooroerelsy a Yet" ehh 100 100 0 
fore and after fault. No additional com- 
pensation added on removal of fault) Final per cent reran aichactae eae ckcrce eater titeme eemeey at ere Nesp oraie sue n onsnsaenesap enemies Las Tie Oo TOU gs ark CO. 
3. Compensation removed during fault......... INO. cree INO Yes OM ESaM ee ES 6 SELES wes 
4. Compensation reinserted after start of fault.... 2... - secre eee e eset rere reese ees TO Sere hra ocr ees TAO tae NO O cnt 1h Operate 10.5 
: (cycles) 
5. Additional compensation added after start.......+-++sseeereeeee 7.0 OR 7.0 10.5 LEO5 2a WOES 
of fault (cycles). (Equally at both capaci- 
tor stations) 
6. Initialloading at receiver end (kw/1,000)........-+++eeeeerrreeee 311 .324 324 SO he Sl a MOL OMT anics meres 324 ...150 
7. Initial operating angle between Eis and Eir.......++ +++ sees reese 32.5... 34 34 SATO ae 24.5 12.5 12.5 28.5 
(degrees) 
8. Maximum angle of swing (degrees)..........++eee reer ere reeceee LO25 =; 91 ...Unstable...Unstable... 91 ... 98 ...102 .. -Unstable... 91.5 
ee Siti f reacton (icilovars/ O00) meat eters level siete cert Acie alate tetelexctarere sstisietepensmelatejefoy= ter ate “Faeherecclele Pe ti) + 2eiusin se 109 Stis7 eel an 114 


* Installed at point 1’ (see Figure 1) toreduce maximum voltage at point 1 and to neu 


section S-1 below thermal limit. 


Fault type, location, and clearing time: Two phase to ground at point 1 (see Figure 1), 
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tralize a portion of line charging current and decrease current flowing in 


Near end cleared in 3.5 cycles, far end in 7.0 cycles. 
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Table Ill. Net Acceleration Ratios Obtained. Fault at Point 1 
Initial 
Per Generator Initial *Accelerating 
Cent Rating, Power Output, Power, *Acceleration, *Accelera- 
Com- Kvya/1,000 Kw/1,000 Kw/1,000 Degrees per Second? _ tion Ratio 
Case pensa- ———— ——— Case 9=1.00 
No. tion Ss R Ss R R Ss R Net 
de ene O Ol 7.D a OA OLEE SO OMNOGA Tare ee Li2iy ee GOLO) ee Sl KOE eee 0.97 
Zi Mae OS see Lome 40k eS Ome ODA ae Pome W se tare! ley eb Sle O4 seme 1.05 
See O5i kayo Lone OLOKG oO ae OLS meee 4 2 Reo ODOM — 951 2, TUSK as 1.93 
AT COMO TOC OLN OTe OLS een cl 40e. ae MG LOK. ti Silke SUSI). eae 1.07 
Of ae OO) ee OO O40 eae OtonnanOOLn ne wae Ooi OOO —l Sin 2 Ovo 1.89 
OOO uo Oe tO4 Oar oO veneO0O mere fare Se Enis ill, 9 OL Blea OOS ee 1.85 
7 and 8...100 Me OLO/s srs OLO es Olid aaa OOO na OO Leite cohen Lol =O Siva oA Seis 2.05 
OS Soe AO Sah Saree. O10 ee LOA eo ee OO OO EDO nL OOG a ems 1.00 
LOTS erg Oliael SOn- ro On eel GAimeen S00 Name ea ieiicy 2 Oren SOS ano emer 1.24t 


* At instant fault is applied. 


+ Capacitors not short-circuited during fault; for other cases, Capacitors short-circuited during fault. 
} 3-phase fault applied; for all other cases 2-phase-to-ground fault applied. 


after the faulted line section is cleared. 
This assumption was made to deter- 
mine if there were any appreciable in- 
crease in power limit if a portion of the 
compensation is added after the fault is 
removed. Such addition of compensation 
at all capacitor stations after the fault is 
cleared may introduce another problem 
because of the distance between stations. 
A transfer tripping scheme using addi- 
tional carrier channels probably would be 
needed to obtain the high speed of opera- 
tion that would be necessary. 

In some of the cases listed the compen- 
sation is removed completely during the 
fault; in others it is left in the circuit. 
In cases 7 and 8 a constant ohmic value of 
compensation is used before and after the 
faulted section is cleared. With constant 
ohmic value, the per cent compensation is 
decreased when the faulted line section is 
removed from service. For comparison 
purposes, case 9 shows results for the sys- 
tem of Figure 1 but without any compen- 
sation, so that the power delivered has to 
be reduced materially (to approximately 
one-half) to maintain stability as com- 
pared to the compensated systems. Pro- 
portionately reduced size of terminal 
equipment corresponding to the reduced 
power transmitted is used in case 9. 
Table IT also lists the power delivered for 
each case and the initial operating angle 
before the fault is applied. In some cases 
a shunt reactor is included at point 1’ in 
Figure 1, which was placed there to keep 
the line voltage at point 1 from being ex- 
cessive and to reduce the line-charging 
current flowing through the sending-end 
section, thereby increasing the delivered 
power without exceeding the thermal 
current-carrying capacity of the conduc- 
tor when one line section is out of service. 
Incidentally, the reactor also increases 
the stability of the system. 

A comparison of cases 1 and 5 of Table 
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II indicates that approximately 10-per- 
cent increase in capacitor impedance, 
voltage, and kilovolt-ampere capacity is 
needed, or an increase of 6 per cent of line 
compensation is needed when the ca- 
pacitors are removed from service during 
the fault period of 7.0 cycles. A compari- 
son of cases 5 and 6 shows that the extra 
3.5 cycles of delay in getting the capaci- 
tors back into service after the fault is 
cleared require another 13.5-per-cent in- 
crease in capacitor kilovolt-amperes or 
9-per-cent increase in line compensation. 
Both of theseeffects require from 20- to25- 
per-cent increase in capacitor kilovolt- 
amperes, or about 15-per-cent increase in 
line compensation over that needed if the 
capacitors were not taken out of the cir- 
cuit for the 10.5 cycles. 

For 325,000 kw delivered and on the 
basis of constant capacitor ohms (case 2); 
75-per-cent final line compensation or 100- 
per-cent initial compensation (when only 
two capacitor stations are employed) is re- 
quired when the capacitors are removed 
from service during the fault and are re- 
inserted at the time the fault is cleared. 
It will be observed that the initial operat- 
ing angle between the internal voltages of 
sending and receiver machines decreases 
with increasing compensation. Such a 
decrease in initial operating angle appar- 
ently does not change materially the 
amount of power which can be trans- 
mitted with stability, provided the final 
percentage compensation is identical for 
two otherwise similar cases. Hence, there 
is no real advantage from a stability 
standpoint of introducing the complica- 
tion of switching in a portion of the com- 
pensation at each capacitor station after 
the fault is removed. 

Figure 2A is a load-flow diagram of the 
conditions of initial loading for the system 
of Figure 1 using 75-per-cent initial com- 
pensation (case 6). The figure is in- 
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cluded to show the various bus voltages 
and reactive power flow through the vari- 
ous lines and capacitor stations. Figure 
2B is a vector diagram of the system 
under these loading conditions. It is of 
special interest to observe the relative 
phase angles obtained in machines, lines, 
and series capacitors. Figure 3 is a vector 
diagram of the system after the faulted 
line section between pointsS and lhas been 
removed, thecapacitors reinserted, andthe 
system has swung to the maximum phase 
angle. Note the large phase angle, 117 
degrees, between E;, and point 1, and the 
corresponding low values for /;, 66 per 
cent of normal, and for E,’, 47 per cent of 
normal. The current through the remain- 
ing line section has increased from its 
initial value of 450 amperes to 1,444 am- 
peres or 3.26 times the initial value. It is 
also of interest to observe that the voltage 
across the capacitors at station 1 is 155 
per cent of rated value. 

It is desirable to compare the relative 
net accelerations between machine rotors 
at the instant the fault occurs for the vari- 
ous cases studied. Table III lists the net 
accelerations assuming double-line-to- 
ground faults for compensated lines with 
and without compensation removed. For 
further comparison, acceleration for com- 
pletely uncompensated lines (case 9) and 
for a 3-phase fault on uncompensated 
lines (case 10) is included. Using the net 
acceleration for the uncompensated line 
and a double-line-to-ground fault (case 9) 
as a standard of comparison, it will be ob- 
served that for cases 1, 2, and 4 in which 
the compensation is not removed, the 
acceleration ratio varies from 0.97 to 1.07. 
In other words, the shock to the system is 
almost directly comparable with case 9. 
However, when the compensation is 
short-circuited during the fault, the ac- 
celeration ratio varies from 1.85 to 2.05, or 
the shock to the system is approximately 
double that for an uncompensated line as 
for a system in which the capacitors are 
left in during the fault. For the uncom- 
pensated system and a 3-phase fault 
(case 10) the shock to the system is only 
24 per cent greater than the double-line- 
to-ground fault in case 9. These relative 
accelerations are an indication why addi- 
tional compensation is needed in order to 
maintain stability in cases where the 
compensation is removed during the 
fault. 

As further comparison, sets of net 
acceleration-angle curves are shown in 
Figures 4A and 4B. Figure 4A shows 
acceleration-angle areas for case 2 in 
which the compensation was not removed 
during the fault. With respect to these 
curves, it can be shown that the positive 
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Figure 4B. Net acceleration between ma- 
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Table IV. Fault Current Analysis and Control of Capacitors by Overcurrent Elements. 
Assumptions: Two Times Normal Current Causes Gaps to Flashover 


Drop to Below Normal Current Initiates Reinsertion of Capacitors 


Component of Load Current 


Units of Load Current* 
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(a)—No current from S through capacitors. 


(6)—Gap at this capacitor station will not flash over. 


(c)—Gap at this capacitor station will flash over. 


(d)—Capacitors required capable of withstanding more than twice normal voltage. 


(e)—No current from R through capacitors. 


f)—Reinsertion of capacitors will start and may be reinserted too soon. 
(g)—F or comparison only since gap at this capacitor station will not flash over. 


* Load expressed in per unit of full load (900 amperes). 


+ For case 2 it was assumed that capacitors would be designed to withstand excessive voltages during faults 


and would not be removed from service. 


shaded area is proportional to the excess 
of kinetic energy stored in the sending-end 
machine rotors compared to the receiving 
machine rotors. The negative shaded 
area represents the absorbing of this ex- 
cess kinetic energy. The system is stable 
provided the negative area is greater than 
the positive area. A comparison of posi- 
tive area produced during the swing from 
0 to 7 cycles (case 2) to that produced 
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during the swing from 0 to 10.5 cycles 
(case 4) indicates why the system is un- 
stable if additional compensation is in- 
serted at 10.5 cycles instead of at 7.0 
cycles. 

Figure 4B shows acceleration curves 
for case 6 in which the compensation is 
removed during the fault. A much larger 
positive area is produced by removal of 
the compensation. It must be offset 
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through increase in compensation over 
those cases in which capacitors were not 
removed during the fault so as to increase 
the negative area available. These 
curves also show the need for removing 
the fault as rapidly as possible and the 
need for reinserting the capacitors as 
rapidly as possible after clearance of the 
fault. 

Table IV lists ratios of currents through 
capacitors and spark gaps in terms of 
rated current of the capacitors (900 am- 
peres) during 3-phase faults at various 
points. This table was compiled to find 
out if a suggestion to control operation of 
the capacitors and gap breakers by over- 
current relays were feasible. The table 
lists 3-phase faults at S, 1, 1’, 2, and 2’ 
(points shown on Figure 1). For most of 
the conditions studied, data are tabu- 
lated assuming capacitors are first in the 
system; second, short-circuited; third, 
the breaker nearest the fault is cleared; 
and finally, the fault is completely cleared. 
Values are given for 63-, 75-, and 100-per- 
cent initial compensation. Based on 
spark-gap flashover at twice normal 
capacitor voltage, it will be observed that 
for conditions marked with note Db the 
gaps at the capacitor station will not 
flash over. For other conditions marked 
with note c the gap will flash over at or 
above twice normal capacitor voltage. 
Conditions marked with note f may result 
in faulty operation because capacitors 
may be reinserted before the fault is com- 
pletely cleared and the protective gaps 
will flash over again. Then for the period 
of time required for the gap circuit breaker 
to go through a complete opening and 
closing cycle, the capacitors cannot be 
reinserted. Therefore, it is important to 
prevent either premature capacitor rein- 
sertion or to have a protective scheme for 
the capacitors which is capable of the re- 
inserting them several times with prac- 
tically no time delay between the rein- 
serting cycles. It will be observed from 
the data in Table IV that there are con- 
ditions in which only a small difference 
in current must cause the overcurrent re- 
lay to pick up or drop out. A relay is 
needed which will operate rapidly under 
these small differences in current. 

Quantities available for relaying the 
system are tabulated in Table V for 75- 
per-cent initial compensation and 3-phase 
faults located at points specified. Relay 
locations are shown on the sketch in the 
table. Voltage, current, and impedance, 
as seen by the relay, are tabulated. One 
relaying problem which may result in 
faulty operation of directional relays at 
points K and M occurs for a fault near 
point 1. Both relay elements should 
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block tripping for this fault. Before the 
gaps flash over, relays K and M see a high 
capacity reactance with voltage lagging 
the current by over 80 degrees in the 
blocking direction. After the gaps flash, 
the voltage leads the current by over 80 
degrees (in blocking direction). How- 
ever, these relays should trip for a fault 
near the receiver bus in which case the 
voltage is leading the current by over 80 
degrees (tripping direction). Hence, this 
relay should have a torque-phase angle 
characteristic which will cause it to trip 
for the voltage leading the current by 80 
degrees, but it must block for the voltage 
leading the current by 100 degrees. It is 
believed that existing standard directional 
elements will need to be improved to ob- 
tain both high-speed and positive contact 
closing when operating so near the zero 
torque characteristic curve. Similar re- 
quirements must be met by relays F and 
H for a fault near point 1. Additional 
studies will be needed to determine the 
effects of unbalanced faults on this phase 
shift. Also the effects of unbalanced im- 
pedances in case individual spark gaps are 
used for each phase of the compensating 
capacitor must be studied. 

The effects of transients in the series 
L-R-C circuit are of importance. When 
such a circuit is energized, the instantane- 
ous current 7 which is produced includes 
two components, a damped a-c transient 
which oscillates at the natural or resonant 
frequency of the circuit, and the steady- 
state a-c wave which is forced to oscillate 
at the 60-cycle supply frequency. The 
summation of these two components 
produces the instantaneous current 1. 
Figures 5A and 5B show starting current 
and steady-state current projected back- 
ward to zero time for resonance at 60 
cycles and for A, the phase angle at 
which the voltage first is applied, equal to 
0 and 90 degrees, respectively. Figures 
5C and 5D show similar currents when the 
natural frequency of the circuit is 45 
cycles. Assuming no system load ini- 
tially, the system shown in Figure 1 when 
using 75-per-cent line compensation and 
assuming a fault occurring at point if 
would produce starting transient currents 
similar to those shown in Figures 5C and 
5D. 

The transient and steady-state com- 
ponents of current are in opposing phase 
at the beginning; hence, there is a rela- 
tively slow build up of the instantaneous 
current to the final steady-state value. 
Another way of stating this phenomena is 
that it takes time to store energy in the 
dielectric and magnetic fields through the 
resistance of the circuit; hence, the cur- 
rent is larger the second half cycle than it 
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is the first half cycle. The time constant 
of this build up is from 2.5 to 3.5 cycles, 
which is of course appreciable in terms of 
gap flashover time and of operating time 
of high-speed relays. A factor which may 
be important from a directional relaying 
standpoint (Figures 5C and 5D), is the 
shift in phase angle during the first two 
cycles of the total current wave 7 as com- 
pared to the steady-state wave. These 
factors must be investigated further with 
respect to their effects on relays. 


Operating Requirements of 
Equipment 


With respect to the operating require- 
ments and design of control equipment 
for capacitors, it is believed that highest 
speed of operation cannot be obtained by 
use of three pieces of conventional equip- 
ment, namely, relays, a circuit breaker or 
contactor, and a spark gap. Instead, the 
functions of this equipment should be 
combined in fewer pieces of apparatus. 

From a system performance stand- 
point the ideal arrangement might have 
somewhat similar characteristics to those 
of arotary spark gap or lightning arrester 
which would flash over when the voltage 
became greater than twice normal, con- 
tinue to flash over during each half cycle 
of the fault, and seal off during the next 
half cycle after the voltage across the 
capacitor had dropped to a predeter- 
mined amount, perhaps normal value or 
150 per cent of normal value. Such a 
device might tend to reinsert the capaci- 
tor during each half cycle of the fault but 
would fail to do so because of the high 
voltage obtained. However, it would ful- 
fill the important operating condition 
that the capacitor would be reinserted 
immediately following clearance of the 
fault. Investigation of oscillations in the 
system which might be produced by such 
a device should be made with a view to- 
ward damping them out, or otherwise 
minimizing any system or apparatus 
troubles which such oscillations might 
produce. 

Protection of the line sections can be ob- 
tained by a high-speed current-balance 
scheme which will provide sequential 
tripping of a faulted line section when 
parallel lines are involved. However, 
there are good reasons for trying to modify 
the existing standard-carrier relaying 
scheme or to improve the characteristics 
of the phase-comparison carrier scheme so 
that one or the other can be used with 
series compensation. With respect to de- 
veloping a directional relay characteristic 
to be used with the standard carrier 
scheme, it may be possible to combine the 
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capacitor voltage withtheregular line volt- 
age and current to obtain proper phase- 
angle characteristics. This seems to be 
promising since it is the capacitor voltage 
which causes the trouble in the first place. 


Conclusions 


The results of this study indicate 


(a). That compensation is very effective in 
increasing the allowable line loading. 


(b). Building the capacitors to withstand 
the high voltages during short circuits in 
most cases cannot be justified. However, 
for system arrangements having relatively 
high terminal impedance at both ends and 
a relatively low percentage of line compensa- 
tion (produces a relatively low ratio of maxi- 
mum fault current to maximum load cur- 
rent), design A which does not remove the 
capacitors from service during a fault 
may have distinct advantages over de- 
sign B and, therefore, although a more ex- 
pensive installation, may be economically 
feasible where firm power is a consideration. 


(c). If capacitors are removed during the 
fault period of seven cycles, approximately 
ten per cent increase in capacitor kilovolt- 
amperes or six per cent increase in line com- 
pensation is required for the particular sys- 
tem studied to obtain the same line loading 
with stability, as compared to system quanti- 
ties in which the compensation is not re- 
moved. 


(d). If capacitors are removed during the 
fault period of 7.0 cycles plus an additional 
delay of 3.5 cycles for reinserting them 
after the fault is cleared, approximately 25- 
per-cent increase in capacitor kilovolt-am- 
peres or 15-per-cent increase in line com- 
pensation is required for the same line load- 
ing on the particular system studied, as 
compared with the compensation required 
if the capacitors are not removed. 


(ec). Due to high machine accelerating 
powers produced during the fault, especially 
if the capacitors are removed, fast clearing of 
the fault when compensation is used is con- 
siderably more important than in conven- 
tional systems. Fast reinsertion of capaci- 
tors after the fault is cleared is extremely im- 
portant. To obtain increased speed in 
clearing the fault and reinserting the ca- 
pacitors in the system, increased costs of 
relays and circuit breakers may be justified. 
Similarly, higher inertias of machines are 
desirable and may be economically justified. 


(t). Assuming that modification of the ex- 
isting standard relay schemes is not practi- 
cal, a highspeed current-balance relay 
scheme appears to fulfill the line protection 
requirements more completely than any 
other existing scheme. The relatively new 
phase-comparison schemes are slow and not 
completely applicable on systems where 
fault currents may be lower than maximum 
load current. 


(g). Considerable further study, design, 
and test of special apparatus seem to be in 
order to obtain equipment characteristics 
which will meet best the new problems en- 
countered when series compensation is used. 
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Maintenance of Rectifiers on 
Electrochemical 
Installations 


Discussion of paper 46-96 by J. E. Housley 
and G. N. Hughes, presented at the AIEE 
Southern District meeting, Asheville, N. C., 
May 14-16, 1946, and published in AIEE 
ee eon Re 1946, July section, pages 


H. G. Harvey and T. J. Woth (Westinghouse 
Electric Company, Atlanta, Ga.): Industry 
often does not have the opportunity to bene- 
fit from such a wealth of experience that 
has been obtained during the past few years 
at the Aluminum Company of America 
plant and as described by J. E. Housley and 
G. N. Hughes. The experience gained by 
the operation of such a large number of 
units varying in type, construction, and cir- 
cuit design, most certainly should serve as 
a valuable guide in future installations. 

The designer, to a large extent, depends 
upon operating problems to guide him in his 
development and research activities. If we 
can look forward to receiving such a valu- 
able operating report periodically, and I be- 
lieve we can, we should feel confident that 
the rapid progress that has been made during 
the past years in electronic conversion equip- 
ment will continue. 

During the war, the installation of recti- 
fiers other than electrochemical declined 
somewhat. However present indications 
are that rapid expansion will be made in the 
use of these devices, especially to supply, 
street railway, trolley buses, and mining 
loads. Although the load factor involved 
in these applications probably will average 
as low as 25 per cent as compared to more 
than 90 per cent for the electrochemical ap- 
plications, the majority of these units will 
be of single-anode, multiple-tank continu- 
ously-pumped type. Operating experience 
with a limited number of ignitron rectifiers 
installed before the war, operating under the 
rapidly varying railway load conditions, 
indicates that highly successful operations 
can be expected. 

Recent experimental work in connection 
with artificial arc-backs has cast some new 
light on the arc-back problem and should be 
helpful in still further reducing this trouble 
in the future. 

The main cause of arc-backs, as described 
by the authors, is assumed to be the forma- 
tion of a cathode spot on the anode. How- 
ever, experimental work during the develop- 
ment of the ignitron principle indicated that 
if the source of ionized vapor could be elimi- 
nated entirely during the negative half 
cycle, it should reduce the number of arc- 
backs greatly. This was accomplished by 
the use of the ignitor circuit which made it 
possible to eliminate entirely the separate 
d-c-excited keep-alive anodes. The absence 
of ionized vapor in the ignitron unit, ex- 
cept during the conduction period, un- 
doubtedly accounts for the much lower arc- 
back rate for this type of unit. 

All standard rectifiers are designed so that 
a voltage reduction of approximately 15 per 
cent can be obtained by delayed firing. 

There are however a number of disad- 
vantages which, as the authors have pointed 
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out, make it desirable to operate normally 
with zero firing delay or as near to this 
point as possible. In addition to the in- 
creased tendency to backfire, and lower 
power factor, it should be pointed out that 
the magnitude of harmonic currents in- 
creases rapidly with the number of degrees 
of firing delay. Although this item may be 
of minor importance in the large multi- 
phase installations, it is generally an im- 
portant consideration in the smaller indi- 
vidual applications. In most of these cases, 
the high-voltage transformer taps can be 
arranged so that normal operation with zero 
firing delay will be satisfactory and the volt- 
age control feature used only in emergencies 
or for the degassing operation. 

The many helpful suggestions made by 
the authors in regard to special pressure 
tests for finding gas leaks, catttion that 
should be used in making repairs, and critical 
performance during the degassing operation 
should be extremely helpful to the operators 
who now are planning initial installations of 
rectifier equipment. a 


Inductive Co-ordination 
Aspects of Rectifier 
Installations 


Discussion of paper 46-105, an AIEE com- 
mittee report, presented at the AIEE summer 
convention, Detroit, Mich., June 24-28, 
1946, and published in AIEE TRANSAC- 
TIONS, 1946, July section, pages 417-36. 


R. D. Evans (Westinghouse Electric Corpo- 
ration, East Pittsburgh, Pa.): The con- 
tents of this paper should prove to be of 
great usefulness to the industry. In the 
preparation of this report special efforts 
have been made to provide a discussion of a 
method which could be used generally by 
application engineers of industrial organiza- 
tions and power companies as well as by engi- 
neers of the electrical manufacturing and 
telephone companies. It is believed that 
this report is sufficiently self-contained and 
explicit to permit its use by a much wider 
group of engineers than was possible by 
previous technical reports on this subject. 

The body of the report is basically simple 
in character, and this fact should not be dis- 
regarded by the presence of the appendixes 
which contain supplementary material of 
considerable interest and usefulness in 
special cases. 

The report contains the term “commu- 
tating reactance,’ and the proposed stand- 
ard for pool cathode mercury-arc power 
converters (AIEE Standard 6, June 1946) 
includes a definition of commutating react- 
ance. A discussion of the meaning and 
significance of commutating reactance may 
be of interest. 

For many years specialists in the appli- 
cation of rectifiers have used the term com- 
mutating reactance in all theoretical meth- 
ods for estimating the performance of 
rectifier circuits from the standpoint of 
regulation and harmonics. Nevertheless, 
rectifier transformer nameplates in the past 
have not included commutating reactance, 
but instead have given another reactance 
which frequently has been referred to as 
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nameplate reactance. The use of these two 
reactances of a rectifier transformer has 
been a source of confusion and to a con- 
siderable extent has limited the application 
of analytical methods for estimating har- 
monics in the circuits of rectifiers. This 
particular difficulty would be avoided 
in the future by the methods presented in 
this paper and in the treatment included 
in the proposed rectifier standards. 

Nameplate reactance of a rectifier trans- 
former may be obtained by applying poly- 
phase voltage to the primary of a rectifier 
transformer with all secondary terminals 
short-circuited. Commutating reactance of 
a rectifier transformer is half of the react- 
ance in the circuit involving the anodes 
between which commutation takes place. 
Commutating reactance may be measured 
by applying single phase voltage to the rec- 
tifier transformer terminals between which 
commutation takes place with the a-c line 
terminals of the rectifier transformer short- 
circuited. The two reactances may be con- 
verted from primary to secondary voltage 
bases, or vice versa, by using the well-known 
conversion methods. It is important, how- 
ever, to recognize that these two reactances 
for a particular rectifier transformer will 
have, in general, different numerical values. 
These differences arise from the circum- 
stances which cause the mutual effects of 
the windings to be different for the two cir- 
cuit conditions. Thus the difference be- 
tween nameplate reactance and commu- 
tating reactance depends in part upon the 
circuit connections and in part upon wind- 
ing construction which affects the mutual 
inductance between the windings. Be- 
cause of these circumstances it is not feasible 
to provide a simple equation relating the 
numerical values of these reactances. In the 
future the commutating reactance will be 
given on the nameplates of rectifier trans- 
formers. For existing transformers this in- 
formation can be obtained by tests in the 
field or may be supplied by the manufacturer 
of the transformer who usually makes such 
a test in the factory or can estimate the re- 
actance from design proportions. Name- 
plate reactance is of use principally in 
connection with the calculation of maxi- 
mum short-circuit current in the rectifier 
transformer. 


Protection of Powerhouse 
Auxiliaries 


Discussion and closure of paper 46-169, an 
AIEE committee report, presented at the 
AIEE summer convention, Detroit, Mich., 
June 24-28, 1946, and published in AIEE 
TRANSACTIONS, 1946, November section, 
pages 746-51. 


W. R. Brownlee (The Commonwealth and 
Southern Corporation, Jackson, Mich.): 
While this report is based on a relatively 
small number of replies, it is believed that 
a representative cross section of experience 
has been secured. On many aspects of the 
problem a majority concurrence is indi- 
cated, but there are a number of cases of 
sharp divergence in practice. It is felt that 
this also holds true when a large number 
of cases are considered. For example, most 
users omit tundervoltage protection, al- 
though some have retained it. Many con- 
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nect motor thermal overload elements to 
operate an alarm for essential motors, but 
several connect the thermal devices to trip 
the motors. A large proportion of users 
rely on transformers for station service 
supply, but a few utilize shaft generators 
or even house turbines. 

In order to provide the reliability which it 
generally is agreed is so necessary in station 
auxiliary performance, it is believed that 
close attention is required to these points: 


1. Eliminate all (or almost all) undervoltage pro- 
tection even of the time delay type on all essential 
motors. 


2. Connect thermal relay elements to provide 
alarm or indication for essential motor circuits, 
using elements with generous settings to trip non- 
essential motors only. 


3. Provide station auxiliary sources from trans- 
formers, preferably connected at generator voltage, 
with proper co-ordination of control and protection. 


Several factors have contributed to the 
trend toward these principles in the treat- 
ment of station auxiliaries. Undervoltage 
protection was at one time required because 
of the use of compensator starting or slip- 
ting induction motors. With modern de- 
signs all essential motors may be of the 
squirrel-cage line-starting type so that 
undervoltage protection is not required for 
this purpose. The desirability of safety in- 
terlocking was responsible for the use of 
undervoltage protection in the past, but 
recent plants make use of safety devices 
responding to the driven quantity, stich as 
differential air pressure relays in the ex- 
hauster pipes, and time lagged pressure 
relays in the induced draft fan systems. 
Similarly the present day practices in cen- 
tral stations differ from the typical indus- 
trial plant in that special attention is given 
to the co-ordination of motors with the drive 
characteristics, maintenance is performed 
on a program basis, and close surveillance 
by station operators eliminates many causes 
of motor overloading. 

With a co-ordinated system of station 
auxiliaries as outlined in a foregoing para- 
graph, a highly reliable and efficient system 
may be provided. Tests on such a co-ordi- 
nated scheme have been described! showing 
that the system is immune to external short 
circuits since a total interruption of auxiliary 
power for as much as five seconds does not 
interfere with boiler and turbine perform- 
ance. Test also have shown that in severe 
emergencies voltage may drop as low as 
60 per cent of normal for a sustained interval 
without loss of flame or reduction in capac- 
ity. With such a system of electrical auxil- 
iaries, the margin for emergencies in boiler 
and turbine operations is inherently greater 
than can be provided in the interconnected 
transmission system to withstand extreme 
voltage reductions, so that the over-all 
system emergency capability need not be 
limited because of station auxiliaries. 


REFERENCE 


1. Evecrric Drives ror STEAM-ELECTRIC GEN- 
ERATING-STATION AUXILIARIES. Wm. R. Brown- 
lee, J. A. Elzii AIEE Transactions, volume 64, 
1945, November section, pages 741-5. 


E. L. Michelson (sponsor, relay subcom- 
mittee, AIEE committee on protective de- 
vices): W. R. Brownlee’s discussion em- 
phasizes the desirability of simple and re- 
liable relaying methods for powerhouse 
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auxiliaries. It is necessary for the auxiliary 
power system to be more reliable than any 
other component of the power system, be- 
cause of the greater hazard which accom- 
panies the loss of auxiliary power in the gen- 
erating station. 

The recent trend toward the use of motor 
driven exciters further increases the need of 
reliable system of auxiliary power. Since 
the loss of supply to the exciter set for 
even a brief interval may result in the loss 
of excitation to the main generating unit, 
continuity of service to the exciter set is 
even more important than the supply to 
other auxiliary services. 

Brownlee mentions that the use of under- 
voltage relays largely has been eliminated 
for the protection of auxiliary power motors. 
It should be noted that these relays are be- 
ing used in many installations for the pur- 
pose of restoring service to an auxiliary 
power bus which has lost its normal source 
of supply. 


Mica Capacitors for 
Carrier Telephone Systems 


Discussion of paper 46-151 by A. J. Christo- 
pher and J. A. Kater, presented at the AIEE 
summer convention, Detroit, Mich., June 
24-28, 1946, and published in AIEE 
TRANSACTIONS, 1946, October section, 
pages 670-4. 


N. N. Babcock (Western Electric Company 
Kearny, N. J.): As mentioned in the paper 
by Christopher and Kater silvered mica 
capacitors have been made for many years, 
but only in the past decade with the de- 
velopment of new materials and methods 
have they proved desirable from either a 
design or a manufacturing standpoint. 
The first metalized mica capacitors were 
made basically by one of three processes. 


1. Chemically depositing silver or other metal. 
2. Cathode sputtering. 
3. Evaporation of metals in a vacuum. 


In general, such capacitors, in addition to 
being quite expensive to manufacture, 
tended to be unstable with variable voltage 
and temperature! and to possess undesirable 
frequency characteristics caused chiefly by 
the thinness and discontinuity of the coat- 
ings serving as the electrodes. 

The application of metallic coatings, espe- 
cially those of gold and silver, to ceramics by 
the method of firing on a glasslike matrix 
containing the finely divided metal or its 
salts is an ancient art. Leyden jars have 
been made in this manner for a long time. 
The extension of the method to mica capac- 
itors seemed obvious, but the china deco- 
rators’ pastes fired at temperatures too high 
to be tolerated either electrically or mechani- 
cally by the mica. Anticipating that many 
advantages might be gained, the Western 
Electric Company initiated a development 
about ten years ago which, in co-operation 
with commercial manufacturers of ceramic 
decorators’ pastes, resulted in improved 
silver pastes firing at lower temperatures 
and possessing the desirable characteristics 
of good adherence to mica, ease of applica- 
tion, and controllable thickness of coating 
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which now form the basis of the silvered 
mica capacitor industry. 

The silver solutions now used by the 
Western Electric Company have been de- 
veloped particularly for spray application. 
The silver is in finely divided metallic form 
with carefully controlled amounts of low 
melting point glass of special composition 
and an extender suspended in a suitable 
vehicle. Firing of the silver coating after 
spraying on the mica plates is accomplished 
in a well-ventilated electrically heated con- 
veyor furnace. The electrical properties of 
the silvered mica plates or laminations have 
been found to be affected noticeably if the 
composition of the silver formulation is not 
controlled closely. : 

The assembly of the units, whether in- 
tended for use in the potted types or the 
molded phenolic encased capacitors, is 
essentially the same. In the case of the 
molded types the relatively small effect of 
pressure on the silvered mica unit allows a 
reliable prediction to be made of the capaci- 
tance rise that will take place during the 
molding operation. Consequently in com- 
mercial production capacitance tolerances 
of plus or minus the quantity (0.5 per cent 
plus one micromicrofarad), without resorting 
to selection methods, regularly are obtained. 
Three sizes of the molded type capacitor 
with wire leads are manufactured. The 
capacitance range covered by this group is 
two micromicrofarads to 0.02 microfarad. 
For the potted types, in which the silvered 
mica unit is placed in an extruded aluminum 
can filled with wax, there are three basic 
sizes of mica laminations used. From these 
basic unit sizes five different sizes of finished 
capacitors may be built up. The cans them- 
selves may carry mounting lugs or not, de- 
pending upon the end application of the 
capacitor. 

The testing equipment used in the manu- 
facture and final inspection of these capaci- 
tors necessarily is designed and calibrated to 
a high order of accuracy. The capacitance 
and conductance of every capacitor is 
checked carefully in final inspection on pre- 
cision bridges. The dielectric strength and 
insulation resistance requirements are 
checked on 100 per cent of the product. 
Temperature coefficient of capacity, drift, 
and quality of seal against the effects of 
humid atmospheres are checked on a sam- 
pling inspection basis. 

It has been found advantageous at the 
Western Electric Company to carry out all 
assembly operations on silvered mica ca- 
pacitors and the final testing as well, in an 
atmosphere of not over 45 per cent relative 
humidity and at a temperature held close 
to 75 degrees Fahrenheit. The adverse 
effects of adsorbed moisture on the mica 
laminations making up a capacitor are 
recognized widely. Air conditioning tends 
to minimize difficulties of that nature and 
at the same time assures maximum stability 
and reduced maintenance for the precision 
testing equipment. These factors together 
with the over-all improvement in the amount 
of production and quality level of the 
product more than justify the cost of air 
conditioning. 

Among the advantages resulting from the 
adoption of the silvered mica construction 
from the manufacturing viewpoint perhaps 
the most important was the marked reduc- 
tion in the number of operations and the 
time required to effect final capacitance ad- 
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justment. This is accomplished readily on 
silvered mica by scraping off a portion of the 
electrode area while the unit is connected 
toa capacitance bridge. Adjusting to close 
tolerances in the case of clamped mica-foil 
types was an exceedingly tedious job re- 
quiring considerable skill. Another advan- 
tage of silvered mica is the fact that stacking 
to the desired capacity value may be carried 
out with considerable precision and with no 
necessity for close thickness limits on the 
mica. Manufacturing yields were greatly 
improved, the cost was reduced, and diffi- 
culties caused by aging out of limits almost 
were eliminated by the adoption of silveted 


' mica. 


In an article by Doctor A. T. Chapman 
the manufacture of these capacitors is dis- 
cussed in more detail.” 
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Electronic Register Control 
for Multicolor Printing 


Discussion and author's closure of paper 
46-132 by W. D. Cockrell, presented at the 
AIEE summer convention, Detroit, Mich., 
June 24-28, 1946, and published in AIEE 
TRANSACTIONS, 1946, August-Septem- 
ber section, pages 617-22. 


S. L.. Burgwin (Westinghouse Electric 
Corporation, East Pittsburgh, Pa.): I wish to 
compliment W. D. Cockrell upon the clarity 
and organization of his paper. I found it 
unusually easy to read and his method of 
illustrating the operation of the electronics 
circuits is very easy to follow. 

Early in this paper Cockrell states 
that the register must be within three 
thousandths of an inch to be acceptable. 
We, at Westinghouse, in developing appa- 
ratus for similar application in conjunction 
with the Cline Electric Company have 
adopted the same value as an objective, al- 
though it is my personal opinion that the 
average reader will not be disturbed unduly 
until the mis-register exceeds ten thou- 
sandths of an inch. I would like to ask 
Cockrell how he obtained this particular 
value. 

In our early development at Westing- 


house we likewise found vibration of the 
scanning head to be a serious problem and 
we likewise were forced to shock-mount our 
amplifier. It is amazing how nearly similar 
our early designs were to that shown in this 
paper. However, such shock-mounting re- 
sulting in a slight uncertainty or variability 
of position of our scanner which made it 
difficult to reduce vibration to a satisfac- 
torily low level and still realize the goal of 
three thousandths of an inch register. Con- 
sequently, we found it advisable in a later 
design to develop other methods of solving 
the vibration problem. Perhaps Cockrell 
has been more fortunate than we have been 
in this respect. 

Tn our early development we ran into con- 
siderable difficulty in maintaining the steep 
wave front of the voltage pulses generated 
by the change of light on the phototube, re- 
sulting from interelectrode capacity of the 
first amplifier tube. This resulted in a de- 
creased amplification and a greater sensi- 
tivity of register to line voltage changes. 
Although our circuit differed considerably 
from that described in this paper, the circuit 
shown may be subject to the same difficul- 
ties. 

In Figures 8 and 9 of the paper, voltages 
produced by web and cylinder scanners are 
assumed to change instantaneously. Cock- 
rell no doubt has made this assumption to 
simplify his explanation. I would like to 
point out that in a more rigorous analysis 
the actual rates of change would have to be 
taken into account as they depend upon the 
width of the'slits in front of the phototubes, 
which are not negligible, and to some extent 
upon interelectrode capacity of the amplifier 
tubes, which also may not be negligible. 
While Cockrell has not stated the widths of 
these slits I assume that they are in the order 
of half the width of the register mark. If so, 
the pulses from the web scanner will be more 
nearly triangular than square and the error 
indication would be more nearly propor- 
tional to the square of the error than the 
first power. On this basis the regulator can- 
not be classified strictly as a proportional 
regulator but lies between the proportional 
and dead zone types. 

Only a statistical study of the register of a 
large number of specimens can prove 
whether the objective of three thousandths 
of an inch has been attained, and even the 
results of such a study might not be con- 
clusive as there is always some change in 
dimensions of the paper from one printing 
cylinder to another. Whether or not this 
objective of three thousandths of an inch 
register has been attained, observation of 
the operation of the register control de- 
scribed by Cockrell leaves little room for 
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Figure 1. The impres- 
sion and printing cyl- 
inders with imaginary 
electromechanical 
equipment for auto- 
matic color register 
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Figure 2. The wiring circuit of the contacts 
shown in Figure 1 


CA. Cylinder advance contact 
CR. Cylinder retard contact 
\W. Web interlock switch 


doubt that it is a considerable improvement 
over manual control. 


K. P. Grenfell (General Electric Company, 
Schenectady, N. Y.): It might be of some 
assistance in understanding the action of the 
photoelectric color register control, de- 
scribed in Cockrell’s paper, to visualize an 
electromechanical analogy. The problem is 
to provide a means of keeping the web ina 
definite longitudinal relationship to the 
printing cylinder so that the cylinder will 
superpose its impression exactly over that 
printed on the web at the previous cylinder. 

Suppose it were possible to attach a fric- 
tion track on the web, as shown in Figure 1 
of this discussion, and to have this mesh 
with a friction wheel on the cylinder shaft. 
Once the proper relationship were estab- 
lished, register would tend to be locked in, 
as the web would be geared to the printing 
cylinder. 

In order to get this gearing into phase, and 
to keep it there whenever it tried to slip, de- 
vices would be needed to detect out-of- 
register’ conditions. Imagine a series of 
teeth or cams attached at regular intervals 
to the edge of the web. These correspond to 
the web register marks. An interlock 
switch or web scanner marked W has its con- 
tacts closed for a brief interval each time a 
cam passes under its roller. 

Picture again a wheel or scanner disk 
solidly connected to the printing cylinder, 
with equally spaced cams on its periphery. 
The number of cams on the wheel equals the 
number of cams on the web passing per 
revolution of the printing cylinder. The 
passage of a cam under shoe S momentarily 
closes contact CA, and advances pawl P on 
its ratchet wheel. The ratchet wheel carries 
a container of gum. When the trailing edge 
of shoe S slips sharply off the trailing edge of 
the cam, contact CA opens, pawl P turns the 
ratchet wheel, and the gum closes contact 
CR by means of an imbedded impeller. Con- 
tact CR is drawn open again by a spring 
after a time interval approximately equal to 
the closed time of contact CA. The CA 
contact, pawl, ratchet wheel, and CR con- 
tact are mounted on an arm which is ad- 
justable about the cylinder axis. The CA 
contact and its operating mechanism corre- 
spond to the cylinder scanner phototube and 
optical system. The ratchet wheel and CR 
contact create the live zone for retarding 
correction—a function actually performed 
in the mixing panel. 

The three contacts are wired up as shown 
in Figure 2 of this discussion. The coil 
causing the correcting motor to advance the 
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printing cylinder with respect to the web is 
energized when both Wand CA contacts are 
closed. The coil for retarding operates when 
both W and CR are closed. Under a con- 
dition of correct register at the printing 
cylinder, the arm should be so positioned 
that shoe S drops over the trailing edge of 
the cam at an instant exactly half way 
through the closed interval of contact W. 
Reference to Cockrell’s paper will show that 
in the electronic equipment the trailing edge 
of the cylinder disk slits is the indicating 
point. Under this condition the correcting 
motor will receive first an impulse to ad- 
vance, followed immediately by an impulse 
of equal duration to retard. The net cor- 
rection will be zero. 

Suppose the gearing slips for some reason, 
and the printing cylinder drops back slightly 
with respect to the web. Contact W now 
will be closed predominantly during the 
time that CA is closed, and the correcting 
motor will advance the cylinder till register 
is restored. Similar reasoning applies to 
retard corrections. Figure 3 of this dis- 
cussion illustrates this action. As Cockrell 
explains, a single correcting pulse lasts only 
a matter of microseconds. The electronic 
equipment therefore must integrate these to 
obtain a signal long enough to operate the 
correcting motor. 

Starting a new run on the press can be 
visualized easily with this mechanical 
analogy. With the automatic equipment dis- 
connected by a switch in series with inter- 
lock W, the operator brings the various 
colors into register by manual control of the 
correcting motor. Inspection of the product 
is his guide. He then moves the arm until 
shoe S slips over the trailing edge of the cam 
at the same instant that the arm of interlock 
switch W reaches its maximum deflection. 
Register operation then is switched over to 
automatic. 


W. D. Cockrell: In reply to S. L. Burgwin’s 
question about the 0.003 inch register toler- 
ance which I mentioned, I can say only that 
it was a compromise, arrived at after discus- 
sion of the various types of reproductions to 
be registered. If the cut consists of fine 
lines such as the reproduction of an etching 
or engraving, a difference of even 0.001 inch 
is noticeable. However, for other reproduc- 
tions, such as that of a water color having 
broad areas which blend, 0.010 inch register 
will be permissible. However, for the usual 
Kodachrome reproduction, 0.003 inch to 
0.005 inch register will do a satisfactory job. 
The equipment described should hold better 
than 0.003 inch under constant speed con- 
ditions with uniform paper and humidity, 
but it is believed that the guarantee of 0.005 
inch will cover most conditions of constant 
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speed operation encountered in the average 
color printing plant. 

The high sensitivity demanded requires 
that we shock-mount our electronic equip- 
ment. This is shown in Figure 7 in the 
paper. However, in order to obtain the 
greatest accuracy of register, the optical 
system is mounted as rigidly as possible, 
since it is the position of the optical system 
(which ends with a slit through which the 
light is transmitted to the phototube) that 
determines the accuracy. 

Obtaining the proper shape of electric 
wave front requires careful circuit design 
and co-ordination with the optical system. 
However, present day television practice re- 
quires the passage of much shorter signals 
and a much wider range of frequencies. 
Hence, the circuit requirements, while diffi- 
cult, are not at all impossible. The pro- 
jected width of slit is less than one-fourth 
that of the register mark so that the round- 


ing of the signal resulting from the optical ° 


system is not too great a handicap and a 
reasonably square wave-form results. The 
control is of the proportional type with a 
dead zone determined by the low torque re- 
quired to break the correcting motor starting 
friction. 

K. P. Grenfell’s mechanical analogy of the 
timing and synchronizing principles is quite 
interesting, and is a reasonably accurate 
picture of the action taking place. Since 
most press operators have mechanical 
rather than electrical training, analogies of 
this type should be very useful in presenting 
to them the theory of operation of the 
register control. 


Electrical Accuracy of Selsyn 
Generator-Control 
Transformer System 


Discussion of paper 46-113 by Harold 
Chestnut, presented at the AIEE summer con- 
vention, Detroit, Mich., June 24-28, 1946, 
and published in AIEE TRANSACTIONS, 
1946, August-September section, pages 
570-6. 


C. Concordia (General Electric Company, 
Schenectady, N. Y.): A paper such as this 
is valuable first in showing 


1. The deviations of the actual component of a 
control system, the Selsyn, from the ideal propor- 
tionality assumed in so many studies. 


2. The smallness of these deviations. 


It is difficult to obtain in small machines 
the good wave form ordinarily obtained in 


. large machines by proper winding distribu- 


tion and pole shaping, and it may not be 
worth while in view of the deviation magni- 
tudes shown. 

Another point that should be mentioned 
is that it is not possible to make deviations 
of any magnitude completely negligible 
simply by gearing the Selsyn system in order 
to make it run at a sufficiently high speed, 
since a reasonable accuracy of the gears 
has to be considered, and there is some 
optimum division of effort between work de- 
voted to improving Selsyn accuracy and 
that devoted to improving gear accuracy. 
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A New ‘Acpresch to 
Probability Problems 


in Electrical Engineering 


Discussion and authoi's closure of paper 
46-128 by H. A. Adler and K. W. Miller, 
presented at the AIEE summer convention, 
Detroit, Mich., June 24-28, 1946, and pub- 
lished in AIEE TRANSACTIONS, 1946, 
October section, pages 630-2. 


Philip Doane (Consolidated Edison Com- 
pany of New York, Inc., New York, N.Y.): 
If we assume infinitely small time intervals 
so that no two events occur within the same 
time interval, then origination of a period 
with 7 events existing can occur only by an 
increase or decrease of one event from a 
state with (y—1) or (r+1) events existing. 
The numer of periods with 7 or more events 
then will be equal to the number with 7 
events existing which originate as increases 
from the status with (r—1) events existing. 
For r >O this will be, provided the average 
length and the frequency of the successive 
occurrences of any one event are the same for 
allevents, 


nN—T n 
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(T= ee 
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" (r=1)!\(n—7)! 
The average length as a fraction of the total 
time T of periods with 7 or more events ex- 
isting is then 


te/T=(Ppt+Pait :..+P,ii1+P,)p/rP, 


It should be noted that, as in’all of the equa- 
tions of the paper, the ending of a period with 
ry events existing followed in the next time 
interval by the beginning of another period 
with 7 events existing is considered a division 
between two different periods. 

Equation 12 apparently requires quali- 
fication as neglecting those cases in which 
successive originations of an event occur 
in time intervals immediately following 
the end of prior occurrences thereby oc- 
cupying time intervals otherwise desig- 
nated as intervals originating periods with 
the next lower number of events existing. 
In most practical cases the error would be 
negligible. 


H. A. Adler: In view of several questions 
and special requests, the following additional 
background information seems desirable 
for clarification of the formulas presented 
in the paper. As an example, if there is a 
certain probability that four out of 2 events 
occur simultaneously, then it is obvious 
that, in general, it will be much less prob- 
able that all four events start and end 
simultaneously. For events which can 
change position in time continuously or in 
small steps, most overlaps will be only par- 
tial ones. All degrees of overlaps from 
small ones to complete ones are possible, and 
each has its own probability. From all pos- 
sible overlaps and their probable frequen- 
cies the average overlap or average dura- 
tion of simultaneous occurrences can be cal- 
culated. 

This average overlap may be of practical 


importance in engineering problems as can | 
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tion” are identical with the numerical value 
— of thenumerator of equation 2 for m= 3, = 
4, T=10, andr =0, 1, 2,3 while the numer- 


Table I. Sumiary of Enumerations for n = 


No Occurrence Single Occurrence Double Occurrence Triple Occurrence 


Hoe Number Numb als in the last line in the columns “Number 
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be seen from the following two examples. 
If a certain probability of simultaneous 
outages of say four machines on a system 
_ were determined, it would make a consider- 

able difference for reserve planning pur- 
poses whether the average duration of such 
an outage were expected to be a matter of a 
few hours or a few days. Similarly a simul- 
taneous operation of a number of welders on: 
a circuit would have obviously little effect 
upon voltage flicker if the average overlap 
were only a small portion of a cycle. Of 
course for cases where events can change 
position only in steps equal to their dura- 
tion, or, in other words, if only complete or 
no overlaps are possible, then the binomial 
law gives the complete answer. For these 
special cases the equations presented in the 
paper reduce to the binomial formulas. 
The binomial law is, therefore, a special 
case of the new equations. 

The formulas have been derived empiri- 
cally by enumeration of a variety of cases. 
Following is an example to illustrate the 
method. Consider the case of three events 
each lasting four consecutive units of time 
and occurring recurrently once in ten units 
of time. It is apparent that these three 
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events can take 10% or 1,000 different posi- 
tions in the period of ten units if the events 
can change position in steps of unit length. 
Figure 1 shows an analysis of the first 20 of 
the possible 1,000 positions. On the left 
side the positions of the three events are 
shown graphically. The next column shows 
graphically the consequent amplitude and 
duration of occurrences. In these graphical 
illustrations it should be understood that 
the period 7 is a recurring measure of time 
such as hours or years and not a confined 
length. An event occurring near the end of 
T then merely would extend into the next 
period T or it could be considered reappear- 
ing at the start of the same period 7 as it 
has been done, to save space, in Figure 1. 
The right side columns of Figure 1 enumerate 
the duration and amplitude of the occur- 
rences. 

The results of the complete analysis of 
this case are summarized in Table I. It 
should be noted that the numerals in the 
last line under the headings ‘‘Total Dura- 


The first 20 out of 1,000 positions 
forn = 3,t = 4,7 = 10 


Figure 1. 
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pected to break down. However, the formu- 
las were found to be consistent with the 
enumerations of even such cases. 

With regard to Doane’s comments, the 
method of statistical equilibrium suggested 
by him leads to an equation which is identi- 
cal with equation 5, although this equation 
has been derived by a different method. He 
is correct in stating that the ending of a 
period of 7 events followed by a period of r 
events of which at least one is new is con- 
sidered a division between different periods, 
see, for example, positions 15, 16, and 18 of 
Figure 1. 

As stated in the paper with regard to 
equation 12, individual length and order of 
occurrences of repeated events have no ef- 
fect on the results. Therefore successive Oc- 
currences following immediately the end of 
a prior occurrence should not influence the 
accuracy of the results. 


4,370,000-Kva Short- 
Circuit Tests on Grand 
Coulee 230-Kv Bus 


Discussion and authors’ closure of paper 
46-177 by W. H. Clagett and W. M. Leeds, 
presented at the AIEE Pacific Coast meeting, 
Seattle, Wash., August 27-30, 1946, and 
published in AIEE TRANSACTIONS, 1946, 


November section, pages 729-34. 


T. M. Blakeslee (Water and Power Depart- 
ment, City of Los Angeles, Los Angeles, 
Calif.): The scheme used to obtain maxi- 
mum short-circuit current by arranging the 
test breaker Contacts to part within the 
first half cycle of fault current is a clever 
method of squeezing out maximum kilovolt- 
ampere capacity from the available test set- 
up. Itis understood that this idea has been 
used for many years in the Westinghouse 
high-current laboratory. Nevertheless, if 
the schetne were known more generally, it 
would promote a more extensive use of power 
systems for circuit-breaker testing. 

Operating engineers have been somewhat 
adverse to the use of the power system as a 
laboratory for short-circuit tests. This 
aversion is probably justified, because it 
arises from the idea that there are enough 
voltage dips in the normal course of events 
without worrying about deliberately imposed 
short circuits. 

With this anticipated-tripping scheme, 
breaker tests will produce voltage dips of 
such short duration that they will not be 
noticed by the customer. Experience with 
the 287-kv Boulder circuits, which clear 
faults within three to four cycles, indicates 
that these short-duration faults are not 
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noticed. Now, the test engineer using this 
scheme of Clagett and Leeds can guarantee 
to the operating force that the deliberately 
imposed short circuit for circuit-breaker 
testing will not disturb the customers. This 
guarantee must be predicated, of course, on 
the assumption that the breaker test will be 
successful. The industry should benefit 
from any scheme that will promote greater 
use of power systems as laboratories for cir- 
cuit-breaker testing. 

Figure 9 of the paper shows the inter- 
ruption of 138-ampere charging current at 
230-kv. This oscillogram shows the charg- 
ing current passing continuously through 
two current zeros following contact parting 
before interruption takes place at third cur- 
rent zero. Normally breakers interrupt 
capacitive currents at the first current zero 
following contact parting, but all breakers, 
of course, do not maintain this current cut- 
off without subsequently restriking This 
interruption at the first current zero is at- 
tributable to the fact that no voltage exists 
across the breaker contacts at this time as a 
result of the ability of the capacitor (line or 
cable) to remain charged at system crest 
voltage. This interruption at first current 
zero, even though it may be only momen- 
tary, has occurred alwaysin the department’s 
experience with high-voltage charging-cur- 
rent interruption. What is the explanation 
for the performance exhibited by Figure 9? 


Harold L. Levinton (Bonneville Power Ad- 
ministration, Portland, Oreg.): In de- 
scribing tests of the interruption of short- 
circuit currents having a magnitude above 
the present highest rating of 230-kv oil 
circuit breakers, the authors cover a subject 
which will be of greater concern as operating 
companies continue to grow. I concur with 
the authors regarding the general practi- 
cability of constructing 230-ky oil circuit 
breakers rated above 3,500,000 kva. Also, I 
believe that in developing breakers suitable 
for higher ratings, interrupter and operating 
mechanism improvements will result in even 
better and more reliable breakers. Operat- 
ing companies are to be commended for the 
encouragement they provide designers and 
manufacturers in co-operative testing which 
has resulted in more reliableand often in 
faster breakers than the latest present-day 
relay systems which often require a longer 
period to operate than the breakers which 
they control. 

There are two points of general interest 
which I wish to discuss. 


1. The definition of “interrupting time’ provided 
in present standards is not sufficiently complete to 
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cover some types of breakers now manufactured. 
For example, the 1945 American Standard C37.4, 
paragraph 4-5.7.4 on ‘‘interrupting time’’ states 

A. “The interrupting time of a circuit breaker 
is the interval existing between the energizing of 
the trip coil at rated voltage and the interruption 
of the circuit.’’ A further explanatory note con- 
tains the following: 


B, “This (interrupting time) is the summation 
of the opening time and the arcing time.”’ 


The “‘opening time’”’ is defined by the American 
Standards Association as the interval between the 
energization of the trip coil and the parting of the 
arcing contacts, and the ‘‘arcing time’’ as the 
interval between the parting of the arcing contacts 
and the extinction of the arc. 


The two quotations given above are contradictory 
where resistors are introduced into the current- 
carrying circuit during the interruption, in that the 
extinction of the arc between the arcing contacts 
(see quote B) does not result in interruption of the 
circuit (see quote A); the circuit is not interrupted 
until the resistor current is broken. My question 
then is, ‘“‘Is the interrupting time of a breaker the 
interval between the energizing of the trip coil and 
the interruption of the are in the arcing contacts, 
or does it extend to the complete interruption of 
the circuit including any period of resistor current?’’ 


2. From observation of many tests on the Bonne- 
ville Power Administration system, I believe that 
the question of the interruption of line-charging or 
capacitive current by circuit breakers is about as 
important as the interruption of high values of 
fault current because of the possible damage to the 
breaker (which has been observed more than once) 
and to connected system equipment, damage that 
can occur as a result of voltage stresses which can 
be present as a result of restriking during the inter- 
ruption of line-charging current. In my opinion, 
any high-voltage breaker test should include a 
large number of tests covering the interruption of 
line-charging current for beth short and long lines 
in order to establish definitely the performance of 
the test breaker in this important service. Further- 
more, I believe that the standards should contain 
data regarding this important service and that 
breaker-rating classifications should contain definite 
minimum requirements with regard to line-charging 
current interruption. 


For use in oil circuit breaker tests and in 
other tests where appropriate, the Bonneville 
Power Administration developed a small, 
inexpensive electronic amplifier device which 
in connection with the capacitor voltage 
divider tap of bushings can give an accurate 
replica of the high voltage on the bushing 
over a range of frequencies from direct 
current to 100 ke or more. As normally 
used, without frequency-correcting capac- 
itors the amplifier is linear from direct 
currents to well beyond the 10,000-cycle 
range of high-frequency electromagnetic 
oscillographs. One of these amplifiers was 
used in the subject tests to give an oscillo- 
graphic record of the voltage across the 
breaker contacts during the interruption of 
line-charging current. Other uses have in- 
cluded oscillographic recording of the trap- 
ped voltage on a transmission line during 
line-charging current interruption, accurate 
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representation of line and bus voltages dur- 
ing fault conditions, and transient voltages 
present in static capacitor installations. 
The device which is made of inexpensive 
radio components is a simple direct-coupled 
amplifier. Its basic circuit is shown in 
Figure 1 of this discussion. Tests have 
shown it to be considerably superior to ca- 
pacitor potential devices and to have appli- 
cations where potential transformers are 
not suitable. Its cost is less than that of a 
capacitor potential device. When appro- 
priately used with a suitable electromagnetic 
oscillograph, it is believed to give results 
which from a practical standpoint, except 
forimpulse testing, approach those of cathode 
ray equipment for power system testing. 


Philip Sporn and H. P. St. Clair (American 
Gas and Electric Service Corporation, New 
York, N. Y.): The authors of this paper 
and the organizations they represent are to 
be commended for carrying out a courageous 
job of circuit-breaker testing and thereby 
making a definite contribution to the cir- 
cuit-breaker art. The interruption of 
10,500 amperes at 230 kv, representing a 
new high in kilovolt-amperes, seems to offer 
no difficulty with a modern highly efficient 
interrupting device. Since substantially 
higher currents, over 14,000 amperes, have 
been cleared successfully at 138 kv, and 
since modern high-voltage interrupters are 
acknowledged to be essentially current- 
interrupting devices, there does not ap- 
pear to be any reason why ratings even 
higher than 5,000,000 kva at 230 kv cannot 
be realized. It will be recalled that the 
need for developing 5,000,000 kva 3-cycle 
breakers was suggested in a paper,! as 
well as in the closing discussion pertain- 
ing to this paper, presented before the 
Institute on January 1945. In _ subse- 
quent papers Leeds also indicated his 
confidence in the feasibility of developing 
breakers not only for 5,000,000 kva but for 
possibly as high as 7!/:-million kva as well. 

The situation at Grand Coulee, which 
necessitated extensive bus sectionalizing to 
limit the concentration of short-circuit 
capacity on any one bus section as dictated 
by limitations of circuit-breaker interrupt- 
ing capacity, is one that we may be facing 
increasingly in the future with the inevi- 
table growth of power systems. We agree 
fully with the authors of this paper that im- 
portant advantages in operating flexibility 
will be obtained by having available circuit 
breakers of sufficient interrupting capacity 
to avoid the necessity of using more or less 
complicated bus-sectionalizing schemes. As 
we have pointed out in other discussions, 
already we have had occasion to feel the 
lack of operating flexibility in the sectional- 
izing scheme we were forced to employ at our 
Philo plant in order to keep interrupting 
duties within the maximum of 2,500,000 kva, 
which at that time was the largest capacity 
available at 138 kv. We should like to em- 
phasize again that in order to meet future 
requirements it is none too soon to consider 
the development of 5,000,000-kva breakers 
at this lower voltage. 

In carrying out these tests at Grand 
Coulee, the authors have made an interest 
ing deviation from the procedure we have 
followed in making full-scale circuit-breaker 
tests in the field. The individual testing 
of each pole of the breaker by line-to- 
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ground tests undoubtedly insures a greater 
likelihood within a given number of shots 
of giving each pole a test somewhere near 
maximum severity. At the same time, 
this method may have the advantage that 
the shock or disturbance from a system 
standpoint is somewhat less than that in- 
volved in 3-phase tests. On the other hand, 
we have felt that the carrying out of a larger 
number of full 3-phase tests, with the likeli- 
hood that in one or more of these tests each 
of the three poles would be stressed close to 
maximum severity, would provide the best 
over-all series of tests for the breaker. If 
the total number of tests is to be limited, 
as appears to have been the case at Grand 
Coulee, the method adopted of testing each 
pole individually may be the best procedure. 

We have observed also that the tests 
were confined to the standard duty cycle 
with a 15-second interval between shots. 
Without attempting in any way to depre- 
ciate the value of these tests it appears to us, 
in the light of the increasing use and im- 
portance of ultra high-speed reclosing, that 
an even greater contribution to the circuit- 
breaker art would have been made had it 
been possible to arrange for rapid reclosing 
tests at these high short-circuit values. Be- 
ginning with the first major field test which 
we carried out in 1925, we invariably have 
included at least a series of shots as closely 
spaced as our control arrangements would 
permit. While true ultra high-speed in- 
tervals were achieved only in later tests, 
these intervals were always much smaller 
than 15 seconds. It is our hope, therefore, 
that if another series of tests of this nature 
is carried out, it will include either a num- 
ber of shots typical of the full ultra high- 
speed reclosing duty cycle or at least a series 
of tests at much closer intervals than 15 
seconds. 
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W. H. Clagett and W. M. Leeds: Blakeslee 
refers to Figure 9 of the paper showing the 
interruption of line-charging current and 
asks for an explanation of the absence of 
any attempt to interrupt at the first current 
zero after contact parting. This is ac- 
counted for by the purposely delayed pump- 
ing action of the oil flow piston in the inter- 
rupter, which begins to function only after 
the contacts have separated approximately 
one inch. Because only two interrupting 
units are used per pole, the voltage gra- 
dients across the contact gaps are corre- 
spondingly higher than for multi-break de- 
signs,so that even a small voltage is suff- 
cient for arc reignition before the oil flow is 
started. Another factor involved is the small 
high frequency transient appearing across 
the breaker contacts at current zero attrib- 
utable to the shift in bus potential by the 
amount of the voltage rise through the 
series inductive reactance of the generators 
and transformers. In the case in question, 
this rise measures about 10 per cent of the 
generated voltage, and, assuming 100 per 
cent overswing in a 1,000-cycle frequency 
oscillation, a build-up of 40 kv crest in 500 
microseconds would be possible. ‘ This could 
cause an arc reignition within an interval 
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too small to observe on the magnetic os- 
cillogram. 

Levinton asks whether the definition of 
“interrupting time’’ of a circuit breaker 
should include specifically the time to in- 
terrupt the current through special resistors 
inserted momentarily in the circuit by the 
sequence of contact opening. Where the 
residual resistor current is comparable in 
magnitude to load or line-charging currents, 
it would seem logical to include the discon- 
nection of the resistors in the interrupting 
time. In any case, we agree that it is a 
matter which should receive attention by 
the Standards committee for clarification. 

As Levinton suggests, it is very desirable 
to include in any program of field testing of 
high-voltage circuit breakers a considerable 
number of line-dropping tests, interrupting 
the charging current to both short and long 
lines. The Bureau of Reclamation is well 
aware of the importance of such testing and 
has made many series of line-dropping tests 
on the breakers in the Coulee Dam switch- 
yard. In the absence of a cathode ray os- 
cillograph, the accurate measurement of 
line and bus transient voltages has been 
greatly facilitated by the use of the amplifier 
developed by the Bonneville Power Admin- 
istration and described in Levinton’s dis- 
cussion. 

Sporn and St. Clair seem to favor 3-phase 
testing over separate tests on individual 
poles as providing the best over-all check on 
breaker performance. Where the maximum 
fault power desired is obtainable as a 3- 
phase short circuit, this is certainly the case. 
However, it should be pointed out that the 
principal reason for including single phase 
tests at Grand Coulee, in addition to full 
power 3-phase tests, was the 30 per cent in- 
crease in current obtainable on single line- 
to-ground short circuits as compared with 
3-phase faults. 

The recommendation that high-speed re- 
closing duty cycles be included in future 
high-power field tests of this nature is in 
line with the trend in high-voltage system 
operation. While the operating mecha- 
nisms on the line breakers in the Coulee Dam 
switchyard are not designed for high speed 
reclosing, consideration has been given to 
revamping them for such duty. In view of 
current discussions concerning the appro- 
priateness of present de-rating factors for 
circuit breakers operating on high-speed 
reclosing duty cycles, the inclusion of such 
tests wherever possible in field testing pro- 
grams should be of real value to both operat- 
ing engineers and circuit breaker designers. 


Simplicity in 
Protective Relaying 


Discussion and author's closure of paper 46- 
173 by Lloyd F. Hunt, presented at the 
AIEE summer convention, Detroit, Mich., 
June 24-28, 1946, and published in AIEE 
TRANSACTIONS, 1946, pages 995-1000. 


E. E. George (Ebasco Services Incorpo- 
rated, New York, N. Y.): This most inter- 
esting and valuable paper by L. F. Hunt 
should be required reading for all relay 
engineers and all planning engineers. 
Without derating the qualifications of 
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Hunt or his associates, it may be suggested 
that a large part of their success in protec- 
tion is due as much to their influence on 
system planning as to the simplicity of their 
relay schemes, 

With due modesty, the discusser may re- 
call his often repeated statement that it is 
easy to design power systems that cannot 
be relayed by experts. 

Heretofore, relay engineers generally have 
had too little interest and influence in plan- 
ning bus layouts and allocating circuit 
breakers. Hunt’s statement that relay 
engineers should prevent as well as mini- 
mize system faults is unanswerable. And 
what method of prevention is more effective 
than proper planning of bus and switching 
facilities? Complicated, expensive, and un- 
reliable relaying is unavoidable if the sys- 
tem plan includes such things as 


Three-terminal lines. 

Bus tie or transfer circuit breakers. 
Transfer or by-pass disconnecting switches. 
Insufficient line circuit breakers. 
Slow-operating circuit breakers. 
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Experience on other transmission systems 
confirms Hunt’s comments on the advan- 
tages of 


1. Sensitive ground protection. 
2. Reduction of backup protection. 


Figure 1 of the paper shows several in- 
teresting features. 


1. The use of ring busses on the newer stations 
(see also Figures 5 and 6). 


2. The use of loop transmission with line circuit 
breakers at junctions. 


3. The use of circuit breakers on lines rather than 
on equipment. 


The suggested use of over-all generator 
and transformer protection may be ques- 
tioned by some engineers if it leads to the 
omission of the generator circuit breaker. 
The time constant of large generators is 
sufficient to do considerable damage in case 
of transformer trouble. 

The suggested bell alarm scheme is better 


than the use of a series bell relay, but not as 


good as a combination of both—particularly 
in older stations, where trip coils, batteries, 
and circuit-breaker mechanisms are none 
too reliable. 

Without forgetting that some of the 
newer and more complicated relays are es- 
sential for certain popular layouts on many 
systems, it would appear that the Southern 
California Edison Company is planned and 
relayed by engineers who know system 
maintenance and system operation. 


W. R. Brownlee (The Commonwealth and 
Southern Corporation, Jackson, Mich.): 
The author has presented an interesting 
review of the relaying systems which have 
been developed for application to the con- 
ditions encountered by his company. It is 
agreed generally that simplicity in itself 
is highly desirable, but the so-called simpler 
devices are capable of performing only rela- 
tively simple functions under ideal condi- 
tions. For example, the author has avoided 


the use of distance relays, the inference being 


that there are no intermediate steps be- 
tween a plain overcurrent relay and carrier 
current relay protection. It seems that 
much better over-all simplicity could be 
secured by using distance relays, which may 
be more complicated in theory but not in 
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actual operation, rather than to face the 
necessity of having station operators trans- 
fer the protection of transmission lines from 
one set of relays to another (as described by 
the author) whenever system generating 
conditions change. 

Reference is made to sensitive ground 
protection of distribution circuits. While 
adequate methods for sensitive protection 
of 3-wire systems, or 4-wire systems with 
the neutral grounded at one point only, have 
been available for many years, the sensitive 
protection of the almost universal 4-wire 
multigrounded distribution system is still a 
most difficult problem, and it is believed 
that the author’s scheme does not apply to 
these more common systems. 

Reference is made to a distribution pro- 
tection sensitivity of l-ampere primary with 
a statement that one of the requirements 
for this type of protection is for the condi- 
tion where higher voltage distribution cir- 
cuits are used jointly with communication 
circuits. Such an inference is most unfor- 
tunate because representatives of the power 
industry and the telephone industry have 
agreed that positive protection which will 
operate on a current of 50 amperes or less at 
a time of not longer than five seconds is en- 
tirely adequate for the higher voltage joint 
use installations. 

A performance record of 99 per cent is 
mentioned. Is this based on the principles 
outlined in the report “Uniform Records of 
Electrical Operation of Power System?’’! 
This method of judging performance con- 
siders the over-all system and not just the 
relay. For example, if a relay of the over- 
current type operated precisely on its char- 
acteristic to trip a circuit breaker unneces- 
sarily merely because the generating con- 
ditions in effect were not those considered 
when setting the relay, this report would 
consider the operation incorrect on a system 
basis. 

One of the objections cited by the author 
to distance relays, or even directional relays, 
is the uncertain performance of older types 
of directional elements at low voltage. As 
early as 1930, directional distance relays 
were available which would operate positive- 
ly with all three conductors of a high voltage 
line tangled together within the first span 
from the station. The case of a 3-pole 
gang-operated grounding switch causing 
practically zero voltage at a station readily 
has been taken care of elsewhere by provid- 
ing an auxiliary switch on such a line ground- 
ing device to trip the associated circuit 
breaker without the necessity of any relay 
action. 

Naturally, different fundamental condi- 
tions may result in differences in relaying 
methods. For example, the isokeraunic 
level of the Southern California Edison 
system is indicated as between 5 and 10, 
whereas corresponding values for the mid- 
western area are from 35 to 55. This and 
other factors may account for the following 
items in which our practice differs from the 
author’s: 


1. Phase faults must have positive protection. 


2. The economical operation of plants, especially 
where steam power is a heavy proportion of the 
total, requires that relaying systems be able to 
meet constantly changing conditions. 


3. A radial or simple loop system is relatively 
easy to relay but may be very costly in the major 
equipment required to serve a given load. 


4. Many applications are found where distance 
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relays are the proper solution, these usually being of 
the restricted circle variety. 

5. The large increase in cost to provide carrier 
current relaying usually is not justifiable merely 
to provide simultaneous clearing of both ends of 
lines which are too long for pilot wire protection, 
but are justifiable to insure maximum load carrying 
and swing current ability. 


6. Stability studies including a-c calculating board 
readings of relaying quantities are highly desirable 
to insure that the relaying system does not become 
the limiting factor in transmission system emer- 
gency capability. 


Finally, it is believed that the pendulum 
has swung somewhat away from having all 
system planning depend quite so heavily 
on relaying principles. Many years ago 
system planning in general paid little atten- 
tion torelaying or even to emergency operat- 
ing methods, and experience demonstrated 
that these must be planned together. Based 
on progress in the relaying art at that time, 
rather severe limitations sometimes were 


‘imposed on system planning by relaying 


considerations, and this resulted in uneco- 
nomical major expenditures in certain cases. 
With improvements in relays and methods, 
and with reasonable co-ordination in plan- 
ning, it is possible to plan economical power 
systems in which the relay system will not 
cause any substantial limitation in emer- 
gency system capability. 
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Ben C. Hicks (Shawinigan Water and Power 
Company, Montreal, Quebec, Canada): 
Agreement no doubt will be quite general 
regarding the importance, within reason, of 
simplicity in protective relaying, but a ques- 
tion arises as to what constitutes simplicity 
and how it best may be attained. In striv- 
ing for simplicity, sight should not be lost of 
the fact that the fundamental aim is to se-~ 
cure the most effective over-all protection 
possible within economic limits. It is 
doubtful if this end can be achieved by se- 
lecting and codifying a few principles of pro- 
tection, enforcing adherence to these prin- 
ciples alone and disregarding all others. 
On the contrary, it is probable that the many 
and often complex problems of system pro- 
tection can be solved most successfully if 
approached with an open and untrammelled 
mind, aware of all the ramifications of the 
problems that may arise and equally aware 
of and free to use any of the multitudinous 
resources that may be available to aid in 
their solution. 

L. F. Hunt’s outline of practice on the 
Southern California Edison Company sys- 
tem presents both similarities and contrasts 
to practice on the system of the Shawinigan 
Water and Power Company. Among the 
similarities may be noted: 


1. It is considered to be of vital importance that 
the control of all system protection be centralized 
under one authority. 


2. It is considered to be impracticable to protect 
the system completely against all conceivable haz- 
ards, and hazards that are likely to have only a 
minor effect on the security of the system at large 
often are accepted. 


3. Considerable attention is given to the attain- 
ment of uniformity in the design and handling of 
details of protection. An effort also is made how- 
ever to prevent any attempt at the achievement of 
uniformity from interfering with effectiveness. 
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The contrasts are tore nuimerous and in- 
clude among others, the following: 


1. Engineers of the Shawinigan Water and 
Power Company do not consider it essential that 
all trip circuits should be locked in. 


2. Theuse of hand reset trip relaysis avoided entirely. 


3. Little or no justification is found for providing 
an alarm, actuated by an auxiliary switch, to indi 
cate the opening of circuit breakers. ' 


4. An effort is made to avoid the use of a multi- 
plicity of alarms, which would tend to be confusing 
to the operators. As far as possible, a common 
alarm bell is used, often supplemented by some 


form of annunciator scheme. 
5. Considerable importance ‘is attached to the 


provision of backup protection. 


6. Distance relays are used extensively for line 
and stand-by protections. Current relays alone 
are not considered adequate for the protection of 
any important transmission line, except in the case 
of a few short tie lines which are provided with 
pilot wires and a differential current protection. 


7. Hither or both differential and split phase pro- 
tections are used on synchronous machines. 


8. An effort is made to approach simultaneous 
tripping of both line ends, and tripping in sequence 
is avoided whenever possible. 

Hunt states that approximately 99 per- 
cent perfect relay operation has been ob- 
tained over a long period of time. This is a 
most enviable record. It would be interest- 
ing to know the basis of reckoning used in 
arriving at this figure. 


L. F. Hunt: It is gratifying to have such 
liberal discussion on this paper. E. E. 
George has read between the lines and under- 
stands the intent of this paper and fully ap- 
preciates the difficult problems involved. 

There is not nearly the discrepancies be- 
tween the relay protection systems of the 
Southern California Edison Company and 
others as brought out by W. R. Brownlee 
and Ben C. Hicks. If all the references 
were read a similarity would be appreciated 
more. As brought out in the paper, the 
prime purpose of protective relays is to trip 
circuit breakers to isolate faults. The 
alarm circuits are not as important. It is 
agreed that multiplicity of bell alarms is 
not good; it has been standard setup for 20 
years on the Edison system to use only one 
audible alarm with annunciators for indi- 
vidual indication. The use of hand reset re- 
lays individually is not tolerated. As 
brought out in the paper, only one reset is 
used for all differential tripping relays in one 
station. This form is more reliable than the 


the complication of automatically resetting 


these relays. : 

Carrier relaying started on the Edison 
system in 1926, which is about six to eight 
years before other applications were used. 
During this time a carrier system which is 
very simple was developed by the engineers 
of the Edison Company. Brownlee is quite 
correct, relative to the choice of relay sys- 
tems having no immediate step between 
plain or balanced current protection and 
carrier current relay protection. The carrier 
current relay system developed by the 
Edison Company has practically the same 
cost as the so-called distance relay system. 
The cost of the coupling capacitor can be 
charged justly to line potential and syn- 
chronizing. Therefore it is agreed with 
Brownlee that carrier current protection is 
better than the distance relays systems. 

The percentage indicated is a very simple 
result of arithmetic. If all faults are cleared 
perfectly without any extra switches trip- 
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ping, the result would be 100 percent. The 
longest time at this value was eight con- 
secutive months of operation. However, 
if 100 faults occur and on one fault the iso- 
lation was correct, but an extra switch 
opened even though no extra load was 
dropped, the record would be 99 per cent cor- 
rect. In other words the percentage equals 
the number of correct fault isolations divided 
by the number of faults. 

As Brownlee states the case, ‘but the so- 
called simpler devices are capable of per- 
forming only relatively simple functions 
under ideal conditions,’ may be true, but 
with no major system outage in ten years 
and a record of 99 per cent correct isolation 
by simple relays seems answer enough. 


Transmission Rating of 
Telephone Systems 


Discussion and author's closure of paper 
46-163 by W. A. Codd, presented at the 
AIEE summer convention, Detroit, Mich., 
June 24-28, 1946, and published in AIEE 
TRANSACTIONS, 1946, October section, 
pages 694-8. 


Arthur Bessey Smith (Automatic Electric 
Laboratories, Inc., Chicago, Ill.): In gen- 
eral there are two plans for testing the 
transmission of a telephone system. 

1. Compare an unknown with something similar 
which is for the time regarded as the standard, at 
least for the purpose of measurement. The un- 


known may be judged to be better or worse than 
the standard of reference. 


2. Test the performance of an unknown system 
without comparing it to anything else and rate it 
by an independent number or per cent. 

The first voice and ear tests followed the 
first method. The repetition rate, imme- 
diate appreciation, and syllabic tests follow 
the second method as well as some of the 
machine tests. 

In common with others we formerly used 
only voice and ear tests both for research 
and development and for factory inspection. 
But even in those days, mere loudness was 
never satisfactory to me. For that reason 
I worked out, adopted, and applied for 
many years the use of three carefully 
selected words: three, six, and eight. They 
were selected because they contain a large 
number of frequencies which are essential to 
clear articulation and understanding. These 
three words are of about equal loudness, a 
factor of great importance to the listener. 
They were pronounced carefully and with 
the same loudness, first on circuit A then on 
circuit B. The listener was asked to listen 
with this aspect in mind: “If I had to 
receive an important message and get it 
correctly, at once, which circuit would I 
prefer?’ He was directed not to choose the 
circuit which was the more pleasing to him. 
The choice of which circuit delivered the 
message more certainly was made entirely 
on a utilitarian basis. 

Moreover, the voice of the speaker in the 
tests had to be of the ordinary volume which 
would be used by the public as far as we at 
that time could determine it. 

For a long time this method gave excel- 
lent results, which agreed well with the per- 
formance of systems in public use. 


1946, VoLUME 65 


Though it was a comparison method, it is 
evident that it duplicated some of the 
features of the immediate appreciation test 
described by Hughes (reference 1 of the 
paper). 

For the many who cannot afford the very 
expensive and time-consuming repetition- 
rate method, the immediate appreciation 
method deserves careful study. 


W. A. Codd: Doctor Smith has pointed out 
that the articulation, repetition rate, and 
immediate appreciation tests give figures of 
merit which express performance in absolute 
terms as a rate or percentage for a given set 
of conditions and therefore is not inherently 
dependent upon comparison to a standard or 
referencesystem. Thishassome value in that 
it gives an indication of the degree of ap- 
proach to perfection in terms of the criterion 
adopted. It should be noted, however, that 
in the application of the results of the repe- 
tition rate tests and also of the immediate 
appreciation technique, as proposed in the 
present paper, a comparison method is used. 
This is evident from the fact that inter- 
pretations of the test data to obtain effective 
ratings are made in terms of the decibels 
attenuation of distortionless trunk, which 
when added to or taken from a given system 
will make its performance in terms of the 
given criterion equal to that of a reference 
system. The significant difference between 
these tests and the older comparison type 
tests, such as the voice-ear volume tests, is 
in the test criterion adopted, namely, some 
measure of intelligibility instead of volume 
or loudness. 


Dangerous Electric Currents 


Discussion and author's closure of paper 
46-112 by Charles F. Dalziel, presented at 
the AIEE summer convention, Detroit, 
Mich., June 24-28, 1946, and published in 


AIEE TRANSACTIONS, 1946, August- 
September section, pages 579-85. 


J. J. Smith (General Electric Company, 
Schenectady, N. Y.): We are indebted to 
Professor Dalziel for his contribution in this 
paper to further knowledge of what consti- 
tutes dangerous electric currents. A better 
picture of this question is being obtained 
gradually from such studies. Some points 
still are missing in the spectrum of the ef- 
fects of the electric currents. As I see it, 
there are several thresholds in which we are 
interested. 

The first is the threshold of feeling. This 
is of interest because it is essential that the 
person using an electric appliance must not 
get the sensation of a shock. Experimental 
work has shown that if the current is limited 
to 0.3 milliampere the danger of such a sen- 
sation of shock is small. This limiting value 
of 0.3 milliampere has been adopted by a 
joint committee of Edison Electrical Insti- 
tute, National Electrical Manufacturers 
Association, and Radio Manufacturers 
Association and is covered in NEMA publi- 
cation 105. 

The next threshold is the “‘let-go”’ thresh- 
old. This is of interest because below this 
level the person experiencing the shock is 
able to let go freely, although he may ex- 
perience a very distinct sensation of shock. 
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Thus, if the current did not exceed this 
value, a person might feel more free in han- 
dling it, than is the case in which there is a 
possibility of higher currents. This thresh- 
old has been given by Professor Dalziel as 
approximately nine milliamperes in men 
and seven milliamperes in women. 

The next threshold in which we are in- 
terested is not quite so clear. This is a re- 
sult of the lack of good data in the region be- 
tween 10 milliamperes and 100 milliam- 
peres. In his tests, Professor Dalziel sub- 
jected some subjects to shocks up to 2s 
milliamperes with no ill effects when they 
were released from the current, which was on 
only a short time. I have heard of cases 
where people were subjected to 50 milliam- 
peres with no lasting effects. It would be de- 
sirable to have definite data to show whether 
shock in any part of the region between 10 
milliamperes and 100 milliamperes is liable 
to cause cessation of breathing so that arti- 
ficial respiration*must be applied. Some of 
those with whom I have discussed this ques- 
tion were of the opinion that such currents 
applied momentarily could stop respiration, 
others felt it could not. Whether this does 
or does not occur in this region is of im- 
portance in connection with men who nor- 
mally work on electric circuits under suitable 
precautions but because of the nature of 
their work, they are liable to come in contact 
with these circuits once in a while. They 
normally would have another man working 
with them who can remove the power 
quickly should they be unable to let go. 

The next threshold is that of ventricular 
fibrillation which has been estimated by 
Ferris and Williams at about 100 milliam- 
peres. In the present paper Professor Dal- 
ziel extends our knowledge of this to include 
the effect of the duration of the shock. I 
understand that ventricular fibrillation does 
not occur often when the current through 
the body is greater than about one ampere 
but would like Professor Dalziel’s comment 
on this point. 

The next threshold is that for which 
fibrillation does not occur but where the 
current is large enough to render the victim 
unconscious, so that artificial respiration 
must be applied. I wonder if Professor Dal- 
ziel has any figures he could suggest on this 
subject. 

The next is the threshold for burning. It 
would seem desirable to have an estimate of 
the amount of current which when passed 
through the body for even a short time 
might be expected to cause burns. 

Because the use of 60 cycles is so common, 
it would be well to have all these thresholds 
first established for this frequency. At a 
later date similar thresholds might be given 
for direct current and various other frequen- 
cies. 

With the development of radar during the 
war, it would be desirable to have similar 
thresholds in connection with such pulsed 
currents. 


L. P. Ferris (New York, N. Y.): Professor 
Dalziel’s paper is based practically wholly on 
the data presented in the 1936 paper by 
Williams, King, Spence, and myself (refer- 
ence 4 of the paper). No new experimental 
data are presented on this subject, Professor 
Dalziel confining himself toa reanalysis of our 
data and the presentation of the results in the 
form of mathematical equations. No single 


conclusion of the 1936 basic paper is invali- 
dated or altered by Professor Dalziel’s re- 
analysis. Despite this gratifying fact, I 
must take exception to some applications of 
Professor Dalziel’s methods to our data. It 
undoubtedly would be convenient if the re- 
sults could be expressed in simple mathe- 
matical form. Professor Dalziel has done 
this, but I question his justification, particu- 
larly when applying it to the data on effect of 
shock duration on threshold current, Figure 
14 of the 1986 paper. The authors of the 
earlier paper were hopeful of discovering 
some simple correlation between minimum 
fibriliating current and shock duration. We 
could not, however, draw a straight line on 
log-log paper which we thought would cor- 
rectly represent the experimental data pre- 
sented by our Figure 14. However, Profes- 
sor Dalziel seems to have done this in his 
Figure 6. Hethrows out in his analysis the 
experimental data which we designated as 
mode A. I cannot take much exception to 
this because inspection of our Figure 14 
shows that we gave but little weight to the 
mode A data in drawing our curve. Pro- 
fessor Dalziel also chooses to omit certain 
other experimental points, namely our 0.47- 
second shock tests on sheep. Whether or 
not this is justified, we should have further 
experimental evidence before the effect of 
duration is represented as a simple expo- 
nential function. 

It should be remembered that in changing 
the duration of shock from several seconds 
to a fraction of a second, entirely different 
conditions are encountered. The several- 
second shocks blanket one or more com- 
plete heart cycles, whereas shocks of a small 
fraction of a second duration are only effec- 
tive in causing fibrillation when they occur 
during the partial refractory phase of the 
heart cycle, which is about 20 per cent of the 
whole. In passing from one of these con- 
ditions to the other, it should not be sur- 
prising if the curve of fibrillating current 
versus shock duration changes slope. 

It is to be hoped that Professor Dalziel 
and other investigators may be able to 
carry further the experimental investigation 
of-electric shock. Further data on the effect 
of wave form and frequency of shock cur- 
rent, as well as shock duration, would be de- 
sirable. Also desirable would be a study of 
resuscitation in cases of known ventricular 
fibrillation with and without electric coun- 
ter-shocks. Progress with measuring instru- 
ments and in the electronic art in the last 
ten years should make it possible to control 
and measure shocks with greater precision 
than was possible before 1936. 


Charles F. Dalziel: J. J. Smith’s definitions 
and discussion of the significance of the 
various current thresholds are exceedingly 
valuable. His discussions are stimulating 
because the answers to many of his ques- 
tions are unknown. With the exception of 
one paper (reference 4 of this paper) very 
little data are available for currents in excess 
of about 25 milliamperes. 

In 1986 letters were sent to several neon 
sign manufacturers in the attempt to deter- 
mine the hazard from 30-milliampere high 
reactance 5- to 15-kv sign transformers. No 
fatal accidents were reported. L.T. Jones, a 
manufacturer, reported as follows: 


From personal experience in the industry I believe 
it is safe to assume that in each plant, each day, 
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some one or mote persons receives a shock from a 
30-milliampere transformer. Insofar as I have been 
able to determine, not one person has been injured . . 
and I have been able to find no record of a fatality. 


In preparation of this closure I communi- 
cated with major sign manufacturers and 
others in the San Francisco area who are 
cognizant of accidents in this field. Although 
accidents involving burns were mentioned, 
no one could recall a single fatality on 30- 
milliampere equipment. 

Observations during the let-go experi- 
ments indicated that currents in excess of 
about 20 milliamperes from hand to hand 
were very painful and the accompanying 
muscular contractions made breathing diffi- 
cult if not impossible during the shock; 
however respiration resumed automatically 
upon interruption of the current. 

Determination of the threshold currents 
required to produce respiratory inhibition 
or unconsciousness would be a difficult but 
valuable undertaking. The threshold cur- 
rent producing burns is probably very low, 
as feeble sparks, if continued for more than 
a few moments, cause burns. Dr. W. B. 
Buchanan, Hydroelectric Power Commis- 
sion of Ontario, reports that under suitable 
conditions 0.35 milliampere will cause some 
carbonization of wooden insulator pins, but 
with 0.7 milliampere the action was much 
more definite. Reference 4 and Figure 16 
of the paper and the accompanying discus- 
sion is offered in reply to the question re- 
garding the decrease in likelihood of in- 
ducing ventricular fibrillation at currents 
considerably in excess of the threshold. 

Perhaps the best reply to L. P. Ferris is to 
state that in the beginning of many engineer- 
ing analyses approximations often are tol- 
erated pending completion of conclusive re- 
search. Certainly conclusions based on 
limited data are open to question, and es- 
pecially where human life may be at stake. 
Future investigations may indicate that 
fibrillating currents cannot be expressed 
accurately by simple mathematical relations 
or as straight lines. In the meantime, a 
tentative answer may be better than no 
answer, especially if it is based on a conserva- 
tive analysis of all available experimental 
data. Attention was called to the uncer- 
tainties of the analysis in the paper, and I 
should like to repeat that application to man 
is entirely conjectural. However, only one 
out of the 99 experimental points in Figure 6 
of this paper falls below the one-half per cent 
line for the 57.4-kilogram sheep. With this 
single exception the proposed fibrillating 
current thresholds, as indicated by the one- 
half per cent lines of Figures 5 and 6 of the 
paper, include a reasonable factor of safety. 
It would be a simple matter to draw other 
lines having a greater factor of safety, if 
other investigators thought this advisable. 

The same data were used in the prepara- 
tion of Figure 14 by Ferris, King, Spence, 
and Williams, as in Figure 6 by the author. 
The dissimilarity of the figures is because of 
the method of plotting the data, and al- 
though log-log scales were used in both, the 
presentations are sufficiently different to 
preclude direct comparison. In Figure 14 
the minimum current causing fibrillation was 
plotted versus the ratio of the duration of 
the shock to the length of the heart beat. 
Throughout my paper I took the fibrillating 
current equal to 1/2 (minimum current 
causing fibrillation plus the maximum cur- 
rent not causing fibrillation). In Figure 6 
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fibrillating ‘currents were plotted versus 
shock duration in seconds. Hence the 
differences in appearance of the two figures 
and resulting curves do not represent as wide 
a divergence of opinion as might be con- 
cluded from casual inspection. 

Although the original data designated as 
mode A and the 0.47-second shock tests on 
sheep were not used in either the statistical 
analysis or in determining the deviation 
curve of Figure 3, for the reasons discussed 
in the paper, these data were included in 
Figure 6. Without exception all the data 
furnished the author by L. P. Ferris and asso- 
ciates were included in Figures 5 and 6. All 
data were considered when deciding just 
where to draw the best line to represent the 
general trend of the responses. 

It might be well to mention that the pur- 
pose of evaluating fibrillating current 
thresholds is to establish (if even only ap- 
proximate) the most dangerous current 
threshold to permit a more accurate analy- 
sis of accidents, and to add to the general 
fund of knowledge on electric shock. Con- 
sidering the various factors and their uncer- 
tainties, the author still believes that the 
proposed analysis may be used without ex- 
cessive error to estimate the probable 
fibrillating hazards for large groups. The 
analysis should not be used to calculate an 
individual’s chance of survival or to excuse a 
careless workman. 
information on fibrillating currents, and the 
lack of any data on the currents causing 
respiratory inhibition and unconsciousness, 
no human should be exposed purposely to 
electric currents approaching fibrillating 
thresholds. 

The author appreciates the many sugges- 
tions and comments given this research, and 
would welcome receipt of factual informa- 
tion regarding serious accidents. This in- 
vitation is made with the hope that eventu- 
ally sufficient quantitative data may be 
assembled to permit arriving at more ac- 
curate answers to some of these questions. 


Carrier Supervisory Control 


of Pumping Station 
Over Power Cable 


Discussion and author's closure of paper 46- 
174 by W.A. Derr, W. A. Keller, and H. A. 
Hedke, presented at the AIEE summer con- 
vention, Detroit, Mich., June 24-28, 1946, 
and published in AIEE TRANSACTIONS, 
1946, November section, pages 699-705. 


Abe Tilles (Pacific Gas and Electric Com- 
pany, San Francisco, Cal.): The establish- 
ment of a satisfactory carrier channel over 
power cable, as here reported, is a develop- 
ment of great interest. It arouses further 
concern because some earlier attempts in 
this direction gave very unfortunate re- 
sults. . 

In making use of a line-to-ground chan- 
nel the path provided by the power con- 
ductor is excellent. The return path, ex- 
cept where there is an uninterrupted lead 
sheath, is quite a different matter. For a 
conductor not enclosed in steel pipe or fer- 


ATEE TRANSACTIONS 


/ 


Because of the limited | 


“aes 


ae 


rous armor, general ‘round paths are 
likely to be available. This is particularly 
true for underwater cable. 

For cable without continuous lead sheath 
and enclosed in ferrous armour or pipe, the 
return path is comprised of several parallel 


paths none of which are favorable. These 
include 


1. The high reactance paths outside of the iron. 
2. A thin path on the inner surface of the iron. 


3. A thin path spiraling around the cable along 
any shielding tapes. 


4. A path lengthwise down the cable along shield- 
ing tapes which overlap or spiral in contrary direc- 
tions and contact in a basket weave effect. 


If a path of type 4 of relatively low im- 
pedance is presented, the 60-cycle losses 
may be increased to an undesirable degree. 

In view of the pioneer nature of this in- 
stallation it would be very useful if the 
authors, or the cable suppliers, in discussion 
could add to this paper by giving in detail 
the physical characteristics of the cable. 
What kind and thickness of lead sheath, 
shielding tape, and so forth, are each of the 
two pieces? What are the test or calcu- 
lated data showing where the return cur- 
rent of the carrier channel goes? How were 
the losses calculated in design? 


W. A. Derr: The construction of the two 
sections of cables used on this installation is 
as follows: 


1. Ayrmored submarine cable (22,800 feet in length), 
three conductor, American wire gauge 4, 19 
strands of 0.0469-inch copper, !2/s4 inch Buna S 
insulation. Each conductor taped with a rubber- 
filled cloth cable tape, conductors cabled with jute 
fillers, double wrap of cable tape, layer of saturated 
jute. Birmingham wire gauge 8 galvanized-steel 
wire armor. 


2. Jacketed cable (12,200 feet in length), three con- 
ductor, American wire gauge 4, 19 strands of 0.0469- 
inch copper, !2/s4 inch wall of Buna S insulation. 
Each conductor taped with cable tape, cabled with 
jute fillers, layer of cable tape, 8/os-inch rubber 
sheath over-all. 


The construction of both cables was de- 
termined mainly for 60-cycle power opera- 
tion. Prior to manufacture of the cable, 
the phase-to-phase attenuation at carrier 
frequencies was calculated from the follow- 
ing formula: 


Decibel loss per loop mile ~ 4.34 / CX 
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IG 
where 


C=mutual capacity in farads per mile 
R=resistance in ohms per loop mile 


Table I. Cable Constants Used in Calculating 
Cable Losses 
60 Kc 100 Ke 150 Kc 
Resistance 
(ohms/loop 
MINE sh waar LAG sel ere eae) 


Inductance (hen- 
ries/loop mile). . 

Mutual capacity 
(ge/imile)-eeser sar 0.148 

Power factor...... 0.010 


0.00123.. 0.00123., 0.00123 


. 0.148 
OOD 


me Oss 
. 0.010 


Note: Method and values for calculated losses were 
obtained from the Okonite Company, Passaic, N. J. 
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L=inductance in henries per loop mile 
P F=power factor 
w=2m times frequency in cycles 


In any calculation of attenuation the 
main difficulty is in establishing proper con- 
stants. Table I gives the choice of cable con- 
stants used in calculating cable losses for 
both of these cable sections. 

The calculated losses were low enough to 
assume that satisfactory carrier operation 
could be effected from phase to ground 
despite additional loss in the ground return 
circuit. No attempt was inade in calcula- 
tions or tests to determine the actual path 
of the carrier currents in the ground circuit. 

Our experience with cables has indicated 
that discontinuities in metallic sheaths 
result in very high attenuation as mentioned 
by Tilles. However, where there is a con- 
tinuous sheath, whether lead or iron, the 
attenuation is not excessive. 

It is expected that the carrier ground 
current in the submarine cable portion of 
this installation flows along the sheath with 
relatively small loss. The carrier ground 
current in the jacketed cable portion of this 
installation probably flows some distance 
from the cable, the actual path being deter- 
mined by the reactance and resistance in- 
volved. The loss on this installation in the 
ground return circuit for the jacketed cable 
is not excessive since the over-all attenuation 
is not exceptionally high. 


Fault Location and Relay 
Performance Analysis by 
Automatic Oscillographs 


Discussion and author's closure of paper 46- 
109 by H. P. Dupuis and W. E. Jacobs, pre- 
sented at the AIEE summer convention, 
Detroit, Mich., June 24-28, 1946, and pub- 


lished in AIEE TRANSACTIONS, 1946, 
July section, pages 442-6. 


G. D. Floyd (Hydro-Electric Power Com- 
mission of Ontario, Toronto, Canada): 
Automatic oscillographs have been used on 
the 230-kv network of the Hydro-Electric 
Power Commission of Ontario for about 15 
years to provide a record of system perform- 
ance including relay behavior and to locate 
faults. At the present time there are four 
such oscillographs installed at three of the 
six terminal stations of the network. Four 
additional oscillographs are on order. The 
average length of the trunk lines forming 
this network is about 200 miles. 

Our experience has been much the same as 
that of the authors in that we found when 
preparing sets of fault current—distance 
curves from network analyzer data that 
mutual induction between circuits had a 
marked effect on the current distribution. 
One of our difficulties always has been to 


_ provide for the wide difference in current to 


be measured on a faulty circuit from the 
near, and far ends, and on parallel and sound 
circuits. The ratios may be in the order of 
40 to 1. Consequently, the deflections ob- 
tained for the smaller of the two currents 
may be very small with a relatively large 
error in their measurement. It is this source 
of error, which is inherent, that may limit 
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the application of the method of ratios, 
suggested by the authors, in our case. This 
method is sound where it can be applied and 
overcomes the error caused by fault and 
tower footing resistance. We agree that this 
source of error is usually present. Our 
method of decreasing this error has been to 
use residual currents on tie lines other than 
the circuit involved in the fault and to record 
total transformer bank ground current at 
two of the stations where oscillographs are 
located. The indicated locations of fault 
from all these readings are averaged. The 
number of faults located during the three 
years that this method of fault location has 
been given a serious trial is much better 
than expected considering the possible 
sources of error. 

The usual rapid clearance of faults on this 
230-kv network gives only one or two cycles 
of record before the first circuit breaker 
clears. The rapid ¢learance permits us to 
use the initial values of current, obtained 
from the analyzer, without modification. 
Figure 8 of the paper shows that currents 
were read after 19 cycles of fault, at which 
time some decrement in current would be 
expected. A further advantage in the use 
of the ratio of currents is indicated, although 
not claimed by the authors, in that the error 
introduced in the direct measurement by 
decrement is eliminated. Our experience 
has been that a great deal of valuable data 
may be obtained by use of these instruments 
at the cost, however, of considerable effort in 
their application and maintenance. 


W. E. Jacobs: The operating department 
is interested in oscillographs mainly from 
the operating standpoint. That is, they 
are interested so far as the information ob- 
tained will make it easier in locating faults 
and analyzing system disturbances. The 
confidence which the operating men have 
in the oscillograph reports has been growing 
steadily with the improvements in the 
methods of interpreting the oscillograms. 

It is the practice of the Consumers Power 
Company to make an inspection of a line as 
soon as practicable after a fault. This in- 
spection usually will be made before the os- 
cillograms can be developed and analyzed. 
If no evidence of the fault is located on this 
inspection, then another inspection of a 
short section is made after the location is 
calculated from the oscillogram. This sec- 
ond inspection covers a section two to three 
miles each side of the calculated location and 
is made very carefully, using a high power 
glass and at times climbing towers. Usually 
this inspection is made on a bright day. In 
case of a single line-to-ground fault, the 
field man can be told the position of the 
faulted conductor. The primary purpose of 
this second inspection is to find hidden 
damage and to determine whether there is 
some condition that can be corrected to pre- 
vent a recurrence of the fault. 

We have found it very convenient when 
specifying the fault locations to use tower 
numbers as well as the miles from the 
terminals and have made-up charts showing 
tower numbers by miles. When the damage 
is found, the report lists the tower number 
which gives an accurate check on the calcu- 
lated location. Since many tower lines run 
diagonally across country, this designation 
of fault location by miles alone may be sub- 
ject to considerable error. 


The servicing and calibrating of the oscil- 
lograph is handled by relay maintenance 
men. However, certain other men are in- 
structed in taking the film out of the oscillo- 
graph and placing it in special mailing con- 
tainers. These men are members of the 
plant organization where the instrument is 
located and are readily available to send the 
film for developing immediately after a 
storm. These men remove and mail the 
film after each storm or disturbance or 
when specially requested to do so by the dis- 
patcher. Occasionally one storm will op- 
erate the oscillograph more than once. 
Each instrument is equipped with a station 
identification letter and a clock stamp which 
are both very necessary for identifying films 
after they are developed. A log of the os- 
cillograph operation is kept for each instru- 
ment and supplements the time stamp. A 
signal bell is connected to sound when the 
oscillograph operates. 

The films'are developed at our laboratory 
at Jackson, but since one of the instruments 
is nearly 150 miles from Jackson it may re- 
quire two or three days before films are re- 
ceived and developed. Consideration has 
been given to having the films developed 
locally and telephoning the measured value 
to the dispatcher to speed up the fault analy- 
sis. However, the number of permanent 
faults has been low and in most cases of 
permanent fault other lines are available 
to maintain service. Therefore the need 
for this method has not been great. We 
would welcome discussion on how other com- 
panies arrange this service and also on the 
methods used to develop the films. Our 
present method of developing the films, es- 
pecially the longer rolls, isnot entirely satis- 
factory from the standpoint of the time re- 
quired. 

As evidence of the speed of clearing faults, 
exactly 50 per cent of the 256 faults analyzed 
in the past five years caused so little damage 
that they could not be located by the initial 
field inspection. Part of those faults which 
are not located on the initial inspection are 
located at the end of the lightning season 
when a pole-top inspection is made. In the 
past two years a factor equal to kiloamperes 
squared times cycles has been calculated for 
each fault. We have termed this “damage 
factor’. No definite conclusions have been 
drawn, but a broad general statement can 
be made that if the damage factor is below 
50 there probably will be no visible damage, 
and if it is above 200 the damage probably 
will be found. Further experience may 
show that these limits can be closer. This is 
a burning factor and at the present time we 
have no data to correlate it with insulator 
breakage. 

Of the 256 faults 96 per cent involved 
ground current. Only four per cent of the 
faults were phase to phase. Lightning 
caused 80 per cent of the faults; outside 
interference such as birds and machinery, 
caused nine per cent; and wind accounted 
for 7.4 per cent. Approximately four trip- 
outs were caused by lightning per 100 miles 
of line per year for this 5-year period, and 
approximately five tripouts resulted from 
all causes. 

In the operating department we feel that 
the greatest value of the oscillograph other 
than its value in locating faults is the in- 
formation that is obtained when a fault is 
not cleared properly. In most cases these 
data definitely point to the cause of incor- 
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rect operatioti or failure to operate so that 
immediate steps can be taken to prevent 
their recurrence. 


High Voltage D-C Testing 
of Rubber-Insulated Wire 


Discussion of paper 46-121 by W. N. Eddy 
and W. D. Fenn, presented at the AIEE 
summer convention, Detroit, Mich., June 
24-28, 1946, and published in AIEE TRANS- 
ACTIONS, 1946, August-September sec- 
tion, pages 576-8. 


C. T. Hatcher (Consolidated Edison Com- 
pany of New York, Inc., New York, N. Y.): 
The authors have presented data on d-c 
testing of rubber-insulated cables at the 
factory in order to eliminate inherent de- 
fects in the insulation. This method ap- 
pears to be a step in the right direction as 
any test method which does not affect the 
insulating qualities of the rubber insulation, 
but still acts as a means for eliminating de- 
fects, is quite desirable. 


C. E. Betzer (Commonwealth Edison Com- 
pany, Chicago, Ill.): This paper gives some 
valuable information on the suitability and 
effects of voltage tests for factory process 
and acceptance testing. It indicates that 
such tests might leave undetected some 
serious imperfections in the insulation. 
Since the operating stresses for rubber-in- 
sulated cable are very low and breakdowns in 
service are caused mainly by oxidation 
(either by natural aging or by corona) and 
not by electrical puncture (except by light- 
ning), these serious imperfections have not 
attracted attention in service. However, as 
the ability to withstand oxidation is im- 
proved, there should be an increasing neces- 
sity to eliminate these inperfections and then 
to reduce insulation thicknesses. 

The Insulated Power Cable Engi- 
neers Association specifications for ozone- 
resistant type of insulation require an a-c 
acceptance test for cable rated at five kv 
and higher of about 90 volts per mil, or a 
d-c test of about 270 volts per mil after 24 
hours immersion in water. The authors 
show that insulation with a fine needle 
puncture might withstand this test and with 
a U-knife cut easily could pass the test if 
squeezed in the manner common on a reel 
containing several turns of wire. Further- 
more, it is shown that insulation with air 
pockets leaving only ten per cent of sound 
rubber withstood tests at 340 volts per mil 
direct current after 12 days of immersion, 
which indicates that it would have h&d a 
very large margin over the required test 
after one day of immersion. In another 
case insulation with an iron chip through 
two-thirds of the thickness withstood three 
tests at 570 volts per mil direct current 
during 12 days immersion. 

Defects in rubber insulation almost never 
are found after the wire is shipped from the 
factory. The operating stresses are less than 
five volts per mil for low voltage wire or 
cable, 12 to 15 volts per mil for 5-kv cable 
operated at four kv, 22 to 25 volts per mil 
for 15-kv cable operated at 12 kv. Failures 


Discussions 


caused by electrical puncture by operating 
voltage (other than oxidation) almost never 
occur. When they do occur the cause sel- 
dom is found. Carbonized paths cannot 
be seen in the black insulation, and the in- 
sulation cannot be opened to view in the 
same manner as paper or varnished cam- 
bric insulation. 

This paper suggests that some upward 
revisions of the acceptance test voltages for 
rubber insulation would be helpful. 


The Electrical Performance 
of Ceramic Dielectrics at 


Elevated Temperatu res 


Discussion and authors’ closure of paper 
46-117 by H. A. Frey and J. M. Jesatko, 
presented at the AIEE summer convention, 
Detroit, Mich., June 24-28, 1946, and pub- 
lished in AIEE TRANSACTIONS, 1946, 
pages 911-20. 


C. M. Sherer and D. I. Smith (Pennsylvania 
Water and Power Company, Holtwood, 
Pa.): One of the practical accomplishments 
of this investigation was to provide a satis- 
factory solution to a problem of porcelain 
failures where porcelain was used as an 
insulator across high voltage in the hot 
stack gases of electrostatic precipitators. 
Drive shafts made of glazed porcelain were 
used between the electrode rapping device 
and driving motor in the Cottrell precipi- 
tators installed at the Holtwood steam plant. 
The shafts were 54 inches long, and had a 
5-inch outside diameter with a 11/s-inch 
hole through the center. Operating voltage 
across the shafts was nominally 70,000 volts 
direct current, and operating temperature 
was of the order of 500 degrees Fahrenheit. 
Average life of the shafts was 21/2 to three 
months, and when failure occurred it was 
usually in the form of a clean shear break or 
in the nature of shattering. The breakages 
at first were thought to be caused by me- 
chanical stresses, and it was hoped to reduce 
them by shortening the shafts. Whether 
or not a shorter shaft would be dielectrically 
satisfactory with respect to flashover was 
to be determined by wiring strips of sheet 
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metal to the sides in such a manner that half 
the length of the shaft would be short- 
circuited. Two shafts so treated and placed 
in service were found broken three days 
later, the exact time of failure not being de- 
termined. A third one is known to have 
failed sometime during the first day, and 
still another seven hours after being placed 
in service. Fusible temperature pellets 
which had been placed on two of these shafts 
showed that the porcelain under the metal 
strips had been at a temperature of between 
500 and 550 degrees Fahrenheit, which was 
the same as the ambient gas temperature. 
The bare portion of the shafts, however, 
had reached a temperature of between 650 
and 700 degrees Fahrenheit, thus indicating 
a dielectric failure because of runaway as 
found by Frey and Jesatko in their experi- 
ments. This half im each instance shattered 
into many small fragments in contrast with 
the shielded half which remained intact. 

It now appeared that the failures were 
produced electrically rather than mechani- 
cally, and the cause was assumed to be a 
thermal runaway effect initiated by con- 
duction current through the porcelain at 
the elevated operating temperature. As 
proof of this an idle shaft with half its length 
similarly short-circuited was placedin the hot 
gases without mechanical load and the nor- 
mal operating potential of 70,000 volts ap- 
plied across it. A recording milliammeter 
was connected in series with the shaft on 
the ground side to obtain a graphic record of 
the conduction current. The bare half of the 
shaft shattered 12!/2 hours after the boiler 
was fired. The curve in Figure 1 shows the 
progressive increase in conduction current 
for the last 51/2 hours preceding the failure 
of the shaft. During this interval of time 
current increased from 1.33 to 109 milli- 
amperes, or 8,000 per cent, with most of the 
increase occurring in the final minutes before 
failure. The runaway effect thus is shown 
clearly. 

An experimental shaft made of zircon then 
was installed in regular service in place of a 
porcelain shaft. It was somewhat different 
in design from the porcelain shafts, being 
45/, inches square with a 31/>-inch hole 
through it. When it was installed, half of 
its length was shorted out in order to dupli- 
cate the conditicns under which the porce- 
lain was tested. Under the same operating 
conditions as the porcelain, this shaft lasted 
28 days or 672 hours as compared with ten 
hours for porcelain (average of two for which 
the time of failure is definitely known). 
On the strength of this, all the porcelain 
shafts were replaced with shafts of zircon. 
Three of these now have been in service for 
periods of 71/2, 18, and 14 months, and to the 
present time there have been no failures. 

Our operating experience therefore sup- 
ports the findings of Frey and Jesatko, Zir- 
con has shown its superiority over porcelain 
under the temperatures and potentials en- 
countered in the Holtwood precipitators. 
The authors are to be commended for having 
established the characteristics of ceramic 
dielectrics so that their performance can 
now be predicted at elevated temperatures 
and operating voltages. 


Julius J. Torok (Corning Glass Works, Corn- 
ing, N. Y.): This is a very welcome paper as 
there is very little information available on 
the electrical performance of various ce- 
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ramic bodies at elevated temperatures. The 
authors are to be complimented on their 
analysis of their test results. 

Their data on glass checks roughly those 
obtained at the Corning Glass Works labora- 
tories. The deviarions are probably caused 
by the lower voltage gradients used in the 
Corning tests. Tests at Corning have been 
made on all glasses used by the electrical 
industries for such applications as radio 
tubes and lamps. Since in many of these 
applications the glasses are subject to high 
temperature uses, it was necessary 1o make 
such tests as well as develop new glasses 
which would give satisfactory results under 
a wide range of requirements. 

One of the borosilicate glasses which has 
good electrical characteristics at elevated 
temperatures has resistivity characteristics 
as given in Table I. 

It can be seen that the resistances of this 
glass is much higher than that of the general 
purpose borosilicate glass tested by the 
authors. 

An analysis of the data presented by Frey 
and Jesatko on glass indicates that the 
borosilicate glass which shattered at the 
instant of failure was a tempered piece of 
glass. Highly tempered glass will shatter 
if a deep penetration into the volume of the 
glass occurs. If the authors still have some 
of the pieces of that glass it would be de- 
sirable if they would send them to Corning 
for stress analysis. 


Paul M. Ross (The Ohio Brass Company, 
Barberton, Ohio): The authors have per- 
formed a meritorious job in contributing 
basic data on the temperature—resistance 
performance of porcelain. Figure 3 presents 
the voltage gradient versus resistivity char- 
acteristics of wet process electrical porcelain. 
In the normal operating temperature region 
for porcelain insulators, 150 degrees Fahren- 
heit and lower, the resistivity of the porce- 
lain varies markedly with change in voltage 
gradient. Will the authors explain this 
characteristic? 

Several of the specimens were carried to 
electrical failure at elevated temperatures. 
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Figure 2. Distribution of ion mobility at 
normal and elevated temperatures 


Discussions 


Was the type of failure obtained similar to 
that found on service insulator failures 
which involved attachment parts and ex- 
ternal surface leakage conditions in addi- 
tion to internal porcelain conduction? 

While a discussion of the oil puncture 
test, as described in American Standard 
C29.1+1944, paragraph 4.7, is not contained 
as a part of this paper, do the authors find 
any evidence from their temperature versus 
voltage tests that explains puncture loca- 
tions outside of the enclosed head section of 
suspension insulators as obtained on the oil 
puncture test? Do the authors’ tests indi- 
cate that such puncture locations may be 
indicative of the electrical quality of the 
porcelain? 


H. A. Frey and J. M. Jesatko: The authors 
wish to thank the discussers for their interest 
and for the pertinent facts brought out in 
their discussions. 

C. M. Sherer has shown the practical ap- 
plication of these data to the solution of a | 
baffling problem involving the failure of pre- 
cipitator shafts operating at high tempera- 
ture and high voltage. The curve of leakage 
current versus time presented by Sherer 
shows very clearly the characteristic of a 
long time runaway. The point of upward 
break in this curve corresponds to the point 
at which some element in the dielectric has 
exceeded the critical temperature 7. The 
physical breakage resulted from the forces 
of differential expansion. 

Paul M. Ross has asked several pertinent 
questions. The first of these requests an ex- 
planation of the variation of resistivity with 
voltage gradient. Any such explanation 
must be hypothetical. We know that the 
situation exists but at present we only can 
theorize as to its fundamental cause. As 
Doctor Torok has pointed out in his dis- 
cussion, the conductivity of these dielectrics 
is believed to be caused by an ion drift. 
Let us suppose that there are in the dielectric 
body ions of varying degrees of mobility. 
If the relative mobility of the ions is dis- 
tributed at random it would be expected 
that the distribution would follow a normal 
distribution curve as shown in Figure 2. 
Ions possessing a high degree of mobility 
would be influenced by very small voltage 
gradients while those having lower degrees 


of mobility would require higher voltage 


gradient. 

Also as the temperature is raised the 
mobility of all ions is increased and some 
of those which are fixed relatively firmly at 
low temperature succeed in breaking loose 
from these bonds resulting in a shift in the 
distribution curve as indicated by the 
broken line in Figure 2. If these supposi- 
tions are made it will be seen that a resis- 
tivity voltage gradient curve will be ob- 
tained for any temperature having the typi- 
cal form illustrated in Figure 3 of the paper. 

Ross also asks whether the failures ob- 
tained at high temperature resemble those 
found on service insulator failures. Some of 
the tests described in the paper were made 
on actual service insulators of the type to 
which Ross refers. The failures on such in- 
sulators were exactly like low temperature ~ 
punctures in such insulators. The point of 
failure was marked by a fused path in the 
dielectric sometimes accompanied by radial 
cracks. The location of the punctures in 
these cases were always inside the metal 
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enclosed head. On some long insulators, 
such as typical standoff insulators used in 
radio applications, the failure more nearly 
resembled a mechanical break and is caused 
by differential expansion. These failures 
were much like those described by Sherer. 

The authors are inclined to believe that 
the punctures in oil outside of the enclosed 
head to which Ross refers are caused by 
either dielectric defects or localized stresses 
set up by the presence of the oil. 


Parallel Circuits in 
Servomechanisms 


Discussion and author's closure of paper 
46-107 by H. Tyler Marcy, presented at the 
AIEE summer convention, Detroit, Mich., 
June 24-28, 1946, and published in AIEE 


TRANSACTIONS, 1946, August-September 
section, pages 521-9. 


D. G. Soergel (nonmember; Washington 
University, St. Louis, Mo.): This paper 
is a very complete study of the solu- 
tion of servo design problems through the 
use of inverse transfer functions. In par- 
ticular, Marcy has been very general in his 
approach and has assumed a general feed- 
back transfer function KyGy(jw) which is 
characteristic of many industrial applica- 
tions, for example, automatic temperature 
control where the characteristic periods of 
the controlled element and the measuring 
feed-back element are often of different 
values. The analysis is complete in that 
the author has derived and plotted inverse 
system functions to indicate static stability 
and has also shown how a knowledge of the 
quantities a, ¢, and uy is necessary to esti- 
mate the system transient responses. The 
results are plotted in nondimensional form, 
making them applicable to any problem. 

I believe that nondimensionalized system 
transfer charts plotted for basic lead con- 
trollers, integral controllers, combined inte- 
gral and lead controllers and tachometer 
derivative stabilized controllers with 8 = —1 
would be of much help in assisting designers 
in the design of controllers for a variety of 
servomechanism applications. Marcy’s 
paper has illustrated the approach to use to 
develop such charts and opens the way to a 
systematized procedure to follow for rapid 
controller design. Problems involving dif- 
ferent feed-back transfer functions would be- 
come a special design problem, but experi- 
ence in application may show in the future 
which types (such as the process illustrative 
example of Marcy’s) would merit and 
would lend themselves to chart design. 

Allin all, Marcy’s paper is a definite con- 
tribution to the engineering phase of servo 
design, and a utilization of his approach to 
the problem should result in data which will 
fit very well into high production design 
methods. The analysis used is of course 
characterized by a great deal of mathe- 
matics, and it should not be required that 
production engineers spend time developing 
the basic equations used. Rather, they are 
more concerned with the results to be ex- 
pected of a particular system and whether 
or not the results are compatible with the 
particular application they have in mind. 
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This information should be available in 
chart form. 

It is agreed generally that since all phys- 
ical systems are nonlinear systems, the 
design criterion arrived at through a mathe- 
matical analysis based on linear parameters 
is at the best a close approximation. The 
important thing, however, is a knowledge of 
the system trends caused by a change in one 
of the system parameters. This information 
is generally available either in the mathe- 
matical expressions describing the system 
or may be obtained from the nondimen- 
sionalized charts applicable to the particular 
system. 


H. Tyler Marcy: I should like to thank 
D. G. Soergel for his interesting discussion 
of this paper. It is particularly interesting 
that he believes that the charts can be of 
engineering use in the design of industrial 
controllers. The availability of such charts 
certainly would be more convincing than a 
recommendation of the normally optimum 
relationships of circuit time constants. The 
charts tell at a glance how critical the con- 
troller adjustments are. 

A word of caution is advisable, however, 
in recommending the use of charts. Only 
when the number of variable parameters 
represented is small can the relationship be- 
tween them be presented adequately on a 
single sheet of paper. Thus, control proc- 
esses that respond to sudden changes of the 
controller in an oscillatory manner are diffi- 
cult to treat in a concise way because they 
can be described only by a statement of 
sensitivity, undamped natural frequency (or 
resonant frequency, if easier), and ratio of 
actual to critical damping (or degree of 
resonance, if easier). For this type of proc- 
ess a simple proportional controller, aided 
perhaps by tachometric feedback or lead 
networks, may not represent the usual 
complexity of the controller. However, the 
problem already has become difficult to 
treat with the aid of charts. 


Determination of Cable 


Temperatures by Means| 
of Reduced-Scale Models 


Discussion and authors’ closure of paper 
46-103 by Andrew Gemant and Joseph 
Sticher, presented at the AIEE summer con- 
vention, Detroit, Mich., June 24-28, 1946, 
and published in AIEE TRANSACTIONS, 
1946, July section pages 475-82. 


R. W. Atkinson (General Cable Corporation, 
Bayonne, N. J.): The reduced-scale-model 
testing for determining temperature by 
Gemant and Sticher is another of the clever 
methods for the cable industry that has 
come from the laboratories of the Detroit 
Edison Company. There is little doubt 


that, like the earlier contributions, this one: 


will be the source of valuable information 
totheindustry. The reduced time constant 
accompanying the reduced dimensions is one 
of the very important advantages that might 
have been overlooked in a casual considera- 
tion. 


Discussions 


I have been glad to learn that we may ex- 
pect to have further data from the setup at 
Detroit. My further remarks will relate to 
suggestions toward such future work. 

The important data that can be learned 
from a system such as these attthors have 
developed are not concerned with what hap- 
pens in the cable itself or in the immediate 
vicinity but rather with what happens in 
the surroundings—the duct structure or the 
earth around a buried cable. The perform- 
ance of the cable and its immediate sur- 
roundings, specifically its performance within 
the duct, readily can be superposed on the 
data showing rise of duct structure. I have 
been urging this since 1913 and thus may be 
prejudiced somewhat, but the plan is so 
logical that it has come to be generally 
followed. 

To study the rise of the underground 
structure as contrasted with that of the 
cable above its immediate surroundings it 
is necessary to provide test conditions where 
a larger part of the total rise is that of the 
structure. In general, this means making 
tests where many loaded cables, instead of 
only one, are placed in a duct bank. It is 
pertinent also that it is usually only in duct 
banks where several cables are installed that 
significant current limitations are imposed 
by the heating of underground cable. 
Where a cable is not heated by adjacent 
cables, the underground portion will oper- 
ate, during most of the year, at a much lower 
temperature than the end portions. 

It also will be very desirable when making 
these determinations on the model setup to 
arrange a comparison with a heavily loaded 
bank of commercial cables. While the theo- 
retical basis for correlation of the model tests 
with commercial sized installations seems 
sound and it is perhaps adequate, the 
authors themselves have recognized the 
desirability of having an experimental veri- 
fication of this correlation. The experi- 
mental comparison shown in the paper does 
not give a basis for indicating that a good 
correlation will exist between model tests 
and the performance of a loaded commercial 
duct bank. 

It has been of interest to note that the 
indicated rise of sheath temperature over 
adjacent duct wall is considerably lower 
than I have indicated or than generally has 
been accepted. This is in large part be- 
cause most of the tests reported cover ducts 
purposely made wet, but data are shown 
that suggest that the accepted constants 
should be subject to review even for dry 
ducts. However, it will be well for the 
authors to consider the desirability of giving 
greater attention to making tests in which 
there is no free water in the ducts. It can 
be argued that many ducts or that most 
ducts are wet. However, in most cities I 
believe that the serious problems of current 
limitation occur in ducts that are fairly dry, 
or in others when they are dry though they 
often may be wet. 

I have gone into detail in these suggestions 
because I believe the proposed method is 
suitable for a practical solution of a wide 
variety of problems relating to the current 
rating of cables. In a way it may be con- 
sidered as a mathematical instrument or an 
integrator set up for solving our special 
cable thermal problems. It serves this pur- 
pose, however, which is not accomplished 
by the purely mathematical calculators. It 
does, by its physical setup, what is required 
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of a mathematical physicist in setting up 
the mathematical equations to be solved by 
the mechanical calculating machines. 


Herman Halperin (Commonwealth Edison 
Company, Chicago, Ill.): Anyone who has 
to do frequent work on current rating of 
cables and is faced with the uncertainties 
of some thermal constants will welcome such 
research as covered in the paper by Gemant 
and Sticher. 

As pointed out by the authors, reduction 
in the dimensions of model installations is 
permissible accurately only where conduc- 
tion alone is involved, while for thermal cir- 
cuits including convection and radiation the 
conditions are more complicated. For ex- 
ample, the International Power Cable 
Engineers Association standard on current 
ratings provides that the thermal surface 
resistivity of lead sheath shall be expressed 
as follows: 


“A straight line from 650 at cable diameter equal 
to zero inch to 1,200 at cable diameter equal to 1.75 
inches. For diameters larger than 1.75 inches, a 
flat value of 1,200 degrees centigrade per watt per 
square centimeter is used.”’ 


It is apparent, therefore, that a reduction in 
size of a model would give erroneous results. 
Similar limitations apply to cables in pipes 
or three cables in a tube, and other prob- 
lems of this nature for which information is 
important. 

The size of the cable is also important in 
electrical problems where proximity and 
skin effects are a factor, for example, for three 
cables installed in an iron pipe. 

The authors have recognized that correc- 
tions need to be made in adapting results of 
tests with models to field conditions, and I 
am mentioning these points just as a matter 
of emphasis. 

With regard to the use of a box 15 feet 
long, five feet wide, and four feet high, filled 
with soil, we wonder whether such a model 
actually represents the current flow under 
field conditions. Especially during the sum- 
mer months, the level of the ground water 
may be an important factor affecting heat 
dissipation. 

It would be of interest if test results with 
these models could be compared with the 
usual formulas used in the industry so that, 
if necessary, corrections could be made in 
the constants used in this formula. 

For a given conduit cross section and oc- 
cupancy by cables, it has been found in 
many field surveys that the heating con- 
stants will vary considerably. This varia- 
tion is a function of the type of soil, the 
percentage of moisture in it and other 
things. In Chicago we have found that the 
variation might be three to one or even more, 
excluding conduits that are submerged. It 
therefore has seemed necessary to make 
field surveys of conduit temperatures, par- 
ticularly during the summer months, in 
order to avoid using excessively high heating 
constants of the conduits in determining load 
ratings. 


C. T. Hatcher (Consolidated Edison Com- 
pany of New York, Inc., New York, N. Y.): 
The determination of cable temperatures in 
duct banks is a problem which all operating 
engineers have to determine. System in- 
vestments are affected materially by proper 
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determination of cable temperatures be- 
cause it is quite important not to install more 
copper than is required and, conversely, it 
is important that sufficient copper is used 
in order that the life of cables is not short- 
ened. Any method which will help in 


‘determining proper temperatures is quite 


desirable. 

The authors have outlined a very interest- 
ing development and it provides a relatively 
quick and inexpensive method of obtaining 
almost exact thermal limits for particular 
cables in specified buried duct structures 
under various load cycles. The data may 
be used for transient as well as steady state 
determinations. The method does not ap- 
pear to be flexible enough to permit its use 
economically for determining loading limits 
on wide varieties of duct configurations such 
as are met in station cable designs. 

The proposed method apparently can be 
used for determining short time ratings of 
important feeder installations where the 
limiting structure can be determined by ob- 
servation. It would be quite desirable to 
be able to extend this method to the deter- 
mination of cable ratings in complicated sta- 
tion duct structures where little data are now 
available. The authors have presented con- 
siderable data but the form in which it has 
been assembled requires considerable study 
to obtain logical conclusions. 


L. F. Roehmann (Anaconda Wire and Cable 
Company, Hastings-on-Hudson, N. Y.): 
The aim of the authors’ method of reduced- 
scale-model tests is to determine, versus 
time, the temperature of cables installed in 
a duct bank under transient or steady state 
conditions. According to the authors, a 
reduction of the linear cross-sectional dimen- 
sions by a factor a (@ smaller than unity) 
and a reduction of the load currents by the 
samé factor a produces a time contraction 
by a? but leaves the temperatures un- 
changed. These relations are valid if the 
thermal parameters of the model are the 
same as for the full-size installation. They 
disregard /convection and radiation in the 
duct bank, and magnetic and dielectric 
losses in the cables. 

There are cases in which magnetic and, 
particularly, dielectric losses may not be 
disregarded without introducing serious 
errors. This limitation might be avoided 
by loading the model cables so that their loss 
in watts per foot is equal to the loss of the 
real cables. 

Regarding the amount of experimental 
equipment involved there seems to be little 
saving as compared with tests on life-size 
cables installed in a life-size duct bank. 
Both cases require sources of adjustable cur- 
rent (as many sources as there are cables), 
thermocouples, recorders, and so forth. A 
laboratory duct bank has to be cast in a 
laboratory soil box and _ laboratory-size 
cables linearly reduced to about one-fifth 
natural size have to be manufactured 
specially. 

It would seem to us that either full-scale 
installations should be tested or, if models 
are required because of space and time 
limitations the scale reduction should be 
greater than one-fifth. If there is a real 
interest in sheath temperature-time curves, 
in addition to conductor temperature-time 
curves, the duct bank should be set up with 
the cables in natural size thereby avoiding 
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the errors inheren tin a model reduction. 
However, it may be sufficient to obtain at 
somewhat reduced accuracy conductor tem- 
perature-time curves for transient and 
steady-state conditions. In that case a 
model of much smaller dimensions will be 
adequate. The cables can be represented by 
heater wires, and the loads can be controlled 
with small laboratory-size equipment, for 
example, variable-primary transformers. 


R. J. Wiseman (The Okonite Company, 
Passaic, N. J.): I have had the good for- 
tune to be acquainted with this research 
since its beginning, discussing the theo- 
retical aspects and later analyzing its test 
results. I think Gemant and Sticher have 
introduced a method for studying the heat 
characteristics of cable systems, both buried 
and in ducts, which can go a long way to 
help us solve many of the problems which 
have confronted us for years. 

Discussing first the buried cable case, we 
have the well-known Kennelly log 4 L/D 
formula for the steady state case. Some of 
us think that perhaps a cylindrical log 
formula will apply equally as well. Also the 
formula for the transient temperature of a 
cable before arriving at a steady state as 
given in the authors’ paper is complicated 
and not easily understood except by mathe- 
matical experts. One cannot visualize 
easily that which is taking place. The 
authors have shown that a buried cable will 
follow the exponential integral formula. A 
few years ago I was interested particularly 
in the transient temperatures of a buried 
cable system such as the Bennett oilostatic 
system. I approached the problem from a 
cylindrical field viewpoint and had tests 
conducted by Doctor Paschkis of Columbia 
University on his thermal bridge. I was 
able to set up empirical formulas based on 
the cylindrical log formula which reproduced 
the actual curves. Later I took the ex- 
ponential integral formula and also repro- 
duced the curves obtained by Doctor 
Paschkis. Now I feel that I safely can use 
either method for determining transient 
temperatures of a buried cable, but my 
empirical method is easier to calculate and 
also gives a better picture of that which takes 
place. Jam hoping, as soon as I have time, 
to prepare a paper on our investigation. 

As the authors point out, it is impossible 
to express by means of a formula the case 
for cables installed in ducts. However, the 
error from the assumption that a cable 
model will give the desired information 
empirically is not great as shown by the 
results if one is willing to accept a difference 
of three to four degrees centigrade between 
actual field results and laboratory tests. 
This error is partially caused by some errors 
in assumption, for example, the radiation 
from the surface of a cable and a cable 
model are not exactly comparable because 
the emissivity of the surface is a function of 
the diameter. 

The study of the influence of blowing air 
through a duct or allowing water to flow 
through is very helpful in proving their 
desirability where conditions sometimes 
warrant heavily overloading cables, or where 
hot spots develop and a quick method must 
be found to prevent excessive cable tempera- 
tures. 

The authors are interested primarily in 
what cables will do under overload condi- 
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tions, that is, how long a cable will operate at 
a given load before reaching a limiting tem- 
perature or what load is permissible for 
various times before reaching a limiting 
temperature. I believe the authors have 
given us a means in a laboratory for checking 
the duct heating constants which now are 
used. At the present time we use values 
which are not related to the kind of soil or 
its moisture content; yet for a direct buried 
cable we want to take into consideration all 
the variables. This is logical for buried 
cable systems; why isn’t it equally logical 
for duct systems? By setting up model duct 
systems with varying numbers of ductways 
we can make load-temperature tests and 
then estimate the heating constants. By 
varying the kind of soil and moisture con- 
tent we can determine the influence of both. 

I wish to congratulate the authors on 
their unique method for determining the 
transient temperature of cables without 
resorting to complicated calculations and a 
means for investigation of other temperature 
problems pertaining to power cable systems. 


Andrew Gemant and Joseph Sticher: We 
appreciate Atkinson’s constructive com- 
ments. At present, additional tests on our 
model setup are under way that meet some 
of the requirements which he stresses in his 
comments. In particular, various tests are 
being carried out on a heavily loaded duct 
bank which contains eight 3-conductor 
cables. Part of these tests also involve com- 
parison of model and field data, insofar as 
these latter are available. Other tests are 
carried out with one of the ducts dry and the 
other ducts wet in order to reveal loading 
limitations in dry ducts as compared with 
wet ones. 

Halperin correctly points out that certain 
factors, such as skin effect and radiation, 
require the use of correction factors when 
determining field temperatures from model 
data. We recently developed the correc- 
tion term to be used in reference to radia- 
tion, and this term is being used, for in- 
stance, in our present tests involving dry 
ducts. We further believe that our test box 
is sufficiently large to represent field con- 
ditions, since the temperatures in the field 
are not affected beyond a 12-foot distance 
from the cable (2.5 feet in the model). 
However, a larger box could be used easily, 
if wanted, and water simulating ground 
water conditions also could be introduced 
in the model. Halperin’s suggestion con- 
cerning the use of the model for a redeter- 
mination of present-day duct constants will 
be commented upon in our answer to Doctor 
Wiseman. 

Hatcher emphasizes that our method is 
not flexible enough to take care of compli- 
cated station duct structures. If he has in 
mind open troughs in which the majority 
of the heat is lost through radiation, then his 
statement is correct. For all cases in which 
radiation inside a duct does not carry more 
than, say, 40 per cent of the total heat, the 
model in combination with a correction term 
can be used. 

Roehmann finds only little saving in a 
model equipment as compared with a field 
test. It is difficult to agree with this 
opinion, considering the amount of infor- 
mation now being assembled from model 
tests which needed about two weeks to carry 
out, tests which would require a whole 
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year’s work in the field. Roehmann further 
states that conductor temperature data 
could be obtained from a model much 
smaller than ours, utilizing heating wires 
for cables. This statement probably is 
based on a misunderstanding since theory 
clearly shows that conductor temperatures 
can be obtained only if the cable itself is 
reproduced accurately on a scale reduction 
basis. 

Doctor Wiseman in his comments men- 
tions an investigation of his own which is 
concerned with establishing an empirical 
formula for evaluating transient tempera- 
tures. We are looking forward to the op- 
portunity of discussing Doctor Wiseman’s 
method more in detail, when his paper will 
be published. He also emphasizes the possi- 
bility of using the model method for check- 
ing existing duct heating constants, a sug- 
gestion made also by Halperin. We wel- 
come this suggestion as the model method 
is certainly well-suited for such type of 
work. We think that it would need care- 
ful planning and also a general agreement 
among various interested companies as to 
the advisability of such research before steps 
to carry it out are undertaken. 


Dynamic Braking Control of 


D-C Series Motors— 
Calculation of Stability 
Limit 


Discussion and authors’ closure of paper 
46-130 by G. W. Heumann and W. P. Smith, 
presented at the AIEE summer convention, 
Detroit, Mich., June 24-28, 1946, and pub- 


lished in A!IEE TRANSACTIONS, 1946, 
July section, pages 454-7. 


J. D. Leitch (Electric Controller and Manu- 
facturing Company, Cleveland, Ohio): The 
authors are to be complimented on a very 


‘fine paper containing data of great impor- 


tance to the designer of d-c crane hoist con- 
They have chosen to express their 
results in the per unit system which makes 
their curves useful over a wide range of 
motor frame sizes. By an interesting choice 
of units they have been able to express the 
torque per ampere of armature current, and 
the counter electromotive force per rpm 
for various values of field current in a single 
motor saturation curve. This should re- 
duce greatly the time required in calculating 
the speed—torque characteristics of any hoist 
circuit using a d-c series motor. 

The authors point out that they have 
chosen the one-half hour rating of the 
motors in defining their base units. This 
is in accordance with the practice on general 
purpose cranes and it is important that the 
motor rating be defined carefully in deter- 
mining the stability limits of a hoist con- 
troller when lowering a heavy overhauling 
load. In the case of more severely worked 
cranes, such as bucket cranes, it is custom- 
ary to choose the motor sizes on the basis of 
their one-hour ratings while on standby 
cranes, such as are used in a power station, 
the one-quarter-hour ratings sometimes are 
employed. Obviously, in designing con- 
trollers for those cranes on which the motors 
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have been chosen on the basis of the one- 
quarter-hour ratings, greater care must be 
exercised in assuring that the stability limits 
are not exceeded. 

Using the published characteristic curves 
for a wide range in sizes of mill type motors 
we have endeavored to plot the Ks and Ky 
curves on a per unit basis and found con- 
siderable variation between motors of dif- 
ferent frame sizes. Though there appeared 
to be a definite trend as we considered 
motors of larger sizes, this trend was con- 
tradicted in a number of cases. We ac- 
knowledge however that we were compelled 
to perform a certain amount of extrapola- 
tion of the characteristic curves and that 
the accuracy of the method could at best be 
approximate only. In the light of the 
authors’ work with a wide range in motor 
sizes and with actual test data at their dis- 
posal, would they care to give us some in- 
formation regarding the variation in the K 
curves (Figures 2 and 4 of the paper) for the 
range of motors investigated? 

The authors show very clearly the impor- 
tance of a series resistor Rs (Figure 7) as a 
means of increasing the stability limit. 
Would they care to discuss the value, if any, 
from a stability point of view, to retaining a 
small amount of resistance in the armature 
circuit? 


G. W. Heumann and W. P. Smith: D-c 
series motors as used on cranes are gener- 
ally mill or crane type motors for which 
manufacturers’ handbooks publish the rat- 
ings not only on a one-half-hour basis, but 
also on a one-hour and one-quarter-hour 
basis. It should be noted that although dif- 
ferent time ratings may be assigned to a 
motor, its speed—torque curves and stability 
limit in terms of rpm and pound-feet are not 
altered thereby. A given set of motor test 
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For Curve Shown in Figure 2 of the Paper 


Maximum K 
Per Unit oe 
Field Amperes Minimum K 


0°30. dega i eoctoe Cte ee ee 1.24 

0.50 een chur in cates eee rier 

0.80.0 Bo ee 1.03 

P00 sit ktes ee Oe nae ere 1.00 

L220:.9. vc mamphrch ie Pace Ree 1.03 
Table Il 
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data which are carried out far enough to per- 


mit calculation of the limit of stability may 
be expressed in per unit to any base. The 
per unit values of either test data or subse- 
quently calculated data may be changed to 
any other base by the relation: 


PU2=per unit value of given quantity on 
base quantity, By 

PU,=per unit value of given quantity on 
base quantity, B, 


It was hoped, when work was first started 
on this paper, that it would be possible 
to. arrive at average per unit curves 
which would be sufficiently accurate to 
apply to a large range of motor sizes. It 
was found, however, that the curves of indi- 
vidual motors are so different as to pre- 
clude this possibility. It also was found 
that, while there were some definite trends 
as larger motor sizes were considered, the 
curves, especially the K curves of the type 
shown in Figure 4, were of many different 
shapes. The resulting variations in K value 
were often so large as to be totally mis- 
leading. To illustrate the magnitude of 
these variations the data shown in Table I 
and Table II of this closure are presented. 

As might be expected, variations are 
greater for weak field strengths than for 
heavy field strengths. The general trend 
with motor size of saturation curves, such as 
Figure 2, is for larger motors to have lower 
than average K at field strengths less than 
1.0 PU, and higher than average K at field 
*maller motors 
exhibit the opposite tendency Exceptions, 
however, are notable and frequent. No 
definite trend with motor size is noted with 
curves of the type shown in Figure 4. 

Resistance in series with the armature 
only has no effect on the steady-state sta- 
bility limit. According to equation 11 of 
the paper, torque is solely a function of 
armature current. Resistance in series with 
the armature determines the electromotive 
force according to equations 12 and 13, and 
consequently the speed according to equa- 
tion 10. Therefore, if a circuit were used 
similar to Figure 6, except with resistance 
in series with the armature, the maximum 
torque would not change, but it would occur 
at a higher speed. 

Adding resistance in series with the 
armature increases the slope of the speed— 
torque curve so that, with a given no-load 
speed and a given stability limit, a higher 
full-load speed is obtained. When switching 
from the last point to preceding points dur- 
ing deceleration, the presence of resistance 
in series with the armature has a beneficial 
effect in that transient current peaks are re- 
duced; therefore it can be said that arma- 
ture resistance increases the transient sta- 
bility of the motor during deceleration. 

Another advantage is gained by the use 
of resistance in series with the armature 
when two motors are connected to a large 
hoist, forming a duplex drive. Armature re- 
sistance will cause the two motors to share 
their load more evenly than without arma- 
ture resistance. On a duplex drive the com- 
bined stability limit is given by the motor 
carrying the higher load, and for this rea- 
son it may be stated that resistance in series 


1946, VOLUME 65 


/ 


with the armature has the tendency of in- 
creasing the stability limit of a duplex con- 
troller. 


Circuit Cushioning of Gas- 
Filled Grid-Controlled 


Rectifiers 


- Discussion of paper 46-146 by D. V. Edwards 


and E. K. Smith, presented at the AIEE summer 
convention, Detroit, Mich., June 24-28, 
1946, and published in AIEE TRANSAC- 
TIONS, 1946, October section, pages 640-3. 


Roman Pogorzelski (Power Equipment 
Company, Detroit, Mich.): An experience 
with one of our rectifiers in the field demon- 
strates very significantly the effectiveness 
of circuit cushioning as presented in this 
paper. 

The rectifier under discussion uses xenon- 
gas-filled grid-controlled tubes operated 
much of the time at approximately 30 per 
cent of their rating and approaching the 
initial inverse voltage conditions given in 
test 6 of Table II of the paper. Without a 
cushion circuit the tube life did not exceed 
500 hours in any case. After the cushion 
circuit, suggested by D. V. Edwards, was 
added, the rectifier has operated well over 
11,000 hours to the present date with no 
tube failures. The cushion circuit con- 
sisted of an 0.6-microfarad capacitor in 
series with a 300-ohm resistor across each 
tube. 

With regard to measurements to deter- 
mine the values of constants in the cushion 
circuit, it was found expedient to use a 
method that permits the calculation of these 
values. Outlined briefly, the method is as 
follows. The maximum current commuta- 
tion rate is calculated from the maximum 
commutating voltage obtainable in the 
plate transformer and the leakage induct- 
ance as measured by a short-circuit test. 
The value of Ai is then computed, and the 
maximum safe rate of rise of initial inverse 
voltage is determined for the given tube 
type. The values of resistance and capaci- 
tance are derived from consideration of the 
transient response of the series R, L, C 
circuit formed by the cushion circuit and 
leakage inductance to the suddenly applied 
electromotive force at the end of the com- 
mutation. 


J. W. Picking (Reliance Electric and En- 
gineering Company, Cleveland, Ohio): We 
have designed our standard electronic varia- 
ble voltage d-c motor drive controller 
to incorporate-xenon-filled grid-controlled 
rectifiers as manufactured by the authors’ 
company. 

Our original life tests and actual sample 
installations indicated we could expect an 
average normal life in excess of 5,000 hours 
on 6.4-ampere C6J grid-controlled rectifiers. 
These tests were based on single-phase full- 
wave rectifiers supplying power to a d-c 
motor armature. In all cases the load was 
such as not to require continuous current 
conduction throughout the normal operating 
range. 

One of the sample installations was used 
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to drive the work spindle of a precision 
universal grinder. After operating for 
several months it was noticed that chatter 
marks were set up on the ground surface 
especially on large diameter work. The 
cause of these marks was traced to angular 
vibration set up in the driving motor by 
the discontinuous pulses of rectified current. 

To eliminate this trouble sufficient in- 
ductance was added in the form of a reactor 
in series with the motor armature so that 
current in the circuit was continuous for all 
values of load and speed. Within one 
month, approximately 450 hours of opera- 
tion, both tubes had failed. Tube tests 
indicated high arc drop. Results were 
similar on a second and third set of replace- 
ment tubes. 

D. V. Edwards was contacted and cush- 
ioning as covered in this paper was sug- 
gested. This was tried and this original 
set of tubes still are operating, having 
passed the 8,000-hour point recently. 

On the basis of this and similar results on 
other installations it has become ‘the 
standard practice of our company to apply 
cushioning circuits to all grid-controlled 
rectifiers, either gas- or mercury-filled where 
continuous conduction is expected at any 
point in the operating range. 

This practice has caused us to redesign all 
of our anode transformers, adjusting the 
leakage reactance. Because the amount of 
cushioning required is a function of trans- 
former leakage reactance we have found 
that a satisfactory compromise between 
voltage regulation and required cushioning 
can be obtained so that the maximum 
cushioning per tube will be less than 1.0 
microfarad in series with less than 150 
ohms for all sizes of rectifiers up to: 25 
amperes at 230-volts output. 

Considerable difficulty was experienced 
in obtaining oscillographic readings for 
determining the current ten microseconds 
before cessation of current and the rate of 
rise of initial inverse voltage. Using a pulse 
driven sweep oscilloscope of the Dumont 248 
type has reduced the taking of these read- 
ings to a matter of minutes and is recom- 
mended to those interested in studying 
these circuits in detail. As a warning, dis- 
tributed capacity of the leads and instru- 
ment must be neutralized carefully as the 
wave fronts are very steep. 

D. V. Edwards and E. K. Smith are to be 
complimented on developing a practical 
solution to a very difficult problem. 


The Frequency Response 
of Automatic Control 


Systems 


Discussion and author's closure of paper 
46-114 by Herbert Harris, Jr., presented at 
the - AIEE summer convention, Detroit, 
Mich., June 24-28, 1946, and published 


in AIEE TRANSACTIONS, 1946, August- 
September section, pages 539-46. 


D. G. Soergel (nonmember; Washington 
University, St. Louis, Mo.): Harris has pre- 
sented a very clear description of a servo- 
mechanism analysis technique which very 
easily can be applied to engineering practice. 

It would be an agreeable situation if all 
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information needed to evaluate transient 
responses could be obtained from steady 
state frequency response data. Harris’ 
statement that the resonant frequency per- 
sisting after a transient condition could be 
determined from a transfer loci plot and that 
an increase of frequency response would re- 
sult in a more rapidly damped system seems 
very reasonable. However, specific informa- 
tion necessary for the synthesis of a con- 
troller such as the system attenuation con- 
stant a, the actual time necessary to reach a 
steady state condition, and the magnitude of 
initial overshoot would require a transient 
analysis of the system. Unfortunately, as 
was stated in the paper, the analytical de- 
termination of transient data often involves 
more work than is practical. The usual 
procedure then is to design the system from 
a stability approach and make laboratory 
corrections for faulty transient operation. 
If laboratory setups are physically impos- 
‘sible, the only recourse is a mathematical 
analysis. 

A design criterion of 1.5 for the value of 
M is a good choice and can be determined 
most easily from a comparison of constant 
M and inverse loop transfer plots. Harris 
discussed and illustrated inverse loop trans- 
fer functions to some extent but his paper 
largely was concerned with the determina- 
and calculation of direct loop transfer func- 
tions and the determination of system re- 
sponses from them. We believe that ad- 
vantages realized from the use of inverse 
functions justify their use over direct func- 
tions for the reasons given by the author and 
also for the simple fact that concentric 
circles and straight-line constant phase 
angles are plotted more easily. 

A standard procedure to follow is to 
derive the inverse system transfer func- 
tion and then separate the constant gain 
factor from the frequency variant portion. 
The product then is plotted and the ap- 
proach of the locus to the M equals 1.5 con- 
stant M circle is noticed. If the locus is 
not tangent, the gain factor may be in- 
creased accordingly until tangency is 
reached, and the intersection of the system 
locus and constant MV circles and constant 
phase angle lines will determine the system 
characteristics. 

The treatment of inherent controller 
delays and compensating or antihunt net- 
works is also of interest since it indicates 
to the designer an approximate order of 
antihunt values, and also the correct direc- 
tion for a contemplated circuit change. 

In conclusion, the paper does not present 
anything noticeably different in the treat- 
ment of servo design and seems to treat the 
most convenient approach to the problem, 
inverse system functions, merely as another 
way to solve the problem. Actually in- 
verse functions should rate first attention. 
The -paper, is written however, in clear en- 
gineering language and discusses quite ably 
the physical significance of the mathematics 
needed to calculate loop transfer functions. 
This is a very welcome bridge in the gap 
between the high mathematics needed to 
solve servo problems and the actual values 
and parameters used to approach physically 
the ideal expressed by mathematical quanti- 
ties. 


Herbert Harris, Jr.: Soergel points out 
the difficulties involved in trying to cor- 
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relate the frequency response parameters 
such as resonant peak amplitude and fre- 
quency with transient response parameters 
such as attenuation constant and response 
time. This is a recognized difficulty but 
it loses much of its importance as the servo- 
mechanism designer becomes experienced 
in comparing the two solutions. With this 
experience, it is just as easy to think in 
terms of the frequency response as it is in 
terms of the transient response. The sav- 
ing in calculation time is certainly worth 
considerable effort in achieving a new point 
of view. 

It is true, with some exceptions, that the 
inverse transfer functions are easier to use 
than the direct transfer functions presented 
in the paper. Historically, however, they 
came into general use several years after 
my original presentation of this method in a 
National Defense Research Council report 
dated December 1941, and consequently 
there exists much experimental and design 
data in the form of direct transfer functions. 
H. T. Marcy has described the use of in- 
verse transfer functions in more detail.} 
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The Influence of the Concen- 
tration and Mobility of 
lons on Dielectric Loss of 
Insulating Oils 


Discussion of paper 46-110 by Bun Po Kang 
presented at the AIEE summer convention, 
Detroit, Mich., June 24-28, 1946, and pub- 


lished in AIEE TRANSACTIONS, 1946, 
July section, pages 403-07. 


Andrew Gemant (The Detroit Edison Com- 
pany, Detroit, Mich.): Bun Po Kang is to 
be commended for having obtained a rea- 
sonable amount of information on the ionic 
conductivity of oils, notwithstanding the 
fact that he had only a 60-cycle power fac- 
tor bridge and a viscometer at his disposal. 
His unit of poise-watts which is used as a 
measure of the ion content of an oil clearly 
indicates the inherent limitation of power 
factor measurements. By this means one 
obtains only the product of ion content 
times mobility, and a separation of the two 
in order 1o obtain absolute values for both 
is not possible without additional informa- 
tion. This is the reason why the discusser 
has been for the past few years engaged in a 
research of introducing electrochemical 
electromotive-force measurements into the 
study of insulating oils. It is to be hoped 
that by this means, just as in aqueous solu- 
tions, more complete information on the 
concentration and mobility of ions may be 
obtained. 

Attention also should be called to the fact 
that the phenomenon discussed in connec- 
tion with Figure 6 has been familiar to those 
who have investigated mixtures of insulating 
liquids (see Association of Edison Illumi- 
nating Companies minutes for 1934, pages 
475-8). 
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Dimensionless Analysis 
of Servomechanisms 
by Electrical Analogy 


Discussion and author's closure of paper 46- 
150 by S. W. Herwald and G. D. McCann, 
presented at the AIEE summer convention, 
Detroit, Mich., June 24-28, 1946, and 
published in AIEE TRANSACTIONS, 1946, 


October section, pages 636-9. 


W. M. Pickslay (Allis-Chalmers Manufac- 
turing Company, Milwaukee, Wis.): This 
paper presents an interesting new tool for 
the analysis of regulating or closed cycle 
systems. Most of the work in this new type 
of analysis has occurred with angular posi- 
tion servomechanisms of comparatively 
small powers. This is natural because the 
development of the analysis coincided with 
the war demand for such particular servo- 
mechanisms. 

Previous papers of the AIEE including 
one by men from the same manufacturer 
have shown that the performance of larger 
generators subjected to sudden load changes 
is substantially independent of the voltage 
The main factors affecting regu- 
lation are the design characteristics of the 
generator and up to a certain speed, the 
exciter speed of response. This being the 
case, I would like to ask if the use of this new 
tool has resulted in any significant improve- 
ment of performance of voltage regulating 
systems through alteration of the regulator 
or servomechanism parts or circuits. 


t 
G. D. McCann: W. M. Pickslay’s question 
can be answered best by stating that a very 
comprehensive study of voltage regulating 
systems has been made recently with the 
transients analyzer. These data are being 
presented in a future paper. 


Tennessee Valley Authority 
Hydroelectric Stations— 
Electrical and 
Mechanical Design 


Discussion and author’s closure of paper 
46-108 by R. A. Hopkins and H. J. Petersen, 
presented at the AIEE summer convention, 
Detroit, Mich., June 24-28, 1946, and 
published in AIEE TRANSACTIONS, 1946, 
pages 920-31. 


S. H. Mortensen (Allis-Chalmers Manu- 
facturing Company, Milwaukee, Wis.): A 
brief discussion of the design of the Chick- 
amauga generators shown in Figure 3 of 
Hopkins’ and’ Petersen’s paper may be of 
interest to AIEE membership. The gen- 
erators shown in cross section in Figure 1 of 
this discussion are duplicates rated 30,000 
kva, 90 per cent power factor, three phase, 
60 cycles, 18,800 volts, 75 rpm, class B insu- 
lated and guaranteed to carry rated load with 
temperature rise not exceeding 60 degrees 
centigrade over 40 degrees centigrade air. 
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Their design is of the overhung or umbrella 
type with the thrust and single guide bear- 
ings supported on a bracket below the gen- 
erator rotor. This construction, suitable 
for large diameter slow speed machines with 
narrow cores, facilitates inspections and re- 
pairs as it permits generator rotor removal 
without disturbing shaft and bearing align- 
ment, as well as dismantling of the bearing 
housing shafts and bearings in one piece 
without changing the unit alignment. It 
also reduces generator head room require- 
ments toa minimum. With the thrust and 
guide bearings both mounted in a single 
water cooled oil bath, no provisions for oil 
circulation are required. The flat adjust- 
able 8-segment Kingsbury thrust bearing 
93 inches in diameter supports the combined 
weight of the unit’s rotating parts as well as 
its hydraulic thrust, which combined 
amounts to 2,050,000 pounds. The 85-inch 
diameter by 14-inch long single guide bearing 
is made in sections free to pivot and bearing 
upon a smooth finished surface of the thrust 
block. The lower portion of the bearing is 
submerged in the oil bath, and the rotation 
of the shaft establishes an oil flow through 
longitudinally spiraled bearing oil grooves 
adequate for bearing lubrication. The 
construction of the oil container in conjunc- 
tion with that of the sectionalized cooling 
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coils and guide and thrust bearings permits 
removal of the latter through normally 
covered openings in the container sides. 

For shipping reasons the rotors were built 
with fabricated arms bolted to a shaft- 
mounted hub. Flanges on the arms support 
the punched floating type rotor rim that 
carries the field poles and coils. 

The dovetailed field poles have copper 
damper bars silver-soldered into the pole 
end plates. The latter are fitted tightly 
into the spider rim and the two combined 
completes the winding circuit. 

A break rim with replaceable segments is 
supported on the spider arms. 

For shipping reasons the generator stator 
was made in four sections which were stacked 
at the factory and wound at the destination. 
Shims provided between yoke joints provide 
means for adjustment of core pressure at 
splits. 

The generator ventilating system is of the 
enclosed circulating type and designed for 
CO, fire protection. Two rotor mounted 
fans circulate 75,000 cubic feet of ventilating 
air per minute over the coil and core surfaces 
through the yoke and eight fin-type water- 
cooled heat exchangers which absorb the 
heat losses. From the coolers the air is dis- 
charged into an air housing which surrounds 
the stator and from there it returns to the 
rotor fans. The air housing which also en- 
closes generator leads and piping allows 
space for inspections. Access is gained by 
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means of a number of doors sufficiently 
tight to hold CO2 when admitted to the ven- 
tilating system for fire protection. 

The direct driven 300-kw main and 28-kw 
pilot exciters mounted on a separate bridge 
are ventilated independently of the main 
generator by means of separate fans as 
shown in Figure 1 of this discussion. 

A few dimensions and weights of the 
Chickamauga generators may be of interest. 
The stator bore is 380 inches; the outside 
diameter of the air housing is 557 inches; 
the net stator weight is 194,000 pounds; 
the net rotor weight with alternator shaft is 
579,500 pounds; the air housing weighs 
82,000 pounds. These weights combined 
with those of bearings, brackets, exciters 
and sole plates bring the total machine 
weight up to 1,200,000 pounds. The rotor 
WR? =75,000,000 pound-feet-squared, and 
it is designed for a runaway speed of 207 
rpm. 

The characteristics of the Chickamauga 
generators and exciters which were built 
some years ago conform to the recent Ten- 
nessee Valley Authority specifications given 
in Hopkins’ and Petersen’s paper except for 
the construction of the thrust block, which 
is a separate casting, and the mounting of 
the rotor on the generator shaft. The dif- 
ference between this design and that cor- 
responding to the recent Tennessee Valley 
Authority specifications becomes apparent 
by comparing Figures 1 and 2 of this dis- 
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cussion. The latter is a cross section of 
the 35,500-kva 90-per-cent-power-factor 3- 
phase 60-cycle 105.8-rpm 138,800-volt um- 
brella-type generators built by Allis-Chal- 
mers Company for Tennessee Valley Au- 
thority’s Fort Loudon Station. The Fort 
Loudon design follows that of the Chicka- 
mauga generators except for the thrust block 
being integral with the rotor shaft and the 
generator rotor being mounted on and keyed 
to the top surface of the thrust block. This 
construction reduces the generator shaft 
length and simplifies rotor erection and dis- 
mantling. 

On the other hand the large diameter 
shaft flanges may introduce difficulties in 
obtaining acceptable shaft forgings. 

In conclusion I want to compliment the 
authors on their very able paper. 


S. B. Griscom (Westinghouse Electric Cor- 
poration, East Pittsburgh, Pa.): This paper 
and its predecessor of the same subject! 
are of great value to the industry. In de- 
signing a power station, many decisions 
must be made between alternate plans which 
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individually will satisfy the basic require- 
ments, yet which differ in intangible re- 
spects such as reliability and flexibility. In 
such instances, the engineers’ old stand-by— 
the economic comparison—is unavailing, 
and the answer must be obtained by judg- 
ment based on experience. 

The authors have studied over a period of 
years many individual problems, resolved 
them to their fundamentals, and formulated 
standard practices applying specifically to 
the Tennessee Valley Authority conditions, 
but of general value on similar projects. The 
compilation of these practices will be of 
great assistance to design engineers for a 
long while to come by affording comparison 
of conclusions. Particularly noteworthy is 
the general use of normal manufacturers 
standards. 

The omission of spare transformers for 
generating stations and operating more than 
one generator per high voltage circuit 
breaker are of particular interest. This 
reflects two important changes from past 
practice. First, that transformer and cir- 
cuit breaker reliability have been improved 
greatly, and secondly, that systems (in- 
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cluding interconnections) have become so 
large that if a unit is dropped occasionally 
as a result of apparatus failure, it will not 
affect service. The unit system as applied 
to generators is quite a departure from the 
double-bus double-circuit-breaker generator 
and high voltage busses with spare trans- 
formers which were in vogue some time ago. 
The use of automatic reclosing on some 
of the 154-kv lines is of interest. I would 
like to know if this has made it possible to 
defer construction of new 154-kv circuits, 
or whether its principal use has been to im- 
prove reliability of the high voltage network. 
The adoption of an isolating 13.8/12.5-kv 
transformer bank for supply of 3,000 kw of 
village load is an unusual application, where- 
in the maximum possible protection is of- 
fered to the 67,500-kva generators. While 
increasing the cost somewhat, this procedure 
no doubt will turn out to have been a good 
investment during the life of the station. 
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R. A. Hopkins: S. B. Griscom questioned 
the purpose of automatic reclosing on 
some of the 154-kv lines. Automatic 
reclosing with synchronism check has been 
in use for several years and recently re- 
closing without synchronism check has 
been used on certain parallel tie lines. Ina 
number of cases load has grown more rapidly 
than lines could be built, particularly with 
wartime material shortages; and asa result 
certain parallel lines have had to be operated 
close to their load limits. Automatic re- 
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closing under these conditions often results 
in immediately re-establishing parallel op- 
eration after a trip-out of one of the lines. 


Philosophy of Relaying 


Discussion and authors' closure of paper 
46-172 by E. W. Knapp and Ben C. Hicks, 
presented at the AIEE summer convention, 
Detroit, Mich., June 24-28, 1946, and pub- 
lished in AIEE TRANSACTIONS, 1946, 
November section, pages 735-40. 


Eric T. B. Gross (Illinois Institute of Tech 
nology, Chicago, Ill.): I think that all re- 
lay engineers should read this paper very 
carefully and give its contents plenty of 
thought. The authors have presented the 
real basis of simplicity in modern relaying, 
and their conclusions are not restricted in 
their general application. 

It is noticeable that ground fault protec- 
tion of generators through high impedance 
grounding and residual voltage relays is 
recommended, and that the practical ex- 
periences have been very satisfactory. There 
is much reason to give this kind, or some 
other sort of high resistance grounding, pref- 
erence in comparison with low reactance 
grounding of generators. If we would ask 
ourselves more often, ‘‘Why do we ground 
the neutral of systems and which of the pos- 
sible answers is to be given preference in 
each particular case?’’? many a mistake could 
be avoided. 

It is very interesting indeed, that gas de- 
tector relays (indicating the accumulation 
of gas resulting from incipient faults, and 
tripping resulting from pressure when more 
severe internal faults occur) have been used 
and found very satisfactory. The applica- 
tion of this kind of transformer protection 
has been wide and successful abroad, but 
the number of installations in the United 
States seems to be limited. It should be 
helpful if the authors would comment more 
in detail on their experiences with this type 
of protection, and would include the means 
which eliminated some of the earlier diffi- 
culties mentioned in the paper. It would 
be of interest to know how many such gas 
detector relays are in the use in the system 
of the Shawinigan Water and Power Com- 
pany, and if other utilities and companies 
in Canada also use this kind of transformer 
protection. 


E. W. Knapp and Ben C. Hicks: Inreply to 
Eric T. B. Gross, the Shawinigan Water 
and Power Company has in use 40 gas de- 
tector relays on transformers and regulators 
aggregating 600,000-kva capacity, and we 
understand that other large utilities in Can- 
ada use these relays, some more and some 
less extensively. The chief difficulties that 
we have encountered in the use of these re- 
ays are the following: 


1. When an accumulation of gas is released, oil 
hammer will occasionally cause the pressure ele- 
ment to operate. It has, therefore, been made a 
rule to block the pressure element whenever releas- 
ing gas from the gas accumulation element. 


2. Two instances of ruptured diaphragms have 
been encountered, one in service and one after a 
shop test. This suggests the advisability of in- 
specting the diaphragm whenever there is reason to 
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suspect that the relay may have been subjected to 
excessive pressure, 


3. In a few instances, grounds or short circuits 
have occurred on the relay terminals as a result of 
moisture accumulating in the terminal chamber. 
On existing relays this hazard has been overcome by 
providing a small drain hole in the bottom of the 
chamber. On new relays the drain hole is provided 
by the manufacturer and, in addition, the design of 
the terminal chamber has been improved. 


4. Newly filtered oil in a transformer will release 
trapped air for a period of a few weeks. During 
this period the relay is used for alarm purposes only. 


Our operating experience with gas de- 
tector relays extends over the past nine 
years. Actual operations of the relays dur- 
ing this period have been relatively few. 
Internal faults on two transformers and 
one regulator have been detected correctly. 
In addition to these, a number of miscellane- 
ous conditions, such as low oil, freezing of 
breathers, and defects in the cooling system 
have been indicated. There has been no in- 
stance of a failure to detect a fault. 

Regarding the question of protection in 
general, our attention has been drawn to the 
fact that the paper contains no reference to 
single-phase-switching or Petersen coils. 
We have had no operating experience with 
either, but both, when properly applied, 
undoubtedly have a definite field of useful- 
ness, in clearing ground faults resulting from 
flashovers on transmission lines without 
loss of load or loss of synchronism. For 
this purpose the former is used in conjunc- 
tion with instantaneous automatic reclos- 
ing. 


Short-Time Current Ratings 
for Aircraft Wire 
and Cable 


Discussion and authors’ closure of paper 
46-145 by B. W. Jones and J. A. Scott, pre- 
sented at the AIEE summer convention, De- 
troit, Mich., June 24-28, 1946, and pub- 
lished in AIEE TRANSACTIONS, 1946, 
October section, pages 644-8. 


R. H. Kaufmann (General Electric Com- 
pany, Schenectady, N. Y.): The results of 
investigations presented in this paper fill a 
long felt want in aircraft application tech- 
nique. The entire practical application sig- 
nificance has been condensed into one 
simple graph which defines the permissible 
current-time boundary for the normally en- 
countered variety of conductor sizes over 
the entire range of current and time. Ap- 
propriate test procedures also have been 
outlined by which other investigators may 
extend the scope of knowledge. The 
authors are to be credited with a valuable 
contribution to the aircraft electrical art. 
The results of this work clearly emphasize 
the need of automatic fault protectors in 
aircraft electric circuits and make evident 
the hazards of non-trip-free circuit breakers 
and manual over-ride features. It can be 
noted that the flow of a 3,000-ampere fault 
current will elevate in 0.2 second the tem- 
perature of a number 8 copper conductor 
to the maximum safe value. If current flow 
be continued for another 0.2 second, violent 
evolution of smoke will occur, and in less 
than one second total elapsed time, the con- 
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ductor will be elevated to the ignition tem - 
perature of volatile materials in its insula- 
tion. The extremely short time which is 
available in which corrective action is to 
taken is entirely beyond the ability of a 
human being to respond. 

A vivid demonstration of the evolution of 
large quantities of smoke from aircraft cable 
was performed inadvertently during labora- 
tory tests in which a length of number 4 cable 
was used to simulate a resistance fault. 
After several successive intervals of ap- 
proximately 5,000-ampere fault current 
flow, each of about one-half second dura- 
tion, there suddenly occurred a tremendous 
evolution of smoke throughout the entire 
length of the conductor which filled the 
laboratory room and caused several other 
laboratory attendants promptly to vacate 
the premises. Once this effect is witnessed, 
there no longer will be any doubt that such 
an occurrence positively must be prohibited 
on aircraft electrical systems in flight. 


L. G. Levoy (General Electric Company, 
Schenectady, N. Y.): This paper should 
prove to be of substantial value and interest 
to designers of aircraft electrical systems, 
and fills a long felt need in the industry. 
The authors are to be congratulated on pro- 
viding useful basic data, and pointing the 
way for obtaining a more rational basis for 
short-time current ratings of wires than 
heretofore has been available. 

On some aircraft installations, after 
periods of use, it was observed that the con- 
ductor insulation on certain wires appeared 
to have slipped back, exposing the bare 
conductor for one-half inch or more near 
the end, and it seemed unlikely that the 
insulation was cut back that far at the time 
of installation. This phenomena may be 
a result of the longitudinal thermal expan- 
sion and contraction of the conductor, and 
the lack of bond between the conductor and 
insulation. I would be interested in know- 
ing whether or not the authors observed this 
effect, and under what conditions it can 
be expected to appear. 

In the zone labeled “‘smoke starts,’’ the 
lower boundary apparently represents the 
lower limit at which smoke was observed 
on any sample, and the upper boundary of 
this zone represents the upper limit above 
which all sample conductors smoked. Is 
this difference a result of the different types 
of insulation tested, or of the difficulty of 
detecting accurately the beginning of visible 
smoke? 


B. W. Jones and J. A. Scott: L. G. Levoy 
mentions the apparent shrinkage of the wire 
insulation, which takes place most notice- 
ably with heavy current surges and con- 
sequent rapid conductor heating. The wire 
expands rapidly as its temperature rises, it 
separates from and protrudes out of the in- 
sulation which responds more slowly. On 
subsequent cooling the wire shrinks but 
carries the insulation back with it, with a 
net result that looks like slippage. 

The width of the ‘‘smoke starts’’ zone is a 
result of the difficulty of detecting accu- 
rately the time at which smoke first starts, or 
more accurately expressed, reaches a notice- 
able rate of evolution, for the rate at which 
smoke is given off changes rapidly with the 
temperature once it starts. 
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F-3 Lead Alloy—An 
Improved Cable Sheathing 


Discussion and authors’ closure of paper 
46-115 by L. F. Hickernell and C. J. Snyder, 
presented at the AIEE summer convention, 
Detroit, Mich., June 24-28, 1946, and pub- 
lished in AIEE TRANSACTIONS, 1946, 
August-September section, pages 563-9. 


Herman Halperin (Commonwealth Edison 
Company, Chicago, Ill.): For the past 16 
years, I actively have been looking for and 
assisting in the development of a lead alloy 
for improved cable sheathing. The develop- 
ment of the F-3 lead alloy is, I believe, the 
first lead alloy that has substantially better 
quality in all properties than ordinary com- 
mercial leads, without having any particular 
disadvantages. The authors and their as- 
sociates deserve great praise for the develop- 
ment. 

Considerable work on field conditions 
has been done in Chicago during the past 
20 years to avoid premature sheath crack- 
ing in manholes incidental to bending caused 
by variations in daily loading. This work 
included 


1, Enlarging manholes to provide more room for 
cable movement. 


2. Improving the cable training. 


8. Modifying the cable fireproofing in the man- 
holes. 


The troubles caused by sheath cracks were 
reduced, but are still a major item. As 
brought out in an earlier paper,! the life of 
the sheath to cracking in the manhole is in 
many cases substantially less than the life of 
the insulation. 

Our interest in the development of a new 
alloy has been accentuated in recent years 
mainly because we expect to continue the 
trend of increasing the loading of cables in 
order to obtain the maximum feasible usage 
of investment. Recently, the prices of 
cable have increased roughly one-third. 
The costs of conduits and manholes have in- 
creased even much more in the past seven 
years. Altogether, such sharp increases in 
costs emphasize the necessity for carrying 
heavy loads in underground cable systems, 
especially since there seems to be no par- 
ticular tendency to. allow electricity rates to 
increase. 

The bending amplitude of the sheaths in 
the manholes is increased with increased 
loading. Furthermore, the ability of the 
sheaths to withstand a given amount of 
bending is decreased by the higher tempera- 
tures at which the sheaths will operate. 

We changed a few years ago from belted 
type cable to shielded type 3-conductor 
cable for 12-kv service. Then we found 
that the life of the sheath of shielded cable 
before cracking in dummy manhole tests was 
roughly 40 per cent less than for the sheath 
of the belted type cable. Therefore, we 
were going forward as far as the insulation 
is concerned and backwards as far as the 
sheath was concerned. 

We have investigated several types of al- 
loys on an experimental basis, and we are 
continuing these co-operative investigations 
with the manufacturers. Two of the alloys 
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that seemed attractive initially subsequently 
were found to be unsuitable. These two 
materials age hardened and then had no 
advantage, and perhaps some disadvantages 
as far as resistance to manhole fatigue was 
concerned. 

Over the past four years, we have made 
extensive studies on the F-3 alloy sheath in 
Chicago and at the University of Illinois. 
According to our tests, this alloy does not 
harden with age, and its ductility is retained 
with age even better than that of chemical 
lead. Also, the F-3 alloy seems to be suit- 
able for use at considerably higher hoop 
stresses than ordinary leads in use. 

A comparison of the life to fracture of the 
F-3 alloy to that of ordinary lead in the 
dummy manhole is shown in Figure 1 for a 
variety of conditions. All of the tests rep- 
resented were made on 500,000-circular-mil 
3-conductor 12-kv cable of several types 
having practically the same diameters. In 
some cases the samples are from the same 
factory, so that they differed only in type of 
sheath or binder. 

These data indicate that with equal con- 
ditions of temperature and movement, F-3 
sheaths can withstand about three times 
the number of bending cycles that copper 
bearing lead sheaths can withstand. The 
graph also shows how sharply the life of 
sheaths decreases when the sheath tempera- 
ture is increased from room temperature to 
merely 43 degrees centigrade (110 degrees 
Fahrenheit). That temperature represents 
a high average temperature for sheaths in 
manholes during maximum day-in-and-day- 
out loading and is the temperature we 
selected about 12 years ago for some of the 
research at the University of Illinois. 

For some cables an increase of 200 per 
cent or more in sheath life, as indicated for 
the F-3 sheath, is quite desirable. For ex- 
ample, the 200-per-cent improvement is es- 
sential for some uses of 3-conductor shielded 
type cable with metallic binder. Based on 
these laboratory data and related field ex- 
perience, for equivalent life to sheath frac- 
ture for cables having over-all diameters 
greater than about 1.75 inches, it is esti- 
mated that the new alloy will permit an in- 
crease of about 25 per cent in daily loading. 
Some other factors, such as the deterioration 
of the insulation or system conditions, might 
reduce the extent to which this advantage 
can be applied. 

These bend tests were made at a rate of 
about one cycle per minute, whereas the 
bending in service is at about one cycle per 
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day. In the research on cable sheathing at 
the University of Illinois, some information 
is being obtained on the effect of the speed 
on the life to fracture, for strip specimens are 
held horizontally at points eight inches apart 
while the middle is moved up and down. 
The average number of cycles to fracture 
with 10-minute cycles for lead was 51 per 
cent less than the number of cycles with 
1-minute cycles, while the decrease was only 
37 per cent for the F-3 alloy. Tests with 
longer cycles are in progress, but results are 
not available now. If this trend persists to - 
24-hour cycles in service, then the superiority 
of F-3 alloy over lead in this respect is even 
greater than that indicated by the graph. 

Incidentally, our co-operation with the 
Anaconda Wire and Cable Company in 
testing and otherwise investigating the F-3 
alloy started six years ago. We did not 
place any commercial order for cable with 
the F-3 alloy until November 1944. These 
time periods are mentioned to indicate that 
the investigations of the suitability of a new 
lead alloy take years. 
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C. T. Hatcher (Consolidated Edison Com- 
pany of New York, Inc., New York, N. Y.): 
The authors have presented data on a sub- 
ject which is of extreme importance to the 
industry at the present time. A lead sheath 
is being offered which apparently answers 
many of the disturbing problems which we 
are encountering today. If field experience 
confirms the laboratory test data, then a 
great contribution has been made. 

The authors list oil filled cable operating 
at 10 to 15 pounds pressure as one of the 
places where this type of lead could be used 
advantageously. A more specific require- 
ment for the use of this lead in oil filled 
cable systems is where the pressures may be 
in excess of 15 pounds, and therefore double 
sheath cable is required. Elimination of 
double sheath cable is one of the things which 
we always attempt to do in the initial design 
of an oil filled system. I have attempted to 
obtain this end during the past number of 
years, and if the new lead will answer this 
problem a considerable contribution has 
been made. 

A lead sheath which will give longer life 
under loading conditions causing expansion 
and contraction of cables is needed. We 
have had several experiences in recent years 
where the cable sheath has been broken on 
gas and oil filled cables because of cable 
movement in manholes where proper rack- 
ing conditions could not be obtained, and 
if a sheath is available that will help this 
situation it certainly will be helpful. 


Abe Tilles (Pacific Gas and Electric Com- 
pany, San Francisco, Calif.): As the authors 
state, improvement in dielectric of cables 
has made the lead sheath more and more of a 
limiting factor in the life of the cable. Ac- 
cordingly, the very fine qualities reported 
in the paper for the lead alloy described are 
of great interest to all users of lead covered 
cable. 

It would be of interest to know how much 
of such sheathing has been placed in com- 
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mercial use and which operating companies 
have made major installations. It also 
would be of interest to know if this sheathing 
has been, or is being, applied to higher volt- 
age, for example, 120-kv cable. 


T. H. Haines (Boston Edison Company, 
Boston, Mass.): During the past few 
months, the Boston Edison Company has 
been testing F-3 lead sheath at its own 
laboratory. Three 10-foot samples of 3- 
conductor 350,000-circular-mil cable having 
260 mils of paper insulation and 125 mils of 
F-3 lead were bent to a radius of 42 inches. 
One end was fixed and the other was moved 
back and forth by a motor driven arm which 
made ten 2-inch strokes per minute. An air 
valve and pressure relay were attached to 
each test specimen. During the test the 
cable sample operated with an internal air 
pressure of five pounds per square inch. 
When the sheath cracked, the relay operated, 
stopping the test. The number of cycles 
of bending was read on a counter. 

For comparison, three samples of cable 
sheathed with commercial or copper bearing 
lead were tested in the same way. These 
were chosen to have as nearly as possible 
the same weight, outside diameter, and lead 
thickness as the Anaconda Wire and Cable 
Company sample. One was a piece of 3- 
conductor number-4/0 15-kv split sector 
cable and the other two were cut from a 
length of 3-conductor 350,000-circular-mil 
28-kv type-H cable. The number of cycles 
required for failure with the F-3 samples 
were 20,260; 25,695; and 19,484. The 
number of cycles required for failure with 
the control samples were 9,931; 6,061; and 
8,307. 

In each case it was noted that the F-3 
lead cracked between the bulges developed 
by the test, while the other sheaths cracked 
on the bulged surface. 

Another type of test was tried which con- 
sisted of placing strips of sheath between 
strips of brass and clamping the assembly 
jaws six inches apart. The centers of the 
strips were vibrated with a 7/32-inch stroke 
at a frequency of 240 cycles per minute. 
We have not had this device in use long 
enough to have established a standard 
reproducible test, but in the few runs which 
were made the strips of F-3 lead remained 
intact longer than the other samples. 


Howard S. Phelps (Philadelphia Electric 
Company, Philadelphia, Pa.): Physical 
tests have been made on limited samples of 
F-3 lead alloy cable sheathing and sheathing 
pipe by the Philadelphia Electric Company. 


INTERNAL PRESSURE HYDRAULIC 
BURSTING TESTS 


Time-to- Burst. Hydraulic bursting 
tests at constant internal pressure! at 110 
degrees Fahrenheit on sample of F-3 lead 
alloy sheathing pipe indicate this alloy has 
characteristics quite different from those of 
lead sheathing alloys heretofore tested. 
The time-to-burst versus initial stress data 
substantially corroborate the F-3 curve of 
Figure 5 of the authors’ paper for stresses of 
2,400 and 1,600 pounds per square inch. 
Present indications are that the time-to- 
burst for a specimen of approximately two 
inches internal diameter and 9/64-inch 
nominal thickness may be of the order of 40 
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years at 100 pounds per square inch internal 
pressure (720 pounds per square inch initial 
stress). This contrasts with a number of 
other alloys tested, none of which appears 
to be very much longer lived than com- 
mercially pure lead at stresses of the order 
of 300 to 400 pounds per square inch. 


Type of Failure. It has been found 
characteristic of lead sheathing having ap- 
preciable percentages of alloying elements 
(that is, more than one-tenth per cent), 
that the bursts occur in the welds. The 
F-3 sheathing pipe appears to be no excep- 
tion. The failures of the specimens tested 
at 2,400 and 1,600 pounds per square inch 
initial stress occurred in die welds. 


Total Stretch. The total stretch of F-3 
sheathing at failure, as indicated by the 
authors in Figure 9, increases with decreas- 
ing stress, but appears to be of the order of 
15 per cent increase in diameter. In the 
Philadelphia Electric Company tests, the 
total stretch for the specimen stressed at 
2,400 pounds per square inch was 2.8 per 
cent, and 4.0 per cent for the specimen 
stressed at 1,600 pounds per square inch. 
This corroborates the tendency toward in- 
creasing total stretch at failure with de- 
creasing stress, indicated by the authors. 
However, in the Philadelphia Electric Com- 
pany tests the total stretch was consider- 
ably less than for copper lead or chemical 
lead for the same stresses, indicating the 
F-3 sheathing is less ductile at high stresses. 

In 66-kv single conductor sold type 
cables, the pressures developed by thermal ex- 
pansion can become very great. Although 
A.S.T.M. grade leads (not alloyed) are 
quite ductile at high stresses, a considerable 
proportion of failures of such cables are 
attributed to sheath bursts by internal pres- 
sure, despite the relief afforded by stretching 
of the sheath. It would appear that for this 
type cable, the reduced ductility of F-3 
lead alloy at the higher stresses may result 
in more internal pressure failures. 


BENDING RESISTANCE 


Philadelphia Electric Company has made 
limited dummy manhole bending tests? on 
cables sheathed with F-3 lead alloy. The 
results indicate that the life of cable sheathed 
with this alloy is of the order of three times 
that for the same type of cable sheathed with 
the types of lead generally used com- 
mercially. 


HARDNESS 


Hardness tests of F-3 alloy lead indicate 
it to be intermediate in hardness between 
Asarco (0.26 per cent tin, 0.03 per cent 
magnesium, 0.025 per cent calcium, and 
0.02 per cent bismuth) and the leads in 
general commercial use. 
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G. B. McCabe (Detroit Edison Company, 
Detroit, Mich.): The new F-3 alloy of the 
Anaconda Wire and Cable Company ap- 
pears to have many desirable properties that 
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appeal to utility operators of cables, who are 
always glad to welcome and adopt any 
proved new development that insures longer 
and more troublefree life for cable. If 
actual field experience under a variety of 
operating conditions supports the test re- 
sults and the many claims made for the new 
alloy, there undoubtedly will be a demand 
by the operators for the more universal use 
of it as sheathing of cables to be installed on 
their systems. 

The primary purpose of my discussion is 
to correct an erroneous conclusion which the 
authors drew from reference 9 of their paper. 

In using this reference, the authors stated 
that calcium alloys (0.025 to 0.031 per cent) 
are difficult to extrude (very drossy) and 
undergo slow and serious age hardening, 
which has caused troubles to develop in a 
few years of service due to brittleness and 
early cracking in the manholes. 

The authors have used the term calcium 
alloy, whereas a distinction should be made 
between straight calcium lead cable sheath- 
ing and other alloys of lead containing cal- 
cium. I wish to make it clear that we have 
had no adverse experience with straight 
calcium lead sheathing in five years of serv- 
ice. 

The article referred to dealt principally 
with trouble experienced with a quinary al- 
loy composed of magnesium, tin, bismuth, 
calcium, and lead, which was designated as 
alloy B. Cable sheathed with this alloy, 
which originally was installed in 1940, de- 
veloped innumerable cracks through the 
sheath upon being reinstalled. A large 
circumferential crack also was discovered in 
the expansion loop of an aerial line of cable 
sheathed with this alloy. A similar crack 
was uncovered in a slight offset two feet 
from a joint in a heavily loaded under- 
ground cable. 

Laboratory examinations of sections of 
the sheath indicated that the failure of the 
sheath was caused by age hardening, with 
resultant loss in ductility as manifested by 
a marked intercrystalline brittleness and 
decrease in bending strength. 

Also in 1940 there was installed a consider- 
able quantity of cable sheathed with cal- 
cium lead containing a nominal content of 
0.027 per cent of calcium. 

This cable, which was of the 350,000- 
circular-mil shielded 3-conductor 24-kv 
type, was installed in various parts of the 
system in order to obtain operating experi- 
ence under a variety of conditions, such as 
on aerial construction, on the feed from a 
large base-load generator to a switching sta- 
tion, and in cable transmission lines sub- 
jected to heavy load cycles. 

During the service of more than five years 
for this cable, there has been no sign of dis- 
tress in the sheathing at any point. Samples 
taken from a length, on which three installa- 
tions were simulated, revealed no evidence 
of even surface checking of the sheath. 

Figure 2 of this discussion indicates the 
influence of calcium content on tensile 
strength. It also shows the relatively short 
time necessary for calcium alloys to approach 
their ultimate tensile strength. The cal- 
cium lead (0.025 per cent) starts out with a 
tensile strength of about 3,000 pounds per 
square inch (curve 2) and attains values in 
excess of 3,600 pounds per square inch within 
20 days (curve 3). Alloy B, however, re- 
quired about one year’s aging before it ap- 
proached its ultimate value (curve 1). The 


; 1137 


vee 
3 4500] 0.031 PER CENT CALCIUM LEAD 
ie s-ALLOY B- 0.019 Cat 
Zw 4000 0.015 Mg + 0.25 Sn 
Os 0.025 PER CENT 
ike 3500 CALCIUM LEAD 
v) 
E x 3000 0.025 PER CENT CALCIUM LEAD 
WG 
we AGED ONE YEAR AND THEN 
Deretae HEATED TO 100 DEGREES 
D8 CENTIGRADE FOR ONE WEEK 
#3 2000 
Cw, LOnLoU Rabun Ol TiOulie nl amuom (6 
AGING PERIOD — HUNDREDS OF DAYS 
Figure 2. Increase in tensile strength of 


alloy sheath after aging 


Samples represented by curves 3 and 4 were 
21 and 48 days old before the first test was 
made 


data for the calcium lead, which incidentally 
were received largely from the Anaconda 
Wire and Cable Company laboratory, do 
not agree with the curve on Figure 1 of the 
present paper, which shows that it takes 
almost two years instead of a few weeks for 
0.025-per-cent calcium lead to attain a 
tensile strength of 3,600 pounds per square 
inch. 

Figure 3 of this discussion shows the uni- 
formity of bending strength with time for 
calcium lead, compared to the large decrease 
for alloy B in less than one year. 

In those tests reported in the paper by 
Hickernell and Snyder, in which data were 
obtained on calcium lead composed of 
0.025 per cent calcium, there appeared to be 
but little difference between it and the F-3 
alloy, particularly as shown in Figures 2, 4, 
and 12. 

Metallurgical consideration indicates that 
the calcium content could be reduced to 
0.020 per cent and thus improve the im- 
portant property of ductility without sig- 
nificant reduction in tensile strength, and 
resistance to creep, fatigue, and abrasion. 
A 0.020-per-cent calcium lead probably 
would have a tensile strength of about 
3,200 to 3,300 pounds per square inch, ap- 
proximately that of the new F-3 alloy. 

While I am in no position to question the 
statements of the authors with reference to 
extrusion difficulties encountered with cal- 
cium alloys, their data fail to support the 
implication that poor service ‘is an inherent 
quality of calcium lead cable sheath. 

Data on copper bearing lead reveals ten- 
sile strength of about 1,950 pounds per 
square inch. It would appear that F-3 
alloy, which has a tensile strength of 3,250 
pounds per square inch according to Fig- 


ure 1 of the paper, would be at least 65 per | 


cent stronger than copper bearing lead in- 
stead of ‘‘not much stronger’’ as stated in 
the paper. Also, the Brinell hardness num- 
ber of F-3 alloy is almost double that of 
copper lead. 

On the occasion of previous developments 
by a cable manufacturer, such as compact 
stranding, carbon dioxide cleansing of im- 
pregnating tanks, supercalendered paper in- 
ulation, shielded construction, gas filled 
cable, and the like, agreements have been 
effected between the various manufacturers 
concerned for the incorporation of such new 
developments in cables produced by them. 
What is the probability of the new F-3 
alloy becoming available soon to the other 
cable manufacturers so that the users may 
benefit from the claimed and proved 
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advantages of such an improved sheathing 
on their future cable purchases? 

How will the cost of cable sheathed with 
F-3 alloy compare with those sheathed with 
copper-bearing lead and the alloys of tin or 
antimony? 
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C. R. Bond and F. W. Nimmer (Ohio Edison 
Company, Akron, Ohio): Hickernell and 
Snyder are to be complimented on the excel- 
lence of their paper. There appears to be a 
substantial contribution to the reliability of 
electric power cables by the development of 
a new lead alloy to be used in cable sheath- 
ing. They have tried to take into con- 
sideration all of the essential requirements 
for lead sheath demanded by the cable 
users at this time. It also is interesting to 
note that a good deal of time seems to have 
been devoted to the accompanying research 
problems in order that essential properties 
might be given adequate consideration, prior 
to the presentation of a definite recommen- 
dation of superiority of any given type of 
cable sheathing. Not only has the technical 
research work been done, but actual 
commercial installations have been made 
which have been in service for a period of 
several years in particularly critical loca- 
tions, in order to determine the variations 
between laboratory test and practical com- 
mercial installations. 

In the interest of completeness, we sug- 
gest that two additional items be considered; 
namely, any new alloys used for lead sheath- 
ing should not affect the insulating properties 
of the various insulating materials to be em- 
ployed, and, also, such lead sheathing should 
have good thermal conductivity. Up to 
the present time, we have not been con- 
cerned particularly about these features, but 
as new alloy sheathings are developed, we 
must be certain that deterioration of the 
cable will not result from a lack of recogni- 
tion of these features. 

If this new F-3 lead alloy fulfills the re- 
quirements as well as we hope that it will, 
Hickernell and Snyder will have made a very 
substantial contribution to the cable art. 


Earle E. Schumacher (Bell Telephone 
Laboratories, Murray Hill, N. J.): I have 
read with interest the paper by Hickernell 
and Snyder and consider the work which 
they have done a valuable contribution to 
the cable sheath art. My major comment 
concerns the authors’ statements regarding 
lead alloys containing 0.025 to 0.031 per 
cent calcium. The embrittlement behavior 
cited in their reference 9 actually concerns a 
complex lead calcium alloy containing mag- 
nesium rather than the binary lead calcium 
alloy. It is well-known that magnesium is 
likely to induce brittleness in lead. The 
paper by G. B. McCabe emphasizes that the 
binary lead calcium alloy is not subject to 
this embrittlement and states that “...a 
reel of lead calcium alloy sheathed cable, 
that had been installed and operated for 
2!/, years and later removed from the duct, 
was subjected to re-reeling twice at the cable 
plant. No evidence whatsoever of even 
surface checking of the sheath was found.’’ 
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Figure 3. Decrease in bend strength of 
alloy sheath after aging 


These sheaths were extruded in the latter 
part of April 1940, but were not tested until 
nearly three months later 


This confirms Bell system experience with 
lead alloys containing 0.025 to 0.031 per 
cent calcium. Hundreds of miles of tele- 
phone cable sheathed with this alloy have 
shown no evidence of failure because of 
embrittlement. 

With regard to the authors’ statement 
about dross in lead calcium sheath, micro- 
scopic examination of a great number of 
samples of the binary alloy have shown this 
type of sheath to be as free from dross as 
other types of lead alloy sheath extruded on 
intermittent presses. 

My other comments deal with the inter- 
pretation of creep and fatigue data in gen- 
eral. Creep tests at the Bell Telephone 
Laboratories carried out over a period of 
eight years have shown that data taken at 
stresses of 400 or 500 pounds per square inch 
are not necessarily a reliable indication of the 
behavior of the same alloys stressed at 100 
or 150 pounds per square inch. The slope 
of the stress-rupture curve often changes at 
the low stresses, and this may change the 
relative rating of the alloys. 

With respect to fatigue data on lead cable 
sheath alloys, we have found as a result of 
extensive studies that frequently the rela- 
tive merit of different materials is dependent 
upon the speed of testing. Since the major 
deflections of sheath in service are in most 
instances of the order of one or two cycles 
per day, there is a substantial reason for 
testing at speeds much lower than 700 cycles 
per minute. Accordingly, most of our tests 
now are made at a speed of 15 cycles of re- 
versed deflections per hour. Also, since the 
forces which produce cyclic sheath deforma- 
tions in service are so great that sheaths 
regardless of their properties tend to be de- 
flected similar amounts, there is considerable 
merit in making fatigue comparisons on a de- 
flection cycle basis rather than on a stress 
cycle basis. 


G. B. Shanklin (General Electric Company, 
Schenectady, N. Y.): F-3 alloy is undoubt- 
edly a step forward in the art of cable sheath 
construction. It is one of a group of 
arsenical alloys, all of which have similar 
characteristics. There are a number of 
relatively hard high strength lead alloys 
available for cable sheathing. Most of 
these are age hardening but some are age 
softening (self-annealing). The arsenical 
alloys belong in the latter class, and this ex- 
plains their higher bending fatigue life, 
which is their outstanding characteristic. 
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Any type of hard high-strength lead- 
sheath alloy requires exceptionally close 
metallurgical and foundry practice control 
to assure that neither age hardening nor 
age softening will become objectionable or 
dangerous after a long period of service. 
In underground power cable work, the two 
most important characteristics that need 
control throughout the life of the cable are 
bending fatigue and long-time creep 
strength. These two characteristics oppose 
each other, however. High bending fatigue 
resistance requires an age softening alloy, 
while high creep strength resistance requires 
an age hardening alloy. The obvious goal 
is to obtain an alloy that neither age softens 
nor age hardens but retains complete sta- 
bility of characteristics throughout its life, 
Everyone who has had experience with the 
high strength alloys knows how difficult it 
is going to be to reach this goal. With this 
in mind, it might be well to review briefly 
the major sheath requirements for the differ- 
ent types of high voltage cable used in this 
country. 

For solid type cable, especially up to 
18-ky rating, resistance against sheath 
fatigue caused by cable movement is an 
outstanding requirement with high creep 
strength a lesser requirement. Practically 
all sheath fatigue troubles have occurred in 
this type and voltage range of cable and are 
primarily caused by high operating tempera- 
ture range and small manholes with inade- 
quate bends and offsets. As the voltage 
rating of solid type cable increases, bending 
fatigue becomes of lesser importance and 
creep strength of greater importance, be- 
cause of the fact that the operating tempera- 
ture range decreases, and more liberal bends 
and offsets in the manholes generally are 
used. Also, oil filled joints and reservoirs 
increase the importance of high creep 
strength. 

During the past 19 years, something like 
4,000,000 feet of standard low pressure oil 
filled cable have been installed in this 
country. As far as sheath failures caused 
by cable movement are concerned, the 
record is remarkable, in fact practically per- 
fect. Most of this cable has copper bearing 
single sheath, and this service record plainly 
indicates that there is still plenty of latitude 
for load and cable movement increase before 
there will be any serious problem of bending 
fatigue. The reason for this is that the 
manholes always have been large to accom- 
modate the accessories, and the bending 
radius and offsets always have been quite 
liberal. This experience shows that there is 
no real need of a high bending life alloy as 
far as oil filled cable is concerned. There is 
some need, however, for a high creep 
strength alloy sheath for oil filled cable, 
particularly on steep grades where hydro- 
static head pressure builds up. The eco- 
nomic over-all saving that this would rep- 
resent, however, is much less than most 
engineers realize. For average profiles 
usually encountered, it would mean a few 
less stop joint manholes. This in turn 
would in average cases mean only a few per 
cent saving in over-all cost. In return it 
would mean a definite commitment to high 
hoop stress operation of the sheath. Hicker- 
nell and Snyder are not exactly correct when 
they say that copper bearing sheath is 
limited to a hoop stress of 125 pounds per 
square inch. This limit actually applies 
to two-per-cent tin alloy sheath at full 
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operating temperature. Long experience 
has shown that copper bearing sheath can be 
worked safely to a hoop stress of 150 pounds 
per square inch without noticeable creep in 
service. To show any appreciable eco- 
nomic gain, an alloy sheath would have to 
be used which would allow a hoop stress of 
at least 8300 pounds per square inch, and 
resistance to creep under this stress must be 
retained throughout the life of the cable. 
In the case of age softening alloys such as 
F-3, we would have to be absolutely sure 
that these limits could be met. There 
would be little doubt about it with age 
hardening alloys such as Asarco, but it is 
yet to be proved with age softening alloys, 
where the relative decrease in creep strength 
with increase in time and temperature is 
more marked. 

With low pressure gas filled cable, there 
has been a limited amount of trouble with 
sheath fatigue caused by cable movement, 
but this has been only at 15 kv and for the 
reasons already outlined for similar trouble 
with solid type cable. This type of cable is 
used under much the same conditions as 
solid type, and there is no question but that 
high bending fatigue life is desirable at the 
lower voltage ratings. High creep strength 
is even more important, however, since the 
present low pressure gas filled cable with 
copper bearing sheath is limited to a working 
gas pressure in the order of 15 pounds per 
square inch. If this could be doubled, it 
would allow a reduction in insulation thick- 
ness and actually become a medium pressure 
system. It would, however, mean that a 
hoop stress in the order of 300 pounds per 
square inch would have to be accepted. 
There is an open question whether an age 
softening alloy could withstand this working 
stress indefinitely at full allowable operating 
temperature and with the cable movement 
that will be superimposed. So far, we have 
used only the double reinforced type of 
sheath for medium pressure systems. We 
have hesitated to offer Asarco sheath un- 
conditionally for this purpose, not because 
there was any doubt about its permanently 
high creep strength, but because of its 
tendency to age harden. For the present at 
least, we would hesitate to offer an age 
softening alloy for reverse reasons, and feel 
that a good deal more must be learned about 
the stability of long-time creep strength be- 
fore such extreme limits of hoop stress are 
adopted on a wide scale. Until these points 
are cleared, the logical field of use for F-3 
alloy is in taking advantage of its bending 
fatigue resistance as required by solid type 
cable. 

A systematic research program is being 
carried out by our laboratories, and pre- 
sumably by others. Based on results to 
date, we feel that it is only a question of 
time before improved lead sheath alloys 
having high creep strength stability become 
available. 


R. J. Wiseman (The Okonite Company, 
Passaic, N. J.): Hickernell and Snyder have 
presented a most interesting paper on a 
lead alloy which they have developed to 
meet the problems which confront us today 
in the operation of impregnated paper 
cables. They list the factors which deter- 
mine if a lead is good or bad. All of us for 
several years have been studying lead alloys 
as we have come to recognize that to meet 
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the demands of the electrical industry for a 
long life lead sheath, it is necessary to turn 
to alloys. Some have been promising in the 
beginning, but because of age hardening 
have failed to prove in. Others are good in 
some physical respects, yet fail in other re- 
spects, so we have been hesitant to try 
them out on a large scale. It appears that 
the authors have a very promising alloy 
and even though their tests give every indi- 
cation of successfully meeting the. all- 
around physical properties of good sheath- 
ing, we all know that field experience will be 
the final criterion after a large production 
of pipe with the variability of foundry prac- 
tice present. 

There is one interesting fact to me which 
my company, in its study of this subject, 
found to be significant. You will note that 
the authors do not use a large amount of an 
alloying metal, but small amounts of several 
metals. We found this to be favorable in 
our studies. We have studied the same 
metals as the authors report and also others, 
but in all cases small amounts were used. 
In some cases there seems to be a limit to 
the amount which is helpful, beyond this the 
alloyed lead loses its promising properties. 
There are some metals, even in small 
amounts, which are undesirable. As many 
of us have been working on this problem for 
years, we can expect a disclosure, from time 
to time, of other alloys of lead also approach- 
ing the ideal sheath to meet the increasing 
demands of the utilities for higher operating 
temperatures without sheath failures, which 
is the major cause of cable failures today. 


L. F. Hickernell and C. J. Snyder: In gen- 
eral, the experimental data presented by the 
discussers corroborate data in the paper. 
In evaluating the several properties and in 
the possible applications of the new alloy, 
some differences in opinion exist. This is 
to be expected with any new material and 
serves to indicate the value of free and open 
discussions on engineering matters as af- 
forded by the forums of professional socie- 
ties. 

Specifically, in reply to the discussers, we 
offer the following: 

(Halperin) We greatly appreciate the 
encouragement of Halperin in this develop- 
ment and are indebted to him and his engi- 
neering associates, the Commonwealth 
Edison Company, Utilities Research Com- 
mission, and University of Illinois for their 
painstaking research program and evalua- 
tion of this new alloy. We hope at some 
future time he will present more of these 
interesting and valuable data. 

Although not strictly on the subject of 
the paper, we cannot refrain from pointing 
out in his figure the increase in life on bend- 
ing obtained on shielded cable by replacing 
the metal binder with a paper binder. This 
superior mechanical performance is obtained 
without any sacrifice in electrical character-a@ 
istics by constructing the binder of carbon 
black tapes which have transverse (radial 
in the cable) as well as longitudinal conduct- 
ance and hence form a short effective con- 
ducting path from the individual shielded 
conductors to the sheath. 

( Haines) On the basis of average values, 
we note that the life of F-38 alloy was ap- 
proximately three times that of the copper 
lead sheath, thus verifying results obtained 
by others. This confirmation is of special 
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interest because the bending of the cable 
samples was conducted on a different type 
of test equipment. 

( Hatcher) As pointed out in the paper, 
the higher working stress of F-3 alloy will 
permit the use of single instead of double 
sheath in certain installations. We hope 
that a trial installation can be made to study 
its operating performance in this service. 

(Tilles) Up to August 1, 1946, about 
140,000 feet of cable (or 600,000 pounds of 
alloy) are on order or have been shipped to 
Commonwealth Edison Company, Kansas 
City Power and Light Company, Duquesne 
Light Company, Consolidated Gas Electric 
Light and Power Company of Baltimore, 
Pittsburgh Plate Glass Company, Detroit 
Edison Company, and Arkansas Power and 
Light Company. The highest voltage cable 
rating to date is 45 ky. 

(Phelps) With reference to bursting 
strength, we have experienced no failures in 
over four years of F-3 alloy at stresses 1,000 
pounds per square inch or lower in samples 
ontest. Other alloys tested are not appreci- 
ably better than copper lead at low stresses 
(see Figure 5). We are glad to note con- 
firmation of this desirable performance. 

In our experience, bursts occur at the 
thinnest portion of the specimen, which is 
quite likely to be in the region of the top or 
bottom weld. This is a limitation of present 
extrusion equipment rather than an inherent 
property of any material. Despite this, 
reference to Figure 5 indicates that at 1,600 
pounds per square inch time-to-burst of 
F-3 alloy is approximately 500 times that of 
copper lead. 

In discussing inherent properties of these 
materials, it is important to note that most 
alloys are characterized by a difference in 
the grain structure at the weld areas com- 
pared to the remaining structure, which is 
the cause of their relatively low bursting 
strength. However, F-3 alloy has uniform 
grain structure throughout (see Figure 4 of 
this discussion). Accordingly, F-3 alloy 

_ inherently has the same unit strength in the 
weld areas as elsewhere in the structure. 

As shown in Figure 9, F-8 alloy is less 
ductile than copper lead at the same stresses. 
However, in the case of 66-kv solid type 
cable, operated with oil reservoirs, we do 
not see quite how the use of a material with 
greatly superior bursting strength would 
lead to more internal pressure failures. 

(McCabe) In view of his favorable 
operating experience with 0.025 per cent 
calcium lead alloy, it would appear that our 
reference 9 is in error. However, it is well- 
recognized that calcium lead does age 
harden as indicated by McCabe’s curve 2, 
Figure 2 of his discussion. This age 
hardening ultimately lowers the bursting 
strength and bending resistance. 

Curve 3 (obtained from our laboratory in 
1941) in McCabe’s Figure 2 was based on 
data from cable sheath. Our Figure 1 is 
‘based on tubes. The mechanical working 
in tightly applying the sheath onto the 
cable core rapidly ages an age sensitive ma- 
terial. Consequently, the initial tensile 
values on a sheath are approximately the 
same as those on a tube after a considerable 
period of aging. 

Referring to McCabe’s Figure 3 of his dis- 
cussion, the principal purpose of the 
IPCEA* bending machine is to check 


*Insulated Power Cable Engineers Association, 
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quality at the factory by disclosing poor 
welds, lamination, and so forth. We be- 
lieve it is not sufficiently sensitive to dif- 
ferentiate aging characteristics between ma- 
terials. 

As stated, 0.025 per cent calcium lead is 
about the same as F-3 alloy in our Figure 2 
(creep resistance), Figure 4 (creep rate), and 
Figure 12 (vibration fatigue). However, 
after aging calcium lead lacks bending resist- 
ance and bursting strength (Figure 5) of 
importance in power cable service. 

The licensing of other manufacturers to 
use this patented cable sheathing material 
is a matter of negotiation between com- 
mercial departments. 

Based on present market conditions, it is 
expected that F-3 alloy will cost no more, 


Figure 4. Structure of F-3 alloy 


Upper and lower microphotographs show 
weld areas 
Two side microphotographs show nonweld 
areas 


and perhaps somewhat less than two per 
cent tin or three-fourths-per-cent antimony 
alloy. Obviously, the exact differential be- 
tween any of these alloys is dependent upon 
the metal market at the time of quotation. 

(Bond and Nimmer) With reference to 
thermal conductivity, we have made no 
determinations, but we would not expect it 
to differ appreciably from other lead 
sheathing material. In current-carrying- 
capacity calculations, thermal resistance of 
the lead sheath is assumed to be negligible. 
Thermal emissivity depends primarily upon 
the condition and color of the sheath surface 
and has been standardized as one value for 
all sheathing materials. 

Regarding the effect on the insulation, we 
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find that the chemical composition of the 


sheath material makes little difference in the 
formation of lead soaps. Of course, in our 


type CB cable design, any formation of cop- 


per or lead soaps is neutralized completely 
by the adsorption properties of carbon 
black. 

(Schumacher) Our statement regarding 
the effects of age hardening of calcium lead 
alloy was based primarily upon the results 
of dummy manhole tests and some operating 
experience in power cable service. Ap- 
parently, our reference 9 to the McCabe 
paper was unfortunate. We never have 
questioned the adequacy of 0.025 per cent 
binary calcium alloy for telephone service. 
Asa matter of fact, until the development of 
our new alloy, we recognized this calcium 


alloy as the equal or superior to the custom- 
ary alloys used for power cable service. 

When melted, calcium alloy forms surface 
dross much more readily than other alloys 
because of oxidation of the calcium. This is 
undesirable from an extrusion standpoint 
because 


1. The dross, if not thoroughly removed, may be 
extruded inadvertently in the finished sheath. 


2. The calcium content must be replenished fre- 
quently. 


Consequently, additional process and metal- 
lurgical control is required. This can be 
accomplished, as demonstrated by Western 
Electric Company and our plants, but at 
increased cost. F-3 alloy does not dross 
readily, in fact it forms less dross than cop- 
per lead, and its chemical composition re- 
mains stable when melted. 

In our paper we have designated high fre- 
quency test results as vibration fatigue and 
low frequency as bending resistance. We 
agree that the latter is the more important 
for power cablein ducts. In his discussion of 
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our paper, Halperin has reported his results 
on 1-minute (60 per hour) and 10-minute 
(6 per hour) cycles in addition to his dummy 
manhole tests at 70-second (51.4 per hour) 
cycles. 

(Shanklin) In assuming that F-3 alloy 
is age softening because it contains arsenic, 
Shanklin apparently has overlooked the 
fact that it also contains tin and bismuth. 
In over four years of testing, we have found 
no age softening except for a very slight 
amount in the first few months (see Figure 
1). F-3 alloy is stable in properties, pur- 
posely so designed, and, in our opinion, meets 
the goal of “‘an alloy that neither age softens 
nor age hardens but retains complete sta- 
bility of characteristics throughout its life’’, 

We do not agree that “‘high bending fatigue 
resistance requires an age softening alloy, 
while high creep strength resistance requires 
an age hardening alloy”. Calcium alloy has 
comparatively good bending resistance and 
antimony alloy has poor creep resistance, 
yet both are age hardening materials. 

Practically all power cables undergo daily 
load cycles and hence are subjected to bend- 
ing. A sheath which has higher bending 
resistance should improve cable life (or con- 
versely, permit higher loading for the same 
life) whether solid, oil filled, or gas filled 
type. Whether or not the additional cost 
of such an alloy sheath is justified economi- 
cally depends upon the individual installa- 
tion and operating duty. 

With respect to oil filled cable, may we 
suggest that present specification operating 
temperatures have been selected with the 
limitations of previously available sheath 
materials in mind which has contributed to 
the good operating record of present instal- 
lations. 

Experimental data indicate that copper 
lead sheath can not be operated safely at 
150 pounds per square inch at maximum per- 
missible temperatures for normal and 
emergency service. This is recognized in 
the AEICf specifications which limit the 
stress to 125 pounds per square inch for 
standard sheath thicknesses. For cases 
where the stress exceeds 125 pounds per 
square inch, the thickness of sheath and 
composition of lead should be as agreed 
mutually between purchaser and manu- 
facturer. 

We have reason to believe that very few 
oil filled cables in this country actually are 
operating at 150 pounds per square inch; 
also, that most of them are operating at 
moderate temperatures. In several instal- 
lations, when loaded to permissible tempera- 
ture limits, sheath cracks have developed. 

At the present time, we have suggested 
200 pounds per square inch as a conserva- 
tively safe working stress for F-3 alloy. 
We anticipate that operating experience 
will indicate that this value can be increased. 

Granted that this stress would not permit 
a reduction in insulation thickness of low 
pressure gas filled cable, we believe the use of 
F-3 alloy sheath would improve its perform- 
ance by reducing the sheath troubles which 
have been experienced in the field with this 
type of cable. 

(Wiseman) We are pleased to have the 
chairman emphasize the importance of small 
amounts of alloying elements on the proper- 
ties of sheathing materials and to point out 
that an alloy is required to improve cable 
performance. 


¢ Association of Edison Illuminating Companies. 
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Fundamental Properties of 
the Wacuum Switch 


Discussion of paper 46-126 by R. Koller 
presented at the AIEE summer convention, 
Detroit, Mich., June 24-28, 1946, and pub- 
lished in AIEE TRANSACTIONS, 1946, 
August-September section, pages 597-604. 


Jerome J. Taylor (The Detroit Edison Com- 
pany, Detroit, Mich.): Perhaps everyone 
has speculated to himself about vacuum 
breakers, and there has been much experi- 
mental work on them. Comparatively 
little has been published. The author de- 
velops the problem in an incisive manner, 
and derives definite results on many inter- 
esting points. The paper itself lacks a few 
statements as to conditions under which the 
tests were performed. Curves show current 
points up to 100 amperes, but oscillograms 
are all in the 10- to 25-ampere range, and 
corresponding values of test circuit voltage 
and inductance are not presented. From a 
design standpoint, factors that cause failure 
of a switch to interrupt, and sequence of 
events when it does not, are of first impor- 
tance. These are not discussed with the same 
attention as are the successful operations. 

The small contact separation required in 
vacuum breakers raises the question whether 
for a-c service they could not be timed to 
open at current zero and be separated 
fast enough to prevent subsequent break- 
down of the gap. There then would be 
realized the dream of opening high-power 
circuits without release of explosive energies 
within the breaker. If internal breakdown 
strength of a high vacuum switch is assumed 
to be of the order of 10° volts per centimeter 
separation of the contacts (limited by cold- 
cathode emission), an opening speed of 10? 
centimeters per second results in a nominal 
recovery-voltage strength of 10? volts per 
microsecond. This is not necessarily the 
limit in contact speeds and begins to com- 
pare favorably with many actual circuit 
characteristics. 


T. E. Browne, Jr. (Westinghouse Research 
Laboratories, East Pittsburgh, Pa.): Doc- 
tor Koller has presented some experimental 
results obtained with a vacuum switch in a 
relatively low power d-c circuit. While 
these are of considerable scientific interest 
and are of value for the design of low power 
switches such as vacuum relay contacts, a 
word of caution seems to be needed against 
trying to extrapolate these results to the de- 
sign of a high power vacuum circuit breaker. 
First, as is well-known, the problems in- 
volved in interrupting large alternating cur- 
rents are such that studies of the interrup- 
tion of small direct currents are applicable 
to them in only an indirect way. In stating 
that the literature contains no explanation 
for the lack of success of vacuum switches 
in power circuits, Doctor Koller apparently 
has overlooked such an explanation given 
by Dr. Slepian in a paper originally pre- 
sented at the International Electrical Elec- 
trical Congress in Paris in 1932.1! In this 
paper the action of the vacuum switch in 
interrupting alternating currents is analyzed 
briefly but completely. The principal 
difficulty is shown to be the finite thermal 
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lag of the vapor emission from the elec- 
trodes, particularly but not exclusively the 
cathode.” In spite of the high rate of dis- 
persion (not true diffusion) of vapor in an 
evacuated vessel, this “‘after-boiling’’ results 
in a considerable vapor density between the 
switch contacts at and just after a current 
zero. Under favorable conditions the re- 
stored voltage causes breakdown in this 
vapor only to a glow which loses its con- 
ductivity with the subsequent disappearance 
of the vapor blast. The weakness of the 
switch is, however, that such a glow shows a 
tendency, increasing with vapor density, 
current, and voltage,’ to change over sud- 
denly to an arc. Under such conditions the 
probability of this glow-arc transition 
(similar to the arc-back of a mercury arc 
rectifier) is high, and the switch is not a 
reliable interrupter. 

Doctor Koller, however, in studying d-c 
interruption has focused his attention on the 
opposite phenomenon, the transition of an 
are to a glow. His oscillograms, like those 
of some other investigators, show many 
rapidly repeated transitions back and forth 
between arc and glow with the arc-to-glow 
transition finally ‘‘winning out’’, so to speak, 
when his interruptions were successful. This 
arc-to-glow transition tendency, or arc in- 
stability, is actually a source of trouble in an 
a-c breaker since, if it occurs too long before 
a normal current zero (at too large a cur- 
rent) in an inductive circuit, it can produce 
troublesome and possibly dangerous high 
voltage surges of very steep wave front. 
In the commonly-used low-current vacuum 
contacts, capacitor shunts often are required 
to absorb these surges. 

Even if the delayed vapor blast could be 
controlled or eliminated entirely, the appli- 
cation of the vacuum switch to high voltage 
circuits still would face the difficulty of the 
apparently inherent lack of reliability of an 
evacuated space as an insulator which gives 
rise to random arc-back even in high vacuum 
thermionic rectifier tubes operated at high 
voltage. It appears that the glow-arc 
transition retains, at high voltage gradients, 
a finite probability of occurrence even at 
vacuum pressures where glows are invisible 
and so ordinarily are not imagined. 

I should like to ask Doctor Koller for a 
fuller explanation of his suggestion of the 
use of multiple contacts for interruption of 
higher currents and voltages with vacuum 
switches. It seems very doubtful to me 
that contacts can be operated in parallel to 
increase the current interrupting limit, 
since, even with perfect contact synchroni- 
zation, separate arcs ordinarily cannot exist 
in parallel with each other. A series ar- 
rangement of contacts undoubtedly would 
improve the voltage interrupting ability 
provided the voltage be distributed evenly 
among the breaks. Furthermore, experi- 
ments with the effect of series operation on 
the arc-back probability of mercury vapor 
rectifiers® indicate that the reliability of a 
series connection of breaks might be very 
much greater than that of a single break 
at the same per-break voltage. This follows 
from the observed random nature of the 
glow-arc transition. 
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O. K. Marti (Allis-Chalmers Manufacturing 
Company, Milwaukee, Wis.): In spite of 
the fact that during the last few years many 
different kinds of vacuum switches have 
been put on the market, the literature still 
does not give any theoretical explanations 
of the various phenomena which occur dur- 
ing the interruption of an arc in vacuum. 
I am sure, therefore, that many investi- 
gators in this field will appreciate the splen- 
did and thorough work done by Doctor 
Koller and that they also will feel indebted 
to Professor L. B. Loeb of the University of 
California who fostered this research. I had 
the good fortune during my stay in Cali- 
fornia to be able to follow some of this work 
from time to time and also to see the switch 
in operation under different conditions. 

When studying the present circuit breaker 
art, especially the means employed for arc 
interruptions, one is impressed very much 
by the ingenious methods and contraptions 
which are being used to increase the rate 
recovery of the dielectric strength of the 
medium in the arc path. This is chiefly 
caused by the fact that it is very difficult to 
fill the space between the parting contacts 
with the dielectric medium, be it oil or air, in 
a very efficient way, and this is especially 
difficult if the opening speed of the contacts 
is very high as is the case in all modern 
breakers. The only other way to accom- 
plish this same thing was by pushing the 
are out of the space traveled by the con- 
tact. It easily can be seen that in connec- 
tion with the vacuum breaker this diffi- 
culty does not exist because the dielectric 
medium used for interrupting the arc is 
present, nothing has to be forced or injected 
between the contacts, nor are any means 
necessary to force the arc to travel. In addi- 
tion it has to be realized that vacuum has a 
dielectric strength far greater than any 
other interrupting medium in use. 

I am in full agreement with the author 
that since in connection with the develop- 
ment of sealed tube rectifiers the art of 
removing gases from tube walls and internal 
parts has been perfected, it should be much 
easier to develop a high capacity vacuum 
switch consisting of a glass or steel container 
with bushings or inlets as used with sealed 
tube rectifiers. 

Some of the most important results ob- 
tained during these investigations are 


1. Very good interruptions still could be relied 
upon at a vacuum of 10~4 millimeter of mercury, 
which is quite significant considering the fact that 
at a vacuum of 1077 millimeter of mercury there are 
still about 109 gas molecules per cubic centimeter 
present. From experience with rectifiers, especially 
sealed tube rectifiers, such vacuums can be obtained 
easily in glass or steel vessels if properly evacuated 
and heat treated. 


2. The pumping action and getter action of this 
type of switch was such that the vacuum did not 
seem to decrease after hundreds of operations if the 
contacts and shields were designed properly in 
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spite of the fact that some of the material is re- 
moved from the contact during each operation. 
Some of these favorable results have been obtained 
probably also because that part of the gases released 
from the anode and cathode spots have been ab- 
sorbed by them after each single arcing episode. 


3. The arrangement and shape of the anode and 
cathode contributes a great deal to the performance 
during an interruption. 


4, The amount of material which is being removed 
from the cathode depends, as could be expected, on 
the type of contact material but is extremely small 
if the vacuum is maintained below 10~‘4 millimeter 
of mercury. It also should be noticed that the 
cathode and not the anode loses material. 


However, it seems to me that the author 
made the most valuable contribution to the 
understanding of are interruptions by his 
analysis of the mechanism of the arc on the 
basis of much data collected by means of 
special cathode-ray oscillograph and high 
speed camera setups which required very 
painstaking work. An excellent under- 
standing of the arcing episodes can be ob- 
tained from a study of Figure 7. Following 
his theoretical outlines it easily can be 
imagined that the operation would differ 
materially from that of a high vacuum tube 
as there is no longer a clear path for the 
electrons, especially at the time of contact 
separation, because of many the emitted elec- 
trons will collide with gas molecules, a con- 
dition which will improve naturally after 
each successive episode. 

At the end of the paper the author gives 
some of the essential design features which 
could be tested by future investigators. It 
would seem that a breaker built on his pres- 
ent layout could handle only currents up 
to 200 amperes per single contact. How- 
ever, it has to be realized that these inter- 
rupting tests were made with direct cur- 
rent and it therefore can be assumed that 
a proper arrangement of the opening mecha- 
nism may permit the interruption of 
much higher current values in case of alter- 
nating current. 

It is hoped that this investigation, which 
was carried out with somewhat limited 
facilities, will stimulate some further work 
along this line and I am sure further investi- 
gators will be glad to have, as a basis, Doc- 
tor Koller’s results and the scheme for open- 
ing the contacts as well as the splendid opt» 
cal method for measuring the speed of 
separation of the electrodes. 


Co-ordination of Insulation 
and Spacing of 
Transmission Line 
Conductors 


Discussion and author's closure of paper 
46-175 by W. W. Lewis, presented at the 
AIEE summer convention, Detroit, Mich., 
June 24-28, 1946, and published in AIEE 
TRANSACTIONS, 1946, October section, 
pages 690-4. 


L. M. Robertson (Public Service Company 
of Colorado, Denver, Colo.): The electrical 
industry owes an expression of gratitude to 
Doctor Lewis for obtaining the data and 
presenting this paper. It will be a very 
valuable guide for transmission line de- 
signers and for a review of practice by 
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operators who may wish to improve the 
operation of transmission lines. 

There are a few factors which might be 
mentioned in connection with this subject 
in addition to those in the paper. 

The experience of the Public Service Com- 
pany of Colorado has indicated that con- 
tamination of insulators is a factor which 
must be considered in determining the size of 
pin type units or the number of disks in a 
string. Altitude also should be considered 
since an increase of altitude requires an in- 
crease of insulation on lines and stations. 

It also has been determined that the use 
of wood in crossarms and crossarm braces 
may be of considerable value in line insula- 
tion and operation. This applies to light- 
ning difficulties as well as those caused by 
birds. A 44-kv double-circuit line with pin 
type insulators on steel arms on steel poles 
and with overhead ground wire had a poor 
operating record. When the steel arms 
were replaced with wood arms and braces 
the troubles were eliminated. 

A spacing between conductors and be- 
tween conductors and ground wires may not 
be satisfactory in some cases where the 
terrain is hilly or mountainous and the 
winds blowing in such a direction and nature 
as to produce severe upcast of the conduc- 
tors. Contact between ground wire and 
conductors has been obtained on a line of 
horizontal configuration where the phase 
spacing is 18 feet and the ground wire six 
feet above the plane of the conductors. 

In general we have found that the data 
presented conform closely to that which has 
proved to be satisfactory in most cases in 
this territory. 


M. S. Oldacre (Commonwealth Edison 
Company, Chicago, Ill.): The paper gives 
an excellent summary of transmission line 
practice and co-ordination of insulation that 
will serve as a useful starting point in trans- 
mission line design. It should be realized 
that the recommendations are based on the 
average of many averages. The actual de- 
sign should be engineered completely with 
due consideration to the various limiting 
elements of line construction. This will 
allow for clearance as it is required and will 
give the most efficient use of material with 
the best operating results. 

A comparison of recommendations in the 
paper with the dimensions of two existing 
lines may be helpful in considering how sat- 
isfactory the recommendations may be. 
The 230-kv line was built in 1940 and has 
had a very low outage rate because of light- 
ning or dancing conductors. The other 
line, which was built in about 1928, has had 
a consideralby higher outage rate, and 
wherever possible alterations have been 
made to obtain better performance. The 
data are shown in Table I of this discussion. 

The effect of ice or snow on the conductors 
is mentioned too briefly, and the effect dur- 
ing foggy weather of dirt accumulation on 
the insulators should be considered. 

There seems to be a very large amount of 
literature on the subject of ice and snow on 
conductors and the frequently resulting 
dancing of conductors, but a critical study 
of it will produce no definite answer that 
will serve as a design basis. 

If adequate allowance is not made for 
dancing conductors, there may be a loss of 
the lines at the time they are needed most 
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or else some expensive mitigative measure 
may be required. Such a measure might 
be increased current loading of part of the 
lines while parallel lines are taken out of 
service, or might be the short-circuiting of 
a line and supplying it directly from the bus 
or from a separate transformer or generator 
depending on the line characteristics. 
Either one of these methods is an expensive 
one both from an investment and operating 
point of view. 

The amount of clearance to allow for 
dancing conductors cannot be determined 
adequately from present data. The ampli- 
tude of the conductor movement may be 
nearly twice the sag of the conductor, if 
there is only one loop of dancing per span, 
but may have a maximum amplitude about 
equal to the sag if there are two loops. If 
there are more than two loops per span the 
amplitude will be reduced. The dancing 
conductor with one loop per span sometimes 
is designated as vibrating at its fundamental 
frequency and other times at the first har- 
monic. Therefore it is more definite as a 
practical matter to speak of the number of 
loops of vibration per span. 

The conductors frequently dance in an 
elliptical orbit, but there are reports of con- 
ductors dancing vertically up and down. 
Thus the amplitude and direction of the 
dancing are important elements to consider 
in selecting conductor clearance. 

It would be advantageous if anyone hav- 
ing helpful data on dancing conductors 
would make the information generally 
available by publication or correspondence 
between interested operating engineers. 

Possibly further investigation would de- 
velop mitigative measures or devices that 
could be applied to the conductors to reduce 
dancing to an amount that will not cause 
serious trouble. No specific methods are 
offered but only the speculation that some- 
thing might be developed. 

The dirt and fog question is well worth 
more consideration than it has received. 
This trouble usually is concentrated in 


rather small areas and additional construc- 
tion costs in such cases may be justified. 

On some particular lines, the combination 
of dirt and fog is more of a menace than 
lightning. That is, there have been more 
outages caused by dirt and fog than by 
lightning. 

It seems a hopeless and useless task to 
try to prevent all flashovers resulting from 
dirt and fog, but some remedies are avail- 
able that have been satisfactory. 


1. Cleaning the insulators by hand, either on the 
line or after replacement. 


2. Washing the insulators with a high pressure 
water stream while the line is alive, 


8. Providing additional insulation that may be 
sufficient to eliminate all dirt and fog flashovers or 
else eliminate them if the insulators are washed once 
a season just before the usual foggy weather. 


There are good indications that the last 
method can be accomplished successfully 
with special insulators having increased 
creepage distance, particularly in surface 
that remains relatively dry. An alternate 
method is an increased number of insulator 
disks where suspension insulators are used. 
This may be relatively expensive if clearance 
to towers is maintained. 

All of the foregoing text can be summar- 
ized by saying 


1. The possibility of dancing conductors must 
be considered and allowed for where necessary. 


2. The effect of dirt and fog must be considered 
and provided for. 


3. Additional observation and investigation by 
those having trouble because of dancing conductors, 
dirt, and fog would be very valuable to the industry 
as a whole to obtain a better design basis for future 
lines or for possible alterations to existing lines. 


Abe Tilles (Pacific Gas and Electric Com- 
pany, San Francisco, Calif.): In applying 
the basic considerations of insulation co- 
ordination to the detailed selection and 
design of an insulator string and supporting 
structure a great variety of considerations 
need careful attention. When one tenta- 


Table |. Comparison of Recommended Practice and Actual Line Dimensions 
138-Kv Line 230-Kv Line 
Recommenda- Data From Recommenda- Data From 
tions in Paper Actual-Line tions in Paper Actual Line 
Minimum number of insulator disks.... Tee shatter eee Olas ge soos 12 
Maximum number of insulator disks.... Rk ore tars fake gat oices o toes rcaal ea 18 
Number of disks for average practice.... 9 - 12 eiehs 15 Sich 18 
(5-inch spacing) 
60-cycle wet flashover, kilovolts........ 375 450 + eo 800 690 
Impulse flashover, kilovolts............ 860 . 1,000 note 1,585 
Clearances, feet 
A Ut aby eter Pes E yen Ne taie La sie’ elle aia be fs) Cateone view Usls Wip;'« wee"s oye.s accion ge aie cveeiele yeh its 9.5 min, 
Teiegtig es ESS 2 5 Aye Bican OS AIS Eis CORO A ICED Pic IC TREE TOI eee On one LAB peectere 15.0 
Gig CUP LS serme ener ah aae agcrs- our SO. eco eh aerators ln vavisica chauanatabe MG we ahalteleba\loha 19.0 . 28.8 to 37.5(d) 
EASINGTON tne cM atte sity Shea os tw aime nie IA) oe eel adage pF at wie eceneardrane 28.5 ; 33.3 
mel istance between Sround wires; feet: wi. 5 sisrs » eleila oie, roe isio.c fe» eyes sien. pe eye 28.5 46.3 
Clearances, feet 
UL OTE Guo Alenia rie tansy ahetel dio sisal s\ ts (ord se tons be 5.0 6.75 9.5 10.4 
SUR COM eee enw ae eyanie- its Goi veraers 7.5 9.25 min 14.25 3 Pop ete 
Figure 6C (conductor to conductor)... 10.0 15.0 19.0 . 20.5 to 26.0T 
Figure 6C (ground wire to top con- 
GiUCTOR) Richer etotels un aoe erties neues 10.0 12.0 oes 19.0 . 23.0 to 39.0f 
5207 
IS MLCL OR sata eshite sitieteee ee eS acae ee Fae 2D LOW Olu Jase! . 4575 to 14.25... 4.0 
8.0T 
Location of ground wires.............. OW CR OUNCES 5S aes aia aca mealatehes wie os Over outer....Over outer con- 
conduc- conduc- ductor 
tor tor 


* Top conductor inset from center conductor. 


** Bottom conductor inset from center conductor, 
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+ Ground wire inset from center conductor. 


{ Dimension C is larger for the longer spans. 
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tively has selected a design and wishes by 
way of check to make a general comparison 
to other lines, he is likely to find, as docu- 
mented by the author, that a great variety 
of usages are in existence and that a limited 
comparison is confusing and may be very 
misleading. Accordingly, the comprehen- 
sive assemblage of data here presented and 
simplified is very welcome and useful as a 
general comparison and guide, as well as 
being very helpful as a rapid first cut in de- 
sign in many instances. 

Those who have labored in detail with the 
considerations involved will appreciate how 
skillfully and compactly the author has 
assembled and simplified, in gross outline, 
the various factors involved in the problem. 

In a recent design of a major 230-kv line, 
because of the existing dust and weather 
conditions together with quite low footing 
resistance, wet flashover at 60 cycles was 
controlling at critical wind conditions. A 
somewhat different proportion of spacings 
than that listed by the author was selected 
accordingly. The loan by the author of a 
preliminary copy of his paper was of interest 
as a general check and was appreciated 
greatly, 


H. A. Frey (Locke Insulator Corporation, 
Baltimore, Md.): Doctor Lewis has pre- 
sented a very interesting and practical 
rationalization of transmission line insula- 
tion. It should be noted that his insulation 
levels are established principally by the 
balance between the voltage expected from 
switching surges and the wet flashover 
values of the insulators. The user thus is 
left free to select a particular insulation 
level corresponding to the magnitude of 
switching surges which may be probable on 
the system in question. In so doing it 
must be borne in mind that the rated wet 
flashover values of insulators result from an 
arbitrary yard stick. They are not neces- 
sarily the lowest voltages at which the in- 
sulators willflashover. The rated wet flash- 
over voltage is merely the average value at 
which flashover will occur when tested in 
accordance with the standards of the AIEE.! 
In service under varying condition of pre- 
cipitation and with the insulator surface 
fouled with dirt to varying degrees, it is 
quite possible that lower wet flashover 
voltages may be obtained. Under some 
conditions it therefore may be desirable to 
use more conservative insulation levels. 


REFERENCE 


1. InsuLAtTorR Tests, American Standard C29.1. 


1944, 


W. W. Lewis: One purpose of the paper is 
to give a means for quickly estimating the 
minimum insulation that should be used on 
a transmission line. In practice this insula- 
tion may be increased somewhat to allow 
for local conditions such as excessive light- 
ning, high footing resistance, dirt and fog. 
Finally when the number of disks is selected, 
all spacings to grounded members of the 
tower between conductors and to overhead 
ground wires should be co-ordinated in order 
to prevent a weak spot for flashover and 
prevent waste of insulation or spacing. 
The paper gives a method of readily select- 
ing the co-ordinated spacings. 
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In selecting the insulation, switching 
surges and wet flashover have been given the 
main consideration. However, as brought 
out by all of the discussers, the effect of dirt, 
dust and other contamination during foggy 
or wet conditions may lower the flashover 
of the insulators considerably and require 
more conservative insulation levels, special 
insulators with large creepage distances, or 
a program of periodic washing. 

M. S. Oldacre stresses the phenomenon of 
dancing conductors and mentions the large 
amount of literature on the subject which 
does not produce a definite answer that will 
serve as a design basis. This phenomenon 
seems to be localized in a belt adjacent to 
the Great Lakes. The experience of com- 
panies operating in this region is teaching 
the designers how to lay out their lines to 
cope with this trouble. Companies in a 
somewhat wider and longer belt experience 
trouble caused by the accumulation of snow, 
ice, or sleet on conductors, not usually 
accompanied by dancing. They also have 
learned by experience how to overcome this 
trouble and to continue in operation. As 
Oldacre states, an actual design should be 
engineered with due consideration to all of 
the local limiting features. 

The author wishes to thank each one who 
so kindly has offered a discussion of the 
paper. 


Current and Torque of D-C 
Machines on Short Circuit 


Discussion and author's closure of paper 46- 
136 by T. M. Linville, presented at the 
AIEE summer convention, Detroit, Mich., 
June 24-28, 1946, and published in AIEE 
TRANSACTIONS, 1946, pages 956-65. 


B. Litman (Westinghouse Electric Corpora- 
tion, East Pittsburgh, Pa.): T. M. Lin- 
ville’s paper does much to systematize the 
calculation of short-circuit currents in d-c 
machines and introduces the previously 
neglected factor of the a-c reactance voltage 
which opposes current flow. Apparently 
this factor has been overlooked in the past 
because on high voltage machines it exerts 
only a minor influence on the magnitude of 
the short-circuit current. In order to check 
the actual magnitude of this voltage, short- 
circuit oscillograms have been taken on a 
comparatively low voltage generator which 
had probe coils wound about the main 
pole tips to determine the actual loss in 
flux. The values obtained, which are listed 
in the following text, indicate fairly good 
agreement if a correction is made for satura- 
tion of the teeth in the commutating zone. 

In equation 27 of Appendix I applica- 
tion is made of the theorem of constant flux 
linkages, and the field leakage coefficient 
nyis introduced. It appears that this should 
be the over-all effective leakage coefficient 
introduced by G. E. Frost! in order to in- 
clude the effect of armature leakage flux 
which reduces the air gap flux and yet does 
not link the main field winding. 

We wish to introduce a somewhat differ- 
ent explanation for the equivalent contact 
drop caused by a-c reactance voltage. The 
differential equation for a coil undergoing 
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commutation (equation 59 of Appendix IV) 
is solved to give 


is = Ae”! 


and the constant A is calculated by assum- 
ing that the total current adds up to the line 
current per arm. This tacitly assumes that 
the brush contact drop is large enough to 
accomplish this successful commutation, and 
that if the reactance voltage were twice as 
large, the contact resistance drop somehow 
would be twice as large so that commuta- 
tion still would be successful. Actually, 
very little current will be collected through 
the brush and most of the current will ap- 
pear in an arc at the trailing edge. 

Figure 1 of this discussion shows such an 
arc at the trailing edge extending effectively 
over 2 bars. The current in these coils thus 
is changing from peak value in one direc- 
tion to peak value in the other direction 
over a span of 7 bars, whereas if normal 
commutation existed this change could take 
place under the brush in a span of b bars. 
These coils therefore have an average react- 
ance voltage of Ep Xb/n per coil, and as the 
figure indicates there are 7 of these coils in 
series with their voltages opposing the gen- 
erated voltage. Therefore the generated 
voltage should be reduced by a total amount 
Er X 6} and the equivalent brush contact 
resistance is Erb/I ohms which is the same 
answer as given in equation 55, Appendix 
IV of Linville’s paper. 

The calculation of an equivalent resist- 
ance from the value of Er at rated load 
assumes that this reactance voltage changes 
linearly with load current. Actually the 
slot leakage fluxes which give rise to the 
major portion of this reactance voltage will 
saturate the teeth before short-circuit cur- 
rent is reached. On the machine tested, this 
saturation is reached at less than half the 
peak short-circuit current so that the equiv- 
alent brush contact resistance is only 
a little more than half the value which 
otherwise would be expected. The values 
obtained on test are 


Machine rating = 1,500 kw, 250 volts, 5,000 
amperes, 514 rpm 

Flux before short circuit = 1.0 =250 volts 
Flux loss during short circuit =0.511 =128 
volts 
Net flux after short circuit =0.489 =122 
volts 
Calculated equivalent brush contact drop 
caused by a-c reactance voltage 
(neglecting saturation) at 10.2 times 
rated current, which is the actual 
short-circuit current obtained =103 
volts 


In obtaining the latter value, the magni- 
tude of Er was obtained from equation 63 
of Appendix V. 

Since this voltage is almost as large as the 
net generated voltage after short circuit, it 
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is evident that a correction for saturation is 
necessary. In making this ccrrection we 
have assumed that the teeth are equivalent 
to air paths for flux densities above the 
saturation value of the iron. The value 
then obtained for this voltage drop is 54 
volts. 


Net voltage available =122—54=68 volts 
Armature circuit resistance =0.00113 ohms 
Peak short-circuit current =68/0.00113 = 

60,000 amperes 


The actual value of current obtained 
was 61,000 amperes. 


REFERENCE 


1. Tue SHort-Crrcuir CHARACTERISTICS OF D-C 
GENERATORS, G. E. Frost. AIEE TRANSACTIONS, 
volume 65, 1946, June section, pages 394-402. 


T. M. Linville: B. Litman’s comments are 
interesting and very much appreciated. 
He disagrees with the paper in saying that 
the a-c reactance voltage exerts only a 
minor influence on the magnitude of the 
short-circuit current in high voltage ma- 
chines. The analysis made in the paper and 
the author’s tests make it evident that the 
a-c reactance voltage actually is a major 
factor opposing the current flow and gener- 
ally the largest factor in all machines, in- 
cluding high voltage ones. 

This is made apparent by recognizing 
that with linear commutation at ten times 
normal current the reactance voltage would 
be ten times as much as at rated current. 
Then consider that at the instant of this 
peak current the commutating pole flux 
has not had time to rise and the nonlinear 
commutation shown in Figure 3 exists. 
Then one has to think of reactance voltage 
in terms of 50 times normal. As a matter 
of fact the multiplying factor on account of 
nonlinear commutation is equal to the brush 
overlap in segments according to equation 
55 which Litman substantiates. Generally 
the brush overlap on high voltage machines © 
is large so that the effect of a-c reactance 
voltage opposing the current flow on these 
machines is large. 

Litman suggests that the effective over-all 
leakage coefficient given in Frost’s paper 
should be used in Equation 27 in order to 
include the effect of armature leakage flux 
on the air gap flux. The method of the 
paper in effect develops Frost’s theory to a 
point where calculations from machine di- 
mensions can be made. This is done by 
determining separately the air gap flux (or 
pole to armature flux) and the flux across 
the space from pole to pole. The former is 
a function of armature current and field 
current and is determined by equation 23. 
To derive this equation the field magneto- 
motive force and armature magnetomotive 
force are combined and multiplied by the 
magnetic permeance. In effect this product 
is integrated around the air gap taking into 
account the varying values of magneto- 
motive force and permeance. This then de- 
termines the net air gap flux. The pole-to- 
pole flux is determined by the second term 
of equation 27 considering it proportional 
to the field current. 

Litman is believed to be saying that all 
of the net air gap flux between pole and 
armature, equation 23, does not link the 
field winding as assumed in equation 27. 
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This is the same as saying that all of the 
flux going directly from pole to pole does 
not link the field winding. 

For these statements to be true there 
would have to exist in the pole iron a mo- 
lecular magnetomotive force which acts with 
the same polarity as the field magnetomotive 
force and becomes effective as the iron of 
the pole shoe saturates. This is improbable 
because the over-all change in the mag- 
netic permeance of the pole shoe caused 
by saturation acts to oppose the field mag- 
netomotive force always. Furthermore, if 
equation 27 does not truly represent the 
field linkages because some part of the air 
gap flux ¢q goes directly from pole to pole 
without linking the field, then that portion 
of the pole-to-pole flux which does link the 
field must be greater than what is accounted 
for in equation 27. Such an error in the 
method would make the transient field cur- 
rent calculated by the paper smaller than 
actual. Therefore the justification of the 
paper lies not only in its logic but also in 
comparison of the calculated field current 


with test'results. Figures 1, 4, and 5 show 


a good check substantiating the method of 
the paper. 

It is considered that there is no appre- 
ciable change in flux in the commutating 
pole circuit, affecting the armature electro- 
motive force, in the time interval between 
the instant of short circuit and the moment 
of peak current. 

It seems axiomatic that the brush con- 
tact drop, or arc drop, from brush arm to 
commutator always at least must equal the 
reactance voltage caused by current re- 
versal in the armature coils when the flux 
of the commutating pole is negligibly small. 
Otherwise current reversal would not occur. 
This equivalent brush contact drop, or are 
drop, is calculated in the paper and when 
divided by the peak short-circuit current is 
equal to the equivalent resistance 7p. Lit- 
man is to be thanked for demonstrating that 
the expression for 7, equation 55, is inde- 
pendent of the number of bars over which 
the arc between brushes and commutator 
extends. The paper states this fact without 
demonstrating it. 

Litman’s figures for the machine he tested 
cause him to conclude that the value of rp 
should be corrected for saturation of the 
armature teeth. Otherwise the set of figures 
given are not consistent. The author does 
not believe that this is true. The armature 
teeth underneath a commutating pole at the 
instant of peak short-circuit current carry 
substantially only the flux crossing the 
armature slots caused by magnetomotive 
force in the slots. It is the reversal of this 
flux which causes the reactance voltage Ep, 
which determines 7,. In some machines 
saturation is present in the teeth at the 
beginning and end of this reversal period but 
in between the reactance voltage reaches 
the full unsaturated value. In general this 
saturation has small influence and no cor- 
rection should be made. The results of the 
paper substantiate this conclusion. 

It seems that the value for 7» obtained by 
Litman using the method of the paper is 
more nearly the correct value. The in- 
compatibility in his set of figures evidently 
is caused by the value used for the flux loss 
during short circuit which is the measured 
loss during short circuit but not at the im- 
mediate instant of peak armature current. 
The paper is believed to be correct in as- 
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suming that the maximum current is reached 
so quickly that there is negligible loss in the 
flux linkages of the field circuit in this time 
interval, that is, the theorem of constant 
flux linkages can be applied. If so, the im- 
mediate loss of flux cannot be 0.511 because 
to hold constant flux linkages in the field 
this loss of air gap flux must be balanced by 
at least an equal gain of pole-to-pole flux. 
As the pole-to-pole flux of the machine with 
normal excitation should not be more than 
about ten per cent of normal exciting flux 
and the permeance of the pole-to-pole path 
is fairly constant until after peak armature 
current is reached, it is apparent that the 
field current must rise to more than six 
times normal to hold constant linkages. 
So great a rise in field current never has been 
observed to the author’s knowledge. How- 
ever, sometime after maximum current 
when the induced field current has dimin- 
ished, the loss of air gap flux and field flux 
linkages will be as great as 0.511. It should 
be re-emphasized that 7p is derived to repre- 
sent the effective brush arm to commutator 
resistance at the instant of maximum short- 
circuit current (maximum current is the 
important calculation to be made), and 
thereafter it will be too large a quantity. 
The following set of figures are possibly cor- 
rect for Litman’s machine at the moment 
of peak current: 


Exciting flux before short circuit = 1.0 =250 

volts 

Exciting flux loss at moment of maximum 

short-circuit current =0.312=78 volts 

Net flux at moment of maximum current = 

0.688 = 175 volts 

Calculated brush arm to commutator drop = 

103 volts 

Net voltage available =172—103 =69 volts 
Armature circuit resistance =0.00113 ohm 


Peak short-circuit current = =61,000 


0.00113 
amperes 
Field leakage flux linkages=0.1 times nor- 
mal exciting flux linkages 

Initial field linkages =1.1 
Leakage linkages at maximum current= 
1.1—0.688 =0.422 ampere 
Maximum transient field current =0.422/ 
0.1 =4.22 amperes 


Four times normal field current is much 
more consistent with tests made by or re- 
ported to the author. 


Semiconducting Shielding 
for A-C Power Cable 


Discussion and author's closure of paper 46- 
118 by Edwin J. Merrell, presented at the 
AIEE summer convention, Detroit, Mich., 
June 24-28, 1946, and published in AIEE 
TRANSACTIONS, 1946, August-Sep- 
tember section, pages 605-09. 


R. W. Atkinson (General Cable Corporation, 
Bayonne, N. J.): The data given by Edwin 
J. Merrell should be very convenient for use 
in determining conditions resulting when 
there is a considerable voltage drop along 
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the length of a semiconducting shield. I 
am inclined to feel, however, that the ap- 
proach generally should be along another 
direction, namely that the total voltage 
drop should never be permitted to be more 
than a relatively small fraction (say ten per 
cent) of the full voltage of the cable. When 
this is the case no significant error is intro- 
duced by calculating the current in the shield 
as though it were metallic. In this simple 
calculation any slight error is on the safe 
side and is insignificant in any event in 
terms of the engineering data. 

There seems no real reason to use a 
shielding tape and then let it only partly 
perform its function by permitting a voltage 
to ground that is a large fraction of what 
would exist without the shield. Moreover, 
there seems no excuse for permitting a loss 
in the region of the grounding contacts suf- 
ficient to produce even a slightly significant 
effect on the temperature rise and available 
carrying capacity. These points are em- 
phasized when it is remembered, as the 
author points out, that the loss and the 
voltage drop are proportional to the square 
of the spacing of the ground points and thus 
that these are under rather simple control. 
This view seems not to be in conflict with 
that of the author except for emphasis. 


E. W. Greenfield (Anaconda Wire and Cable 
Company, Hastings-on-Hudson, IN, SANE 
It is gratifying to see this paper finally pub- 
lished. More than five years have passed 
since the author first indicated his work on 
semiconducting jackets at the National 
Research Council meeting in Williamsburg, 
Va. 

Independently, the writer had come to the 
conclusion that voltage gradients along a 
semiconductive jacket could be interpreted 
best on the basis of distributive infinitesimal 
parameters. In our work on nonmetallic 
conductive jackets, we have used transmis- 
sion-line differential equations which are 
similar in most respects to those shown by 
the author. However, we do not form an 
artificial term of RL? as parameter but in- 
stead we use the conventional terms for the 
cable, namely propagation constant and 
characteristic impedance. 

To present a physical picture of the under- 
lying phenomena giving rise to the use of 
transmission-line theory in this work, we 
offer the following. 

Any conductor maintained at an alternat- 
ing difference of potential with respect to 
earth will carry leakage and charging cur- 
rents in addition to load current. The for- 
mer are functions of the quality of the in- 
sulation and the geometric relation of con- 
ductor to earth, that is, shunt conductance 
and capacitance. Being distributive in 
nature, these shunt currents (measured in 
the conductor) are also proportional to the 
length of conductor. 

For a shielded cable, that is one having an 
outer conductive jacket, the leakage and 
charging currents flow longitudinally along 
the central conductor while at the same time 
they pass proportionate amounts, as re- 
quired, radially through the insulation. 
The conductive sheath then collects sub- 
stantially all the radially passing current and 
carries it back longitudinally to the energy 
source or to a grounding point. 

For a nonshielded cable exactly the same 
sequence of phenomena takes place. In 
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general the total amount of radially passing 
current will be less since the shunt con- 
ductance and capacitance to earth are 
smaller. However, the requisite total 
amount of leakage and charging current will 
again flow longitudinally along the conduc- 
tor, gradually dissipating radially through 
the insulation as demanded by the per-unit 
shunt parameters. The current flow through 
the insulation thus appears as a distributed 
charge on the surface of the insulation. As 
a result of this charge a longitudinal current 
in general will flow along the insulation sur- 
face between grounded points or between 
regions of low resistance contact to earth. 
For a given surface charge the amount of 
longitudinal surface current that flows then 
will depend on the longitudinal resistance of 
the cable surface and the distance between 
grounded points. That is, more resistance, 
less current; more length, more charge (but 
also more resistance). Hence current can 
both increase or decrease with increase of 
length depending on other factors. 

The existence of charges and (or) current 
flow at the insulation surface gives rise to a 
potential along the cable covering. The 
voltage to ground at any point along an un- 
shielded insulated cable thus depends on all 
the conditions previously outlined for cur- 
rent flow. For an infinitely long unshielded 
cable (infinite distance between earth con- 
tacts) the surface voltage to ground is sim- 
ply proportional to the ratio of the insula- 
tion capacitance to the earth capacitance. 


Figure 2 


values the experimental data are somewhat 
erratic but the shapes of the two curves in- 
dicate general agreement. 


W. T. Peirce (American Steel and Wire 
Company, Worcester, Mass.): Edwin J. 
Merrell’s paper is of value in setting one 
boundary point for shields that have farmore 
resistance than conductance. It mainly 
considers the case where the natural con- 
ductance of fibrous materials containing 
moisture or lead base pigments has been 
found to exhibit some shielding effect and 
thus aid in reducing stresses from the sur- 
face of the insulation to occasional grounds. 

The greatest application of nonmetallic 
shields in present day cables concerns rub- 
berlike materials with a designed resistance 
in the order of 10,000 ohms per foot of cable 
used as a supplement to metallic shielding 
or in conjunction with ground wires. Under 
such conditions the shield is maintained at 
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JACKET RESISTANCE AT 60 CYCLES-OHMS PER INCH OF CABLE 


For finite lengths and surface resistances 
the voltage to earth is more complex and is 
determined by all the factors discussed. 

To verify from another laboratory the 
experimental data given by Merrell, we 
present the two curves of Figure 1 of this 
discussion showing the voltage rise along the 
jacket in per cent of applied voltage for a 
length of 1-conductor 500,000-circular-mil 
6/64-inch rubber-insulated cable. Ground 
ring spacing was held at six inches and the 
jacket a-c resistance varied over a range 
from 0.2 to 600 megohms per inch of cable 
length. 

The solid curve shows the data taken ex- 
perimentally using a special (0.65 micro- 
microfarad) electrostatic voltmeter. The 
dotted curve represents calculated data us- 
ing transmission-line differential equations. 
The agreement is seen to be excellent at 
high values of jacket resistance. At low 


1146 


substantially ground potential and the 
principal terms of Merrell’s formula lose 
significance. The shield is less than one- 
half of one per cent of ground potential at 
any point and its function merely is to coun- 
teract the inevitable looseness that develops 
between the metal shield and the insulation 
caused by mechanical or thermal changes 
in the components of the cable. 

In the worst case all the shield has to carry 
is the circumferential charging current from 
the back of the conductor to the ground 
wire in longitudinal contact with the shield. 
Figure 2 and Table I of this discussion, 
show the potential so developed with a wide 
range of shield resistance. 

Merrell has considered only the single 
phase condition whereas by far the more 
common use is for the three conductors of 
the circuit to be associated together closely. 
In such case the 3-phase charging currents 
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balance out per-unit length of cable and no 
longitudinal flow of current is involved. 
Here, even in the absence of ground wires or 
other metallic shield, only the circumferen- 
tial resistance to the point of contact of the 
three conductors is involved, and the ade- 
quacy of the shield can be established with- 
out resort to complex mathematical treat- 
ment. 

The great value of these nonmetallic 
shields is to permit the cable designer to be 
certain that corona has been eliminated 
from both outer and inner surface of the in- 
sulation and thus utilize insulation that has 
the best mechanical or electrical properties 
without the necessity of compromising in 
order also to obtain corona resistance. 


Perry H. Ware (Simplex Wire and Cable 
Company, Cambridge, Mass.): Applica- 
tion of the plots in Edwin J. Merrell’s in- 
teresting and timely paper to several prac- 
tical cases of cable design have brought out 
the following suggestions for further saving 
of time and computation. 

The voltage vector diagram of Figure 3 
in the paper presents the following difficul- 
ties in its use: 


1. Capacitance is given for only a few discrete 
values. 


2. Evaluating the voltage drop along the shield 
and across the dielectric involves scaling the lengths 
of the vectors on the plot. 


3. The accuracy definitely is limited for small 
values of voltage drop along the shield. 


In many cases it is the magnitude of the 
voltage drops which is significant for prac- 
tical uses; the phase angle is relatively un- 
important. On this basis Figure 3 was de- 
signed to give the magnitudes of the voltage 
ratios for 60-cycle a-c line voltage. The 
unit of the abscissa CRL* was chosen so as 
to allow a continuously variable range of 
capacitance as well as of resistance and 
ground spacing. An extension of Merrell’s. 
mathematics further shows that for values. 
of CRL? below 10? 


Vp/Vz = 1 (1) 


Vz/Vzr = 0.000188CRL? (2) 


R. C. Waldron (The Okonite Company, 
Passaic, N. J.): Edwin J. Merrell has pre- 
sented an interesting method of measuring 
the a-c characteristics of semiconducting 
coverings. The descriptions given in 
“Measuring Technique” are not quite clear 
and it would be helpful if he would include 
a wiring diagram showing the various con- 
nections to the Schering bridge. From this. 
description it is not clear whether the loops. 
are connected directly to the bridge with 
one loop being connected to a microammeter 
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at the same time or whether these are sepa- 
rate measurements. If these are connected 
simultaneously, it would appear that some 
of the current may be shunted by the bridge 
and not pass through the microammeter. 

Work which we have done in connection 
with the study of discharge from braided 
cables had indicated that a large part of the 
charging current can be drained from a 4- 
foot sample having a wet braid by ground- 
ing in the center. For example, at 2,000 
volts alternating current, the measured 
current from a 53-inch length was 331 mi- 
croamperes while the theoretical current 
should be 442 microamperes. Working 
back from the measured current by a 
method similar to Merrell’s we obtain a 
surface resistance of 0.78 megohm per inch. 
The d-c resistance measured about 60 meg- 
ohms per inch. We would like to know 
whether the author has any comparative 
values of a-c versus d-c resistance that show 
this magnitude of difference. 

Similar a-c measurements on an okoprene 
covered cable show an a-c resistance of 200 
megohms per inch against a d-c resistance of 
200,000 megohms per inch. 

Experience has shown that braided cables 
are not satisfactory where drainage of any 
appreciable length can occur. Okoprene 
cables, however, are satisfactory. This 
would indicate that 0.78 megohm per 
inch is too low for a nonshielded cable and 
that 200 megohms per inch is satisfactory. 
The limiting value is probably somewhere 
between these points. 

For Merrell’s illustration he shows a cable 
operating in cable rings. He points out 
that in this example with a surface resist- 
ance of two megohms per inch there would 
be a 12-degree rise in temperature at the 
point of current discharge. This assumes 
uniform current flow around the entire cir- 
cumference of the cable, whereas with the 
cable in rings we would expect almost point 
contact with the rings which would result 
in much higher concentration of current at 
this point with a correspondingly higher 
temperature. In this case also he obtains 
a voltage in the center between rings of 
5,500 volts to ground which would be ap- 
proximately 10,000 volts between phases if 
three conductors were installed in the same 
rings. This voltage would cause sparking 
at the center in case of close proximity or 
occasional contact between conductors, or 
between conductors or some grounded ob- 
ject such as tree limbs. This example has 
the same order of magnitude for the surface 
resistance as braided cable which is known 
to be unsatisfactory. I am wondering if 
the value of resistance for the covering 
chosen in this example is considered satis- 
factory and whether any general recom- 
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mendations can be drawn from their ex- 
perience as to the maxitnmum values of re- 
sistance which are satisfactory. 

In our design of semiconducting cover- 
ings we have worked to much lower values 
and have assumed that the cable covering 
at no point should reach a voltage high 
enough to cause shock to personnel touching 
the cable nor to cause sparking in case of 
occasional contact with adjacent conductors 
or grounds. 


T. F. Peterson (American Steel and Wire 
Company, Cleveland, Ohio): May I ex- 
press my commendation and appreciation 
for the fine rigorous mathematical treat- 
ment of semiconducting shielding put forth 
by Edwin J. Merrell. 

Some 20 years ago I had occasion to de- 
rive the equations for the thermal resistance 
from the copper conductors of type H 
(Hochstadter copper tape shielded) cable to 
the lead sheath. I was happily surprised to 
find, as Merrell has found, that these second 
order differential equations were almost 
identical to those for long distance trans- 
mission lines. Frequently the greatest use- 
fulness of such studies is derived from their 
application to “boundary conditions’’ of 
the systems and I would like to direct at- 
tention to them. 

I would like also to comment on the his- 
torical references included in the paper. 

Merrell hails Lowenberg as an originator 
of semiconducting shielding and makes no 
reference to the vast number of patents and 
comprehensive literature on this same sub- 
ject since 1928. Careful reading of the ref- 
erence will reveal that he was concerned with 
arcing between weatherproof braids and 
cable installed in fiber ducts. Nowhere does 
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he use the terms shielding and semiconduct- 
ing, nor is there any evidence that the test 
samples which were laid on a concrete floor 
were either grounded or shielded. Appar- 
ently very high voltages existed on the braids 
of all test samples, but under certain circum- 
stances (perhaps highly resistive concrete 
or widely removed grounds without elec- 
trical connection) arcs and discharges oc- 
curred only at high conductor voltages. 
Lowenberg indicates that braid burning 
caused by arcs was attributed by some to 
the drainage of charging current along damp 
braids to points where the cable was in con- 
tact with the duct. Others reasoned that 
the braids were dry and that dielectric re- 
lationships determined stress distribution 
which was such as to cause corona discharge 
in certain air gaps. Anyone familiar with 
these problems should have known at that 
time that both theories may have accounted 
in part for the observations since the whole 
system represents a complex combination of 
parallel and series resistances and capacities 
from conductor to ground. 

In view of these uncertainties, it is not 
surprising to find that Lowenberg observed 
visible discharge at 4,000 volts in the case 
of weatherproof braided cable and discharge 
beginning at 9,500 volts in the case of flame- 
proof (presumably asbestos) braid. In his 
conclusions he seems to ignore the second 
set of tests in which the weatherproof 
braided cable showed discharge beginning 
at 10,000 volts whereas a second portion of 
the same cable with a flameproof finish 
showed ‘“‘pronounced discharge”? at 4,000 
volts. Apparently anything could happen 
and almost any voltage could appear on the 
various braided cables, and perhaps the 
only reason the flameproof braided cable 
behaved better in service was because of its 
resistance to arcs and not because of partial 
shielding. 

For more than 20 years I have done re- 
search on various types of shielded cable 
and for more than 18 years have been en- 
gaged in the development of what I have 
called semiconducting shielded cables. I 
cannot accept the author’s definition of such 
shielding when he defines it as ‘‘the practice 
of partially confining the electric field within 
the insulation by means of semiconducting 
covering.”” Such a cable would not be 
shielded in the sense that it would be safe to 
handle, prevent corona discharge, or pre- 
vent interference from or with the insu- 
lated conductor. Merrell’s cable would be 
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semishielded and I think he will agree that 
by a large margin the range of his studies 
covers stich types of shielding. (It should 
be noted, however, that unlike Lowenberg 
very positive grounds are applied to certain 
portions of the semiconducting layers. ) 
These points are stressed. I contend 
that semiconducting shielded cable should 


1. Be shielded. 
2. Confine practically all electric field within the 
insulation. 


8. Prevent disturbances and interference. 


In the practical embodiments of these 
forms of shielding which I have made over 
the past 20 years, various values of Rand L 
have been employed but in every instance 
the product of RL? has been much less than 
ten. For example, in using semiconducting 
shielding with surface resistivity as high as 
100 megohms per centimeter square (as 
cited in United States Patent 2,322,702) 
and with ground points separated by 1 inch 
(L equals one-half inch), RL? equals eight. 
In certain forms of aerial cable supported 
by metal rings from messengers, even if we 
take resistance as high as 10,000 ohms per 
foot with grounding points every 20 inches 
(that is Z equals ten inches), RL? equals 
0.1. It will be observed that when RL? 
equals eight, cosh 3.03 equals 1.045. When 
RL? equals 0.1, cosh 0.033 equals 1.00045. 
Whether by substitution in Merrell’s equa- 
tions or by reference to Figures 4, 5, and 6, 
one must observe that with these values of 
resistance the cable is shielded fully and the 
electric field is confined fully to the insula- 
tion. It also will be observed that the 
watt loss in the shield is zero and so there 
are no further questions as to carrying ca- 
pacity or change in characteristics of the 
shield. 

These comments are made not to depre- 
ciate the work of Merrell but to utilize it 
practically to assure engineers that there 
are no hazards either from voltage or heat 
when conventional semiconducting layers 
are employed in conjunction with proper 
grounding. ‘This discussion, while prima- 
rily directed to 60-cycle power conductors, 
is equally applicable to such cables as high 
voltage radar pulse cable and fortunately 
Merrell’s equations are broad enough to 
cover a range of frequencies. 

In closing I would like to suggest that the 
author describe more fully the types of semi- 
conducting coverings referred to in his paper. 


Edwin J. Merrell: I am glad to note that 
R. W. Atkinson’s views on cable shielding 
are not essentially in conflict with those 
presented in my paper. However, I should 
like to point out that the primary object of 
the paper was not to foster a particular 
shielding practice; rather, it was to point 
up extensions in the range of shielding prac- 
tice which are often advantageous, in spite 
of being unorthodox. 

An excellent check with E. W. Greenfield’s 
calculated voltage curve is obtained when 
his values of a-c resistance are employed 
in calculating RL? and are substituted in 
Figure 3 of the paper. The author ap- 
preciates this independent confirmation. 

The divergence noted between calculated 
per-cent voltages and those measured on 
cable samples probably are caused by non- 
linearity of shield resistance with respect to 
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current density. This certainly would be 
suspected if a different order of current 
flow occurred during the shield resistance 
measurements from that characteristic dur- 
ing the cable voltage determinations. 

J am in substantial agreement with W. T. 
Peirce’s remarks except that I should like 
to add that the hazard to personnel cannot 
be overlooked when such high conductivity 
semiconducting shields are employed. Ade- 
quate grounding must be guaranteed on 
all cable installations of this type. 

Perry H. Ware is correct in pointing out 
the limits of the graphs in the paper. How- 
ever, according to our experience, the ac- 
curacy with which semiconducting shielding 
properties may be predicted is of no higher 
degree than that attainable through rough 
visual interpolation with the graphs as pre- 
sented. This is because of the nonlinearity 
of the electrical characteristics of semicon- 
ducting shielding materials. 

When the shielding circuit has been char- 
acterized by a CRL? below 10?, that is an 
RL? below two for C equal to 50 and below 
100 for C equal to one, the author has treated 
it as a conducting shield. The solution may 
be obtained accurately and quite easily by 
assuming a simple T equivalent. 

R. C. Waldron questioned the bridge and 
and meter connections described under 
“Measuring Technique.”’ The microam- 
meter is connected at the same time and is 
in series with the portion of the cable sample 
which it is discharging and the bridge. The 
parallel short-circuiting of the microammeter 
is of no consequence since this short circuit 
is in series with a section of the semicon- 
ducting shield which has a resistance of an 
order thousands of times greater than that 
of the ammeter. 

The author has noted differences between 
the a-c resistances of semiconducting shields 
and the d-c resistance as great and greater 
than those reported by Waldron. In fact 
it was this phenomenon which caused the 
derivation of the a-c theory presented in 
this paper, so that experimental data could 
be employed effectively in the design of 
semiconducting shielded cable for 60-cycle 
operation. 

The cable in the illustrative example was 
chosen primarily to demonstrate the use 
of the graphs. However, it is a feasible 
construction for many single phase circuits. 
It would not be practical at this voltage for 
a 3-phase self-supporting aerial cable unless 
the shield were flameproof and unless con- 
siderable radio interference could be tol- 
erated. 

In the author’s opinion there is no op- 
timum value or limit of shield resistance. 
Instead, each order of shield resistance has 
its identifying characteristics, its merits, 
and its demerits. 

As pointed out by T. F. Peterson, the 
author’s direct historical references are ad- 
mittedly meager, but the lack in this paper 
is made up in the Hickernell paper noted 
in the introductory paragraphs. The se- 
lection was made to high-light what appeared 
to me to be a natural difference in cable 
shielding technique. Moreover, the ma- 
terials which Lowenberg found efficient are 
characterized by electric conductivities well 
within the range covered by the theory of 
my paper. 

Peterson questions the use of the term 
semiconducting shielding. Actually, my 
definition amounts to a shortening of that 
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adopted by the Insulated Power Cable En-— 
gineers Association in 1942, The full defi- 
nition, which follows, is in printed form.! 


“A semi-conducting shield for electric power cable 
is a shield which has an impedance such that with- 
out fully grounding the surface of the insulation it 
nevertheless performs the following two functions 
either singly or simultaneously: 


“(a). Provides protection for cable insulation by 
restricting longitudinal and tangential voltage 
stress on the cable surface adjacent to miscellaneous 
ground points to a gradient below that necessary to 
produce corona, 


““(b). Provides a measure of protection for human 
life by limiting the magnitude of cable discharge 
current at miscellaneous ground points.’’ 

According to Peterson’s concept, mate- 
rials suitable for use as semiconducting 
shields are limited to a small number 
since he employs a narrow range of resist- 
ances just below the point at which losses 
in the shield become apparent. The defi- 
nition of the Insulated Power Cable Engi- 
neers Association is much broader in scope. 
It checks with the theory presented in the 
paper, which shows that many materials 
characterized by resistivities in the megohm 
range are sufficiently conducting to prevent 
corona discharge in particular cable installa- 
tions by restricting unit voltage stresses 
tangentially on the cable surface to a low 
enough value. 
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Modern Excitation Systems 
for Large Synchronous 
Machines 


Discussion and authors’ closure of paper 46- 
152 by J. B. McClure, S. Il. Whittlesey, and 
M. E. Hartman, presented at the AIEE sum- 
mer convention, Detroit, Mich., June 24-28, 
1946, and published in AIEE TRANSAC- 
TIONS, 1946, pages 939-45. 


J. H. Kinghorn and F. M. Porter (Ameri- 
can Gas and Electric Service Corporation 
New York, N. Y.): The authors are to be 
commended on their excellent summary of 
modern excitation practice. To their list 
of types of excitation systems also might be 
added the main exciter with electronic 
pilot exciter and regulator. This consists. 
of a small electronic exciter supplying the 
field of the main exciter and controlled by 
an electronic regulator and has given very 
satisfactory performance. If it receives its. 
power from the machine terminals it, like 
the electronic exciter, must have a normal 
ceiling sufficient so that it can provide ade- 
quate excitation under the most severe 
external short circuit to which the system 
can be exposed. 

From a performance standpoint there are 
three important characteristics to be con- 
sidered in selecting voltage regulators. 

1, Reliability. 
2. Accuracy. 
3. Speed of response. 


All of the types of voltage regulators out- 
lined by the authors are in use on the systems. 
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of the American Gas and Electric Company, 
and experience has shown that all meet the 
requirements of reliability and speedy re- 
sponse. As far as accuracy is concerned 
the impedance and electronic types of regu- 
lators are much better than the others. 
The direct acting type is fairly accurate, but 
friction and lost mechanical motion cause 
a certain amount of deviation which, how- 
ever, can be overcome to a considerable 
extent if sufficient amplification is put into 
the actuating circuit. The indirect acting 
regulator has a dead band which limits its 
accuracy to the width of the dead band. 
The advantages of accurate voltage regu- 
lation make it desirable to employ one of 
the types of continuously regulating regu- 
lators in all cases. For synchronous con- 
densers located at load centers these ad- 
vantages from the standpoint of service to 
customers are obvious. For generators an 
added advantage is the increased ease of 
parallel operation without the necessity of 
introducing excessive amounts of droop. 
For small synchronous condensers where 
less expensive regulating equipment is re- 
quired the direct acting regulator has proved 
satisfactory when a small booster voltage 
is added to provide more speedy response at 
low excitation. For larger machines the im- 
pedance or electronic regulator is applicable. 
Two 32,500-kva turbine generators now are 
being installed which employ static type 
regulators with rotating amplifiers and, 
based on seven years of highly satisfactory 
operation by one such arrangement used 
with a water wheel generator, successful 
performance is confidently expected. 


C. E. Valentine (Westinghouse Electric 
Corporation, East Pittsburgh, Pa.): Four 
types of voltage regulators are described in 
this paper, namely, direct acting rheostatic, 
indirect acting rheostatic, impedance, and 
electronic. The direct acting rheostatic 
regulator with modern constructional fea- 
tures is probably the simplest regulator me- 
chanically and electrically and the easiest 
to understand of any modern type. It is an 
electromechanical type and as such has 
moving parts, but when this regulator is 
applied properly, long life and freedom 
from maintenance or replacement troubles 
has been indicated by many years experi- 
ence. As our interest becomes aroused in 
new and different types of voltage regula- 
tors, we should not lose sight of the avail- 
ability and practical usefulness of the direct 
acting rheostatic regulators for small and 
medium size generators. Improvements in 
this type of regulator can be expected. 

The indirect acting rheostatic type regu- 
lator has been used widely for industrial, 
public utility, and central station generators 
and synchronous condensers. It has been 
used successfully on systems where the load 
is relatively steady and also where it is fluc- 
tuating. Many applications have been 
made using a series-type main-exciter field 
rheostat. When this type of rheostat is 
used, only one set of single pole high speed 
contactors is required to provide the de- 
sired rapid response of the excitation sys- 
tem. 

With regard to the impedance type regu- 
lator, a considerable number of this type, 
using the intersecting impedance principle, 
were manufactured and used with small 
a-c generators about ten years ago. At 
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that time these regulators were relatively 
bulky on account of the space requirements 
of copper oxide rectifiers of which more were 
available than selenium. Improvements 
in the art and better materials now have 
made it possible to build a better regulator 
of this type for use with special exciters of 
the rotating amplifier type to control the 
voltage of large synchronous machines. 

An electronic voltage regulator is now 
available using in the voltage responsive 
circuit a filament controlled high vacuum 
tube. This method of voltage measuring 
makes it possible to feed the a-c generator 
voltage directly into the regulator without 
the use of rectifiers and filtering. A direct 
voltage proportional to the rms value of the 
alternating voltage can be obtained from 
the loading resistor into which the tube 
feeds. This is important, for example, 
where unusual wave form or high frequency 
alternating current is regulated. This type 
of regulator can be used conveniently to 
control an electronic exciter or a rotating 
amplifier exciter. 

The authors discuss several special con- 
trol features including upper and lower ex- 
citation limits. It is indicated that these 
special control features are introduced more 
readily into static regulator control circuits 
such as the electronic type. It should be 
noted however that under excitation and 
overexcitation limits have been provided 
and used successfully with indirect acting 
rheostatic regulators in a number of appli- 
cations. One type of lower excitation limit 
used with generators has been an electro- 
mechanical element wherein a-c machine 
main field current has been balanced against 
a-c watt output. This variable under- 
excitation limit has been used to prevent the 
voltage responsive and regulating means 
from lowering the excitation beyond a de- 
sirable point. For overcurrent limit on syn- 
chronous condensers an a-c_ electrome- 
chanical current element has been used, thus 
automatically controlling the upper limit of 
excitation in place of sounding an alarm 
in case a predetermined load current is ex- 
ceeded. 

An item of interest to many operators is 
the modernization of old excitation sys- 
tems. In such cases it is important to de- 
termine accurately the characteristics of the 
existing main exciter. If this exciter is 
relatively unstable changes may be neces- 
sary in the machine in order to provide 
stability under manual control. Moreover 
the manually operated main-exciter-field 
rheostat may be rather bulky and expensive 
particularly if a wide and low ranges of ex- 
citer voltage are to be controlled smoothly. 


E. L. Harder (Westinghouse Electric Corpo- 
ration, East Pittsburgh, Pa.): The larger 
portion of this paper is devoted to a neces- 
sary statement of existing excitation and 
regulation principles, devices, and practices. 
Against this background, the newer de- 
velopments are described, and their merits 
My 
comments pertain to the newer develop- 
ments in excitation systems. 

The authors have mentioned one type of 
rotating amplifier. Another type is the roto- 
trol which is used to control the field of the 
main exciter. Its small control field energy 
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requirements are supplied readily from an 
impedance or electronic type regulator. 

The ultimate in simplicity of an excitation 
system is obtained with the main-exciter 
rototrol which eliminates the pilot or control 
machine altogether. A unit of this type is 
being built for a 60,000-kw turbo genera- 
tor, a number of smaller units having been 
built in the past. The main exciter rototrol 
can be controlled by a static network or an 
electronic regulator. 

The use of a lower excitation limit for a 
generator or frequency changer is recom- 
mended highly. This limit preferably 
should be variable with the load being car- 
ried, but in any event should be adequate 
to insure steady state stability for existing 
or increment loads. The provision of suffi- 
cient field current for stable operation is 
always paramount to variation of field 
current for voltage or wattless power 
control. The watt-balance element has 
been used for this purpose with indirect 
acting regulators. It balances slip-ring 
voltage against power through the unit, 
taking control away from the voltage regu- 
lator and increasing the field current if 
needed to insure the predetermined margin 
of stability. 


J. B. McClure, S. I. Whittlesey, and M. E. 
Hartman: The authors wish to thank all 
those who have submitted discussions on this 
paper. While there seems to be general 
agreement on this subject, there are a few 
items which profitably can, be emphasized. 

Kinghorn and Porter have suggested that 
the electronic pilot exciter be included in the 
list of excitation systems. The electronic 
pilot exciter was considered when making 
up the list, but it was not included since the 
list was intended to be a summary of pres- 
ent day practice and the electronic pilot 
exciter has not been used widely by the 
industry. However, the experience with the 
electronic pilot exciter in a few installations 
has been quite satisfactory. 

Three important characteristics are given 
which should be considered in selecting 
voltage regulators. In discussing accuracy 
it should be noted that regulators with no 
inherent dead band, in general, will have a 
higher accuracy because they are con- 
tinuously acting. Regulators of this type 
are built with different degrees of accuracy 
which is reflected in their cost. Speed of re- 
sponse sometimes is confused with the con- 
tinuously acting principle. Moderate speeds 
of response geferally are considered ade- 
quate for most applications. One of the 
principle requirements of voltage regulators 
is that they begin to make corrections 
promptly. This requirement can be met by 
a regulator with a small dead band. 

Harder indicates that there are several 
types of rotating amplifiers. The term 
rotating amplifier as used in the paper was 
intended to include all equipments of this 
type such as the amplidyne, rototrol, regu- 
lex. 

Harder states that the simplest excita- 
tion system would make use of the main 
exciter rototrol. Main exciter amplidynes 
also have been built and now are being 
used in several smaller installations. How- 
ever, such special exciters are necessarily 
larger. Also, the single special exciter re- 
quires higher control energy than if another 
amplifying stage is included. This in turn 
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means greater duty on the regulator. Inan 
excitation system including a regular exciter 
and a separate rotating amplifier, it is possi- 
ble to remove the rotating amplifier from 
service without shutting down the exciter. 

Valentine and MHarder both indicate 
that excitation limits are worthwhile. It 
should be understood that the lower ex- 
citation limit protects the system by main- 
taining a minimum excitation for each ma- 
chine, while the upper excitation lmit pro- 
tects the machine from excessive currents. 
Mr. Valentine mentions the use of an over- 
current limit on synchronous condensers 
but does not state whether this limit is 
provided to protect the machine against 
excessive armature or field currents. 

Valentine also discusses briefly the mod- 
ernization of old excitation systems. In 
many cases the exciter is relatively un- 
stable under manual control. A small 
booster voltage, as mentioned by Kinghorn, 
will improve the stability characteristics of 
an exciter and increase the speed of response 
at low excitations. 


Six Years’ Experience With 
Factory-Built Unit-Type 
Substations 


Discussion and authors’ closure of paper 
46-176 by E. F. Miller and R. B. Miller, pre- 
sented at the AIEE summer convention, De- 
troit, Mich., June 24-28, 1946, and published 
in AIEE TRANSACTONS, 1946, Novem- 
ber section, pages 751-6. 


Raymond J. Salsbury (Duquesne Light 
Company, Pittsburgh, Pa.): The adoption 
of a primary network is decided by eco- 
nomics. There is little doubt as to the de- 
sirability of the network from an engineer- 
ing standpoint. However, there are certain 
details which could bear elaboration. 

It would be desirable to present informa- 
tion as to the degree of regulation to be ex- 
pected from the network application and as 
to what extent these expectations would be 
realized. Inverse reactance compensation 
is necessary to insure proper parallel opera- 
tion of the network units. With a network 
partially loaded, the regulation problem is 
not difficult. However, it may be that when 
the network is loaded fully, bus regulation 
with the inverse characteristic will not be 
adequate. 

Lightning arresters should be placed as 
close to the terminals of the transformer 
unit as is physically possible, regardless as to 
whether the entrance is overhead wire or 
cable. Open terminal bushings on the 
transformer unit obviously can be protected 
more easily with arresters adjacent to the 
bushing. The flashover mentioned in the 
paper must have been a result of some 
difficulty with the insulation of the bushing 
or the breakdown characteristics of the ar- 
rester. Bushing flashovers of the type sug- 
gested have been eliminated almost com- 
pletely from many power systems. 

Further discussion of some equipment de- 
tails would be of interest. For instance, 
are the recording ammeters of the instan- 
taneous or thermal type? What policy of 
loading is applied to the network units and 
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what type of supervisory indication or re- 
mote control is provided, if any? Many of 
the maintenance features of the unit station 
could be treated more fully. The cables 
which supply the individual units will fail. 
How are the individual phase conductors 
identified when the line crew is required to 
repair a failure? What methods are used to 
insure proper phase rotation when a re- 
paired cable is energized again on the 
system? Perhaps this problem is avoided 
through the use of single conductor cable in 
the supply. 

The frequency of major inspection and 
overhaul is of prime importance. While the 
units are new, little trouble may be expected 
from them for several years. However, at 
some time transformer windings will have 
absorbed moisture and will require drying 
in a vacuum, the tap changer contacts will 
have worn and require replacement, the oil 
circuit breaker will have become obsolete 
and will require major rebuilding, and many 
of the other devices will require replace- 
ment. Furthermore, when something goes 
wrong inside the tank, the whole equipment 
will be out of service until repairs are made. 
It seems then that the following questions 
are pertinent: What provision is made for 
major equipment replacement or overhaul? 
How long will a unit give reliable service 
without any attention whatsoever? What 
reserve capacity is provided in the design of 
the system? 

Finally, one cannot be too optimistic 
about the over-all economy of the primary 
network as compared with the radial 
scheme. Substantial distribution circuit 
investment is required to minimize regula- 
tion. This may be offset by substation 
economy. However, after these new unit 
stations have been in service 15 or 20 years, 
and there have been internal failures which 
require expensive replacement, many of the 
initial favorable factors may lose some of 
their value. 


O. B. Falls, Jr. (General Electric Company, 
Schenectady, N. Y.): The authors have 
presented a very fine exposition of the use of 
and experience with unit type substation 
equipment and the advantages and econo- 
mies of the primary network as contrasted 
to the radial type of system. This discussion 
will be confined chiefly to the latter item. 

There are a number of reasons why the 
use of several relatively small substations 
is considerably better than the use of one 
large substation to serve a given area. 
Among these, as the authors have pointed 
out, are the problems of congestion around 
the large substations when a large number of 
4-kv feeders must be taken away, and the 
necessity of supplying these large substa- 
tions with a number of high capacity sub- 
transmission lines. 

Another of the major advantages also is 
mentioned by the authors. However, I 
would like to take this opportunity to further 
emphasize it. This pertains to the inter- 
rupting capacity of substation circuit 
breakers. Past experience has shown that 
one of the first items of equipment which 
caused a substation to become obsolete has 
been feeder circuit breakers. This was a 
result of an attempt to increase continually 
the capacity of these substations, which 
meant that, as the system grew, existing cir- 
cuit breakers would:reach not only their 
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interrupting capacity but also their thermal 
capacity quite rapidly. The use of small 
equipments spotted at a number of locations 
throughout the load area and operated 
either radially or tied into a primary net- 
work means that the circuit breakers, from 
both an interrupting capacity and thermal 
capacity standpoint, will be adequate 
throughout the life of the substation as a 
whole. 

Along this line, the question frequently is 
raised as to whether or not circuit breakers 
when used in a primary network will remain 
adequate as the network grows. Experi- 
ence has shown that even in primary net- 
works of quite high load densities and with 
high values of available short-circuit capaci- 
ties on the subtransmission circuits, circuit 
breakers will remain adequate. Assuming 
a 4.16-kv primary network, the borderline 
where a  150-megavolt-ampere circuit 
breaker begins to become inadequate is at 
a load density where serious consideration 
should be given to installing a secondary net- 
work. Because primary networks usually 
are limited to residential, and mixed resi- 
dential and commercial areas, it is unlikely 
that load densities will reach such values 
that any 150-megavolt-ampere circuit 
breaker would become inadequate based on 
present-day or expected future loads in such 
areas. 

For example, if we assume an infinite 
network made up of 3,000-kva transformers 
and with 500-megavolt-ampere short- 
circuit capacity available at the high-volt- 
age terminals of each transformer, the maxi- 
mum short-circuit capacity to which any 
circuit breaker will be subjected on a 3- 
phase fault will be approximately 105,000 
kva if the unit substations are spaced uni- 
formly, 0.5 mile apart, and tied together 
with 3-phase overhead circuits of 0000 
conductor. This means that a 150-mega- 
volt-ampere circuit breaker with a reclos- 
ing time of 10 or 15 seconds on the first shot 
could be used with adequate margin. Ifthe 
substations are spaced approximately 0.6 
mile apart, a 150-megavolt-ampere circuit 
breaker could be used with zero reclosing 
time on the first reclosure. From this it 
can be seen that 3,000-kva transformers with 
150-megavolt-ampere circuit breakers could 
be used for load densities in the order of 
10,000 to 12,000 kva per square mile without 
becoming inadequate. This is based on as- 
suming zero time for initial reclosure. If 
longer times are used on initial reclosure 
higher load density areas could be served. 

The authors have pointed out that after 
careful consideration of the geographical 
layout of the area, the cost per kilovolt- 
ampere of the various sizes of substations, 
load density, and spacing of substations, a 
unit rated 3,000-kva transformer with forced 
air cooling to give it supplemental overload 
rating of 3,900 kva, was chosen as a size 
which would give the lowest over-all system 
cost. Such a conclusion lines up with the 
results which were obtained from an over- 
all generalized system analysis.! In this 
analysis, it was shown that when consider- 
ing such factors as voltage conditions, con- 
tinuity of service, size of load area and load 
density, subtransmission voltages, and size 
of substations, the general conclusion could 
be reached that in the majority of cases the 
3,000-kva self-cooled rating of transformer 
when used in a primary network would give 
the lowest over-all system cost. It is 
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gratifying to note that in this very practical 
application, identical results were obtained. 

The authors have enumerated a number 
of advantages of the primary network as 
contrasted to other types of systems in- 
cluding the radial type of system. I would 
like to take this opportunity to stress a few 
of these advantages which I do not believe 
have been appreciated fully in the past. 
One advantage is that the use of 3-phase 4-kv 
lines connected in the primary network not 
only results in lower losses but also in better 
voltage conditions being obtained than could 

_ be obtained with single-phase feeder-voltage 
regulation on a radial system. 

In connection with this, there is one fur- 
ther factor which the authors have not men- 
tioned, but which will become increasingly 
important. That is, the use of tie circuits 
as obtained in a primary network will per- 
mit the use of larger motor sizes without 
obtaining objectionable light flicker. This 
becomes more important as the use of room 
coolers and air-conditioning equipment in- 
creases. 

The second item which I would like to 
mention is that the authors have found that 
the operating and maintenance costs of a 
primary network actually have been less 
than for a comparable radial system. One 
of the outstanding reasons for this is that 
substations including circuit breakers can 
be maintained adequately without the work 
and complications of either installing a 
transfer bus or cutting over the loads to 
other substations. 

In conclusion, I would recommend this 
paper quite highly to those who desire a 
primer on the advantages of a primary net- 
work, as well as the results which can be 
obtained, from a system planning viewpoint, 
by including and analyzing a wide variation 


of the various factors involved in system — 


design before arriving at the size of substation 
to be used. 
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P. R. Pierson (Westinghouse Electric Cor- 
portation, East Pittsburgh, Pa.): The 
authors are to be complimented on the sub- 
ject presented in this paper. It is timely 
because of the trend in this type of con- 
struction at the present time. It provides 
the answers to questions of suitability in 
an unquestionable manner. Together with 
the authors who had the courage to pioneer 
a program as outlined, the manufacturers 
also can derive satisfaction from the fact 
that these pioneering switchgear designs 
have given satisfactory service. 

Three points of particular interest are 
that these installations are all air-circuit- 
breaker metal-clad switchgear, that the 
installations are of the simplest basic unit 
construction, and that the locations in the 
industrial centers of the Quad Cities on the 
banks of the Mississippi River are subject 
to as severe atmospheric conditions as 
usually will be encountered. 

Drawout air-circuit-breaker metal-clad 
switchgear is adapted particularly well to 
unit substation or outdoor switchgear be- 
cause, in addition to the safety features of 
metal-clad construction, the circuit breakers 
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are individually mobile, thus requiring no 
auxiliary devices for operation within the 
unit. The circuit breaker parts are located 
in a position to provide for easy and quick 
inspection by the removal of a single piece 
barrier assembly. These operations and 
minor maintenance can be performed with 
the circuit breaker in front of its housing 
without the use of auxiliary handling devices 
other than a platform dolly. 

The units discussed employ the simplest 
circuit construction. No provision is made 
for by-passing circuit breakers or transfer- 
ring circuit to transfer busses. Thus a 
minimum of primary circuit subject to fault 
or maintenance is involved in each housing; 
however, maintenance has been performed 
satisfactorily without undue annoyance to 
customers. It is acknowledged that the 
network system contributes greatly to the 
continuity of service during these operations. 

The six years of reasonably trouble-free 
operation of this type of equipment in the 
severe atmospheric conditions of the indus- 
trial sections along the river confirm the 
moisture prevention features of the switch- 
gear design for most locations. The use of 
free ventilation through all compartments 
and the provision of heaters to maintain 
temperatures inside the housings above 
those outside during the severely changeable 
weather of spring and fall has proved ade- 
quate for the conditions. 

The trend in unit substation switchgear is 
toward better appearing units, and stand- 
ardization of circuits, equipment, and indi- 
vidual unit designs. With standard indi- 
vidual units, expansion, reduction or rear- 
rangement can be made as load trends de- 
mand, with maximum salvage value of 
equipment. 


E. F. Miller and R. B. Miller: In our 
Opinion, good voltage regulation is one of the 
advantages of the primary network form of 
distribution. This is a result of the over-all 
design of a complete network. We have 
found that for our loadings, it is necessary 
to use 0000 conductor wire on the tie lines 
to sustain the network with one of the 
transformers out of service during a peak 
load condition. Conductors of 0000 wire 
on a standard 4-pin arm have an impedance 
of less than 0.7 ohm per mile. With tie 
lines two miles and less in length, the voltage 
drop from the station bus to the center of 
the feeders will be about two or two and 
one-half per cent, which is small in com- 
parison to the drop in the secondaries and 
distribution transformers. 

We set the compensator in each trans- 
former tap changer control for a slight rise 
in voltage on its station bus as the load in- 
creases, with a maximum of about 121 
secondary volts. We find that this gives 
excellent primary regulation throughout the 
day and night and makes the matter of volt- 
age at the customer’s entrance a function of 
the distribution transformer and secondary 
drops. 

These results are based on maintaining 
balanced loads on the individual phases of 
each circuit and also on the basis of using 
four circuits per substation with two or 
perhaps three of them as tie lines. The pri- 
mary drops referred to are based on about 
2,800-kva normal peak load on a 3,000 
3,900-kva substation and with power factor 
of 80 per cent or better. 
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A network of this general design is capa- 
ble of maintaining good operating voltages 
throughout on peak load with any of its 
transformers out; also, any tie line will 
function satisfactorily with one end open. 
This permits maintenance to be done on a 
circuit breaker or transformer any time 
without inconvenience to the customer, and 
during regular working hours. With uni- 
form design of substations one spare circuit 
breaker and other important pieces of equip- 
ment can be provided for use anywhere on 
the system. A circuit breaker unit needing 
major work done on it can be replaced 
quickly and taken to a service building for 
major testing or repair. Minor jobs can 
be done at the substation. 

The use of air circuit breakers instead of 
oil circuit breakers minimizes the amount 
of maintenance of such units, Transformers 
have automatic pressure gas seal above the 
oil and cuts oil contamination to a mini- 
mum, This reduces maintenance and possi- 
bility of trouble besides extending the ex- 
pected life indefinitely. Weekly routine 
inspection trips catch all the minor trouble 
and prevent major trouble from developing. 

All substations have instantaneous re- 
cording ammeters, wattmeters, and var- 
meters besides a watt-hour meter. These 
instruments record quantities for the trans- 
former asa whole. Test jacks are provided 
on each circuit for connecting portable in- 
struments for spot checks or major surveys. 
There is no supervisory control or indication. 

Relaying is provided to trip the trans- 
former’s secondary circuit breaker in case of 
a fault on the primary circuit or in the 
transformer winding. These relays provide 
automatic reclosing after the primary 
circuit has become energized, and the 
magnitude and phase angle of the voltage 
is such that it will feed energy into the net- 
work. Relays also are provided to trip all 
circuit breakers in case of a substation bus 
fault. Each feeder has overcurrent relays 
on it. The transformer has a winding tem- 
perature relay set to trip the transformer 
circuit breaker if a safe temperature is ex- 
ceeded. 

Single conductor cables are used on all 
4-kv and 13.2-kv lines into each substation. 
On 4-kv circuits the phases are marked at 
the switchgear and at the pole for ease of 
phasing out in case of cable trouble. Distri- 
bution type lightning arresters are provided 
at each dead end when there is a cable 
terminal. 


Some Aspects of Polyphase 
Motor Design—The 


Design and Properties 
of the Magnetic Circuit 


Discussion of paper 46-166 by T. C. Lloyd 
and H. B. Stone, presented at the AIEE sum- 
mer convention, Detroit, Mich., June 24-28, 
1946, and published in AIEE TRANSAC- 
TIONS, 1946, December section, pages 
812-18. 


P. H. Trickey (Diehl Manufacturing Com- 
pany, Somerville, N. J.): T. C. Lloyd and 
H. B. Stone are to be complimented for a 
very clear analysis of an old and difficult 
design problem, and particularly for their 
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ability in eliminating the confusion and 
complication of certain awkward and com- 
paratively unimportant factors. 

Their formula for tooth width checks 
very closely with my own experience. The 
equation for inside diameter checks with the 
curve shown in Figure 3 of my discussion on 
Lloyd’s 1944 paper, for a stator diameter of 
4.6 inches. However, perhaps Lloyd’s 
formula should be modified for subfractional 
sizes because it would give zero rotor diam- 
eter for a 0.647 diameter stator. 

Very often it is not possible to use a 
rotor diameter exactly as desired because of 
the need to use previous die diameters. In 
this case it may be better to choose the 
“depth below slot’’ from a proportional di- 
vision of the distance from inside to outside 


diameter. Such a formula is 
BS= 0.86 OD—D 
0.315P +1.03 2, 


A further extension of the principles of 
this paper might be to choose the rotor diam- 
eters so that the 4-pole diameter of one 
frame size would be the 2-pole diameter 
of the next larger frame, and the 6-pole 
diameter of the next smaller frame. 


Characteristics of Resistance 
Welding Transformers 


Discussion of paper 46-156 by F. E. Murray 
and R. C. Jones, presented at the AIEE 
summer convention, Detroit, Mich., June 
24-28, 1946, and published in AIEE 
TRANSACTIONS, 1946, November section, 
pages 726-8. 


F. L. Brandt (nonmember; Thomson Elec- 
tric Welder Company, Lynn, Mass.): I 
am pleased to see how close the authors’ 
design constants agree with my own. This 
is true because our designs are governed by 
accumulated experience of these trans- 
formers in service. 

I would like to amplify the data given on 
core design. Equation 3 assumes a stack- 
ing factor of 0.95. This stacking factor 
expresses a sort of efficiency in the way 
that the core is cut and assembled. I 
would like to point out that the dies or 
shears used to cut the laminations must be 
maintained religiously so that burring of 
the edges of the laminations is at a mini- 
mum. The core assembly personnel must 
stack these laminations so that there is a 
minimum of air spaces. The laminations 
should be cut so that the flux path is in the 
same direction that the steel has been rolled. 
These points apply to all transformers and 
not just resistance welding transformers. 

There are silicon steel cores available 
that can be worked up to 115,000 to 125,000 
flux lines per square inch. A large part of 
this increased density is enabled by the 
method of assembling the core laminations 
which prompted the discussion in the pre- 
vious paragraph. Such cores are costly 
in themselves but the saving in primary 
and secondary copper resulting from re- 
duced length of the mean turn actually 
reduce the total cost of the transformer in 
many cases. Not only the physical size 
of the transformer is reduced but so are 
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the losses and impedance. Higher flux 
density cores are a definite trend for the 
future. 

I should like to point out that the high 
voltage windings should be insulated with 
a suitable varnish or impregnant to resist 
moisture, oils, and acids that are prevalent 
in manufacturing plants. The transformer 
is part of a machine in which lubricants often 
are used freely. The water-cooled low- 
voltage windings are apt to sweat like a 
pitcher of ice water on a hot summer day. 

There is a growing trend to make the low 
voltage windings of rolled copper, par- 
ticularly in the form of heavy wall tubing. 
This further reduces the size of a given 
transformer. 

The leakage reactance and losses are 
calculated for the parallel connection of the 
100-kva transformer. 


Moisture Equilibrium 
Between Gas Space and 
Fibrous Materials in 
Enclosed Electric 
Equipment 


Discussion and author’s closure of paper 46- 
160 by John D. Piper, presented at the 
AIEE summer convention, Detroit, Mich., 
June 24-28, 1946, and published in AJEE 
TRANSACTIONS, 1946, December sec- 
tion, pages 791-7. 


F. J. Vogel (Illinois Institute of Technology, 
Chicago, Ill.): This paper is of great in- 
terest to the designer and manufacturer of 
apparatus inasmuch as it points out one of 
the problems that has to be considered by 
the designer which generally is not apprecia- 
ted by other engineers. 

The author says that he does not know of 
transformer failures from condensation. 
There have been several. This condensate 
has not always been water only but in 
some cases a mixture of acid and water. 
In my opinion, it has caused both terminal 
structure failures and one or two insulation 
failures in transformers. 

That condensation has been given at least 
a little consideration is shown by several 
schemes, some patented, for providing ex- 
tremely free breathing to prevent condensa- 
tion. Free breathing also accelerates oil de- 
terioration caused by oxidation. 

The presence of condensation has been 
used to determine dryness. Units have 
been heated by circulating current in the 
windings and then examined to note any 
condensate on the underside of the cover. 
Absence of moisture on the cover is taken as 
an indication of dryness. However, these 
tests are not quantitative nor are they neces- 
sarily uniform in their results. 

Although new oil has an extremely small 
percentage of water solubility, this may be 
a large quantity of water if condensed from 
a large transformer. 

This solubility decreases with lower tem- 
perature and undoubtedly the oil volume 
acts within limits as a water reservoir. The 
water then is distributed between the in- 
sulating materials, oil, and the gas space of 
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sealed units. Where the temperature does _ 
not range over extreme limits, there is prob- 
ably little trouble. From experience, and 
not as a result of test, it might be concluded 
that the dielectric strength of insulations is 
not affected greatly by at least as much 
water as would be picked up by contact with 
the air. However, if a transformer were 
heated up to about 50 degrees centigrade or 
more in a moist atmosphere, considerable 
moisture might go into solution in the oil. 
If the unit then were placed outdoors at 
minus ten degrees centigrade the oil solu- 
bility could be reduced to the point where 
there would be freely divided water in the 
body of the oil. Then there is likely to be 
free water on the surface of the insulation, 
and cases where it could have been the cause 
of trouble are known. Piper has given 
consideration to these problems, shown 
when he states that the equilibrium for 
transformers is more complicated than the 
tapes he tested. Although I believe safe 
procedures are known and prescribed by the 
manufacturer’s instructions, I am not aware 
of exact data that are available. 

These phenomena are also of interest in 
the drying process. Drying is obtained by 
heating or the application of vacuum. The 
time and the heat required to vaporize the 
moisture are elements of this problem and 
consideration has been given to studies of 
this subject. 


C. T. Hatcher (Consolidated Edison Com- 
pany of New York, Inc., New York, N. Y.): 
The author has presented a comprehensive 
paper on the question of determining mois- 
ture in materials. There is one question 
which requires an explanation concerning 
the partial pressure of unsaturated water 
vapor. It is stated that for any vapor 
pressure long continued exposure of any 
fibrous material will cause it to absorb or 
give off mositure until its moisture content 
is in equilibrium with the vapor in the air. 
From example 2 it appears that the writer 
assumes the pressure exerted by unsaturated 
water pressure at any temperature to be the 
same as the pressure exerted by the same 
amount of vapor per unit volume at satura- 
tion. Actually, it would be somewhat higher 
because of the fact that it is superheated or 
raised to a temperature above that of satu- 
rated water vapor of the specified density. 
This will make no difference if the curves 
showing moisture content of fibrous ma- 
terial at different temperatures are based 
upon the same conception, but it is not clear 
whether or not this is the case. If it is not, 
an error of about eight per cent in the mois- 
ture content of the fiber at equilibrium would 
result. 


Abe Tilles (Pacific Gas and Electric Com- 
pany, San Francisco, Calif.): As is well 
known, cable engineers and others interested 
in maintaining the integrity of high voltage 
insulation always have a great and serious | 
concern regarding the whereabouts of the 
last traces of moisture. Accordingly, great 
interest is attached to the method, so ably 
developed here, of establishing moisture 
concentrations in relatively inaccessible di- 
electric materials from measurements on 
readily reached gases in contact with them. 
The author states that equilibrium times 
are quite long. Can the time be given 
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more specifically of approximately how long 
it might take to reach equilibrium? If this 
time is long compared to that of a marked 
daily temperature cycle, what temperature 
should be considered as controlling—the 
maximum or average temperature of the 
insulation surface, of the insulation volume, 
or what? 

Following the reasoning of the paper 
further, would it be feasible to dry the in- 
sulation slowly but surely by leaving some 
highly hygroscopic material in contact with 
the gas space? Has this been attempted? 

Would it not be expected that the pres- 
ence of various true gases, for example, 
nitrogen with or without oxygen, at various 
gas pressures over a wide range, for example, 
two millimeters of mercury up to 15 atmos- 
pheres, would leave the moisture equilib- 
rium concentrations unaltered? 

The authors state that presence of a thick 
impregnant does not alter moisture equilib- 
rium concentrations of gas space and fiber. 
When, however, a volatile and hygroscopic 

_yvapor—as perhaps of transformer oil—is 
present, would they not expect the equilib- 
rium moisture content of the gas and 
vapor space to be subject to marked altera- 
tion on that account? 


L. Meyerhoff (General Cable Corporation, 
Bayonne, N. J.): J. D. Piper very cleverly 
has drawn together the scattered data of 
equilibrium moisture conditions and put 
these into a very convenient and usable 
form. He has shown some practical con- 
firmation and has indicated various applica- 
tions for which these data will be valuable. 

It is of interest to compare with his curves, 
equilibrium data we have taken of unim- 
pregnated kraft paper in the range of 15 to 
70 per cent relative humidity. 

In our tests four sheets of cable paper of 
different densities, each weighing approxi- 
mately 50 grams, were hung up in the labo- 
ratory and thus subjected to the laboratory 
atmosphere. The initial moisture content 
was determined by drying other similar 
samples at high temperature to constant 
weight. The samples were weighed at 
frequent intervals during the 14 months of 
the test (January 1932 to March 1933) and 
at the same time temperature and relative 
humidity were observed. It will be noted 
that the paper did not necessarily attain 
equilibrium at any one atmospheric condi- 
tion. However, some readings were with 
rising relative humidity and some with 
dropping relative humidity. Thus the aver- 
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Table | 
Per Cent Moisture Content 
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* General Cable Corporation. 


age moisture content observed for a given 
atmospheric condition is probably not far 
from the equilibrium value. 

The degree of accuracy of the method 
does not permit determination of the ef- 
fect of temperature and humidity inde- 
pendently of each other. However, it is 
not too far out of line to consider the data 
as fairly accurate for the average tempera- 
ture in the tests, 26 degrees centigrade, 
with a range of 22 to 32 degrees centigrade 
No significant differences were found among 
the various samples because of density, 
including superdense paper. 

The average results are given in Table 
I of this discussion in comparison with 
values taken from Piper’s curves for 26 
degrees centigrade. 

The comparison for low relative humidi- 
ties is extremely good and is not far out of 
line for the higher humidities. 

With saturated paper the rate of mois- 
ture absorption may in some cases pre- 
dominate in practical importance over the 
final equilibrium condition. Here the ques- 
tion of degree of saturation and, in an ex- 
tremely important degree, the type of 
saturant become controlling and the rate 
of absorption is only a small fraction as 
much with certain saturants as for the 
unimpregnated paper. The surrounding 
humidity greatly affects the rate of ab- 
sorption as well as the equilibrium point. 

A rapid device for determining the effect 
of exposure of saturated paper to moisture 
is by tape-by-tape power factor measure- 
ments. These are much more effective 
when made at 80 degrees centigrade than 
when made at 60 degrees centigrade. Fig- 
ure 1 of this discussion shows a comparison 
which we have obtained between power 
factor at 60 and 80 degrees centigrade of 
saturated tapes wherein the major vari- 
able is the amount of moisture present. 


Figure 1. Com- 
parison of 60- and 
80 - degree - centi- 
grade tape-by-tape 


power factor with 
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Discussions 


The data are for an experimental cable which 
was taped with presaturated tapes in a 
room of relatively high humidity. Some of 
the tapes had been exposed to the humid 
air for considerable lengths of time during 
interruptions of operation. It will be noted 
that where the power factor is low (that is, 
very low moisture content) the 60- and 
80-degree-centigrade power factors are al- 
most identical, whereas for high power fac- 
tor values (that is, relatively high moisture 
content) the 80-degree-centigrade power 
factor goes up much more rapidly than does 
the power factor at 60 degrees centigrade. 

The great protection (greatly slowing of 
absorption rate) obtained from the metal- 
lized paper shielding tape, as noted by 
Piper, is pertinent to this whole matter 
and has contributed in a great degree to 
the low moisture content shown by him for 
cable as completed and shipped. 


E. W. Greenfield (Anaconda Wire and 
Cable Company, Hastings-on-Hudson, 
N. Y.): J. D. Piper’s interesting co-ordina- 
tion of previous work on adsorption iso- 
therms for cotton, paper, and wood gives a 
unique dew point chart for cellulosic insulat- 
ing materials. 

Figure 4 of the paper permits deter- 
mination of equilibrium moisture content 
of cotton or wood pulp paper for any given 
temperature and vapor pressure of its 
surroundings. Since the curve for water 
also is given, the chart can be used to find 
dew point temperature corresponding to 
various operating conditions. 

The value of such an equilibrium chart 
becomes apparent from consideration of the 
examples given by Piper. Other problems 
involving the equilibrium moisture content 
for paper, varnished cloth, fabric tapes, and 
so forth stored at various relative humidities 
are of equal interest. 

Construction of the vapor pressure curves 
for wood pulp paper based on the data of 
Pidgeon and Maas (reference 8 of the 
paper) may be open to some question. It is 
true that the cellulose micelle in any state 
maintains its unit chain individuality 
since cellulose from many differing sources 
shows identical X-ray diagrams. (These 
diagrams are also identical for cellulose 
both in the very dry and very moist states 
indicating the occluded water is not bound 
within the unit cells but probably exists en- 
tirely as surface masses.) However, the 
lignon and resin impurities for the spruce 
are much greater than for normally-manu- 
factured wood-pulp paper. Also, the oxy- 
cellulose content differs -appreciably and 
oxycellulose has a greater affinity for water 
than alphacellulose. Piper’s extrapolation 
gives him a ratio of 1 to 1.7 for the relation- 
ship between the water concentrations that 
are required to produce the same vapor 
pressures in cotton and in kraft paper. 
We feel that this ratio is too high and is oc- 
casioned by the assumption of the identity of 
behavior between spruce wood and wood 
pulp paper. 

We are in agreement with Piper in that 
the data on unimpregnated cellulose is ap- 
plicable to oil-impregnated cellulose. Al- 
though the presence of the saturant slows 
up the rate of diffusion, it would appear 
that the moisture gradually displaces the 
saturant and becomes adsorbed itself to the 
cellulose as surface masses. Tests on un- 


1153 


impregnated and impregnated kraft con- 
denser tissue carried out at Bell Laboratories 
during 1939 indicated definitely that the 
same final moisture equilibriums are reached. 

In his discussion on vapor barriers, Piper 
states that either metallized paper or 
metal tapes placed on the outside of the 
cable will form a positive barrier to en- 
trance of water vapor. Has consideration 
. been given to the long spiral exposed cellu- 
lose edge in the case of the metallized paper 
or the greater exposed cellulose surfaces of 
the intercalating tape used with all metal 
shielding tapes? 


G. B. Shanklin (General Electric Company, 
Schenectady, N. Y.): The interesting in- 
formation about the effects of moisture in 
high pressure pipe cable systems, as out- 
lined in J. D. Piper’s paper, is appreciated. 
This experience is further confirmation of 
the old basic principle of high voltage 
cable practice and applies equally well to 
any type of high voltage system, either 
lead sheathed or in steel pipe. In all such 
systems it is essential to remove all possible 
traces of impurities, such as oxygen and 
moisture, from the cable initially and to safe- 
guard against trapping such impurities 
in the system during installation and serv- 
ice. 

In this particular case the moisture was 
entrapped by exposure before the temporary 
lead sheath was applied. There was plenty 
of time for this moisture to become firmly 
embedded in the cable cross section, and 
the cold vacuum treatment applied in the 
field after the cable was installed was not 
sufficient to remove this deeply embedded 
impurity. In this respect the limitations 
of any field treatment it is practical to 
apply must be recognized, and penetration 
of oxygen and moisture into the mass of 
insulation must be avoided. In the case of 
pipe cable systems, where the temporary 
lead sheath is stripped off as the cable is 
pulled into the pipe in the field, it is impor- 
tant to apply vacuum treatment as promptly 
as possible after the pulling and before the 
impurities caused by exposure have a 
chance to penetrate the mass of insulation. 
It is equally important to make sure that 
there are no similar impurities in the cable 
before the sheath is stripped. This is a 
problem we always will have as long as 
paper-insulated cable is used. 


W. E. Mougey (Bell Telephone Laborato- 
ries, Murray Hill, N. J.): Weare not suf- 
ficiently familiar with recent developments 
in power cable to say whether the air pres- 
sure cable is finding enough acceptance to 
warrant the attention given it by J. D. 
Piper. It is our impression, however, that 
there has been considerable interest in this 
development. We assume also that there 
is rather wide interest in oil filled trans- 
formers of the types considered. 

While Piper does a lot of extrapolating 
and interpolating, we can find nothing basi- 
cally wrong with his methods. For the 
most part his extrapolations are based on 
linear or nearly linear curves. However, 
we are somewhat skeptical of one result of 
his extrapolations, namely the conclusion 
that kraft paper takes up 1.7 times as much 
water as cotton. While we agree that kraft 
paper is more hydroscopic than cotton, we 
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are surprised that the factor is as high as 
1.7. It would be a simple matter for the 
author to make moisture absorption meas- 
urements on kraft paper and cotton under 
conditions to bolster his conclusions. 

A good job has been done by Piper in 
rationalizing the moisture absorption data 
of a number of investigators. This is 
probably one of the most important fea- 
tures of the paper. 

In the discussion of the moisture takeup 
of impregnated versus unimpregnated fibrous 
materials, we suggest that reference be 
made to an article by Ingmanson and 
Vacca.! Data are given there showing that 
the equilibrium moisture content of jute is 
not changed by impregnation. 


REFERENCE 


1. Morsture ABSORPTION OF JuTE, J. H. Ing- 
manson, G. N. Vacca. Industrial and Engineering 
Chemistry (Easton, Pa.), volume 26, 1934, page 
1274, 


John D. Piper: The writer appreciates the 
interest in the paper expressed by the sev- 
eral commentators and is gratified by the 
opinions of E. W. Greenfield, L. Meyerhoff, 
Abe Tilles, and F. J. Vogel that the infor- 
mation compiled may be put into practical 
use, 

Greenfield and Mougey express the opin- 
ion that the ratio of 1.7 to 1 is somewhat 
high for the relationship between water 
concentrations in kraft paper and cotton 
required to produce the same vapor pres- 
sure. 

Meyerhoff presents experimental evi- 
dence which substantiates the conclusion 
that for the higher humidities the ratio is 
high, but which confirms the values from 
Figure 4 for the lower humidities. Meyer- 
hoff’s data are substantiated qualitatively 
by data taken from ‘International Critical 
Tables’’ as shown in Table II of this dis- 
cussion. 

Divergence from the International Critical 
Tables data is, however, less than that from 
the General Cable Corporation data. In 
preparing the equilibrium chart the writer 
was forced to choose between data for kraft 
paper taken at room temperature and data 
for spruce wood taken over a range of tem- 
peratures. The latter was chosen in spite 
of the differences between kraft paper and 
spruce wood which ably have been pointed 
out by Greenfield. Except at high humidi- 
ties the agreement with the meagre data 
for kraft paper seems remarkable. For 
precise work an obvious need exists for 
further data on kraft paper taken over an 
extensive range of both temperature and 
moisture concentration. 
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In response to Hatcher’s comment, it 
should be stated that the curves as given 


show the equilibrium conditions against. 


water vapor of the vapor pressures shown. 
Hatcher rightfully points out that in the 
illustrations the effect of the superheating 
was neglected. Assuming the gas laws to 
hold, the equilibrium vapor pressure for ex- 
amples 2 and 3 as corrected for the super- 
heating is 6.3 millimeters instead of the un- 
corrected value of 5.7 millimeters of mer- 
cury. 

Regarding Tilles’ opinion that true gases 
such as nitrogen should not affect the 
equilibrium conditions but that volatile 
hygroscopic materials such as transformer 
oil might cause marked alterations, the 
writer partially agrees. Experimental evi- 
dence shows that nitrogen pressures up to 
200 pounds per square inch do not affect the 
equilibrium conditions beyond experimental 
error. Vapors of hygroscopic materials 
probably would if present in sufficient 
concentration. The odor of the gas over 
transformations is usually acrid indicating 
the presence of acid vapors. Analysis of 
condensate from particularly moist trans- 
formers showed, however, the acid to be 
present in proportion less than 0.5 mole 
percent. These are unpublished data of the 
writer’s colleague, T. A. McConnell. Inas- 
much as the acid is less volatile than water 
the concentration of acid in the vapor 
phase was probably even less. The con- 
centration of oil vapor also must have 
been low because 98 per cent by weight 
of the condensate was water. From 
Raoult’s law it is evident that the equilib- 
rium conditions cannot be altered seriously 
unless the concentrations of hygroscopic 
materials are much higher than were found 
in the case cited. In connection with this 
and the previous comment it should be 
pointed out that the information given in 
Figure 4 is not intended for precision work 
but for making engineering estimates over a 
wide range of temperatures and concentra- 
tions. 

Concerning the time required for equilib- 
rium to take place, few data are available. 
As Meyerhoff points out, for impregnated 
fibers the rate is greatly dependent upon 
the nature of the impregnant. For trans- 
formers and the cable wrapper discussed, 
sensible equilibrium seems to take place 
in a matter of days. Concerning the proper 
temperature to use when the period of a 
temperature cycle is less than that neces- 
sary for complete equilibrium to take place, 
it has been the practice in working with 
transformers to use the average temperature 
of the transformer oil during the working 
day. 

Use of a highly hygroscopic material in 
contact with the gas or oil in transformers 
has been proposed in the form of several 
proprietary devices. Too many of these 
proposals neglect the fact that the equilib- 
rium vapor pressures of these desiccants. 
increase rapidly as moisture is absorbed 
and that the quantity of desiccant required 
to dry a large transformer is considerable. 
Nevertheless this approach has merit pro- 
vided a degree of dryness approaching that 
in high voltage cable is not required. A 
compressor-condenser system is being used 
by the company with which the writer is. 
connected on the gas system of 19 generator- 
transformers in which particularly high dew 
points were found. While in operation this 
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Figure 2. Effect on power factor of moisture 
in impregnated cable paper 


From minutes of the Association of Edison 
Illuminating Companies for 1929, “Study of 
Mechanism of Cable Deterioration” by C. F. 
Hirshfeld, A. A. Meyer, and L. H. Connell 


system prevents condensation except in 
coldest weather and is slowly reducing the 
moisture concentration in these transform- 
ers. 

The writer is grateful to Greenfield and 
Mougey for calling attention to the prior 
work of Ingmanson and Vacca of the Bell 
Telephone Laboratories in showing the 
equilibrium moisture content of a fibrous 
material to be unaffected by the presence 
of an impregnant. 

Meyerhoffi’s comment concerning the 
use of power factor measurements as a 
criterion of moisture content of impreg- 
nated insulation makes it advisable to call 
attention to the data of D. E. F. Thomas 
that is reproduced in Figure 2 of this clo- 
sure. These data showed that power factor 
measurements, even at 80 degrees centi- 
grade, are not a reliable criterion of the 
moisture content of impregnated paper 
when the moisture content is less than ap- 
proximately 0.7 per cent based on the 
weight of the dry paper. 

There is no disagreement with Shanklin’s 
contention concerning the necessity for 
protecting cable insulation from contami- 
nation by moisture and other impurities. 
The inference that the moisture entrapped 
by the cotton protective tape became em- 
bedded in the cross section of the insulation 
is, however, erroneous. The average mois- 
ture concentration in the insulation of the 
cable in question was as low as that of 
other well-made high-voltage cable at the 
time it was installed. Moreover, experi- 
mental data show that the moisture from 
the gas space has not migrated into the 
insulation, a fact which also answers the 
question, raised by Greenfield, concerning 
whether the vapor might enter the insula- 
tion through the long spiral exposed cellu- 
lose edge of the metalized paper tape. 

Shanklin is quite right in his contention 
that the field drying to which the cable was 
subjected could not remove water—had 
any entered the insulation. Figure 4 
of the paper shows that with the cable 
at a temperature of 40 degrees centigrade 
and evacuated to 2 millimeters of mercury 
the equilibrium water content in kraft 
paper would be approximately 1.5 per cent, 
assuming of course that the residual pressure 
was entirely water vapor. The sole func- 
tion of the treatment was to reduce the 
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water concentration of the protective tapes 
to the extent that the dew point of the 
gas never could be reached at local cool 
spots in the line. 

As stated in the paper, data concerning 
the cable line were released only because 
they show that the same equilibrium holds 
for impregnated fibers as for unimpregnated. 
The writer had not intended that the data 
be used to indicate either the merits or the 
demerits of a particular type of cable. 
Inasmuch as the question has been raised, 
however, it seems only fair to state that the 
results of tests and the outstanding per- 
formance of the cable line to date have up- 
held amply the faith that the proponents of 
this particular type of cable had in it. 


REFERENCE 
1. INTERNATIONAL CRITICAL TABLES, first edi- 
tion. McGraw-Hill Book Company, Inc., New 


York, N. Y., volume 2, page 322, Figure 1. 


Temperature Limits for 


Short-Time Overloads 


for Oil-Insulated Neutral 


Grounding Reactors and 
Transformers—Il 


Discussion and author's closure of paper 
46-165 by V. M. Montsinger and J. E. 
Clem, presented at the AIEE summer con- 
vention, Detroit, Mich., June 24-28, 1946, 
and published in AIEE TRANSACTIONS, 
1946, pages 966-73. 


M. S. Oldacre (Commonwealth Edison 
Company, Chicago, Ill.): We are given new 
data in this paper for use in calculating 
short-time overloads of oil-insulated equip- 
ment that can be especially valuable in 
determining the overload possibilities under 
different conditions of load and time than 
the original design basis. 

The primary purpose of the work de- 
scribed in the paper seems to be to provide 
background data for the proposed new 
standard for neutral grounding devices, that 
just has been submitted to the Standards 
committee for approval. 

After reading the proposed standard, it 
seemed to be a logical document subject to 
only minor questioning, but then after sub- 
sequent reading of the paper by Montsinger 
and Clem it did not seem that there was full 
co-ordination of the data in the standard 
with that in the Montsinger and Clem paper. 

It is suggested that careful study of the 
paper is required before full consideration 
can be given to the proposed standard. 

This paper brings out another very valu- 
able point and at the same time initiates a 
new practice in giving the temperature 
limits for loading of oil-insulated apparatus. 
This statement refers to the different tem- 
perature rises that are proposed for different 
starting temperatures at the time of the over- 
loads. In effect a combination is made of 
the previous methods of rating apparatus 
and the correction in loading for different 
ambient temperatures. However, because 
it is new and different, it seems very es- 
sential that the ambient temperatures be 
set forth clearly when the temperature rises 
are stated. 
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One final point or question. Will 
Montsinger tell us if the data in the paper 
can be used for transformer windings of dif- 
ferent sizes than mentioned? If it is gen- 
erally applicable, it will be useful in many 
conditions that exist from day to day. 


V.M. Montsinger: The only way in which 
J believe there is lacking full co-ordination of 
the data in the paper and in the standard is 
that the paper gives the amount of heat lost 
to the oil during a 1-minute fault whereas 
the standard does not. Because this 
amount is not very great, it is reserved as a 
factor of safety in the standard; that is, 
when calculating the temperature rise, only 
the heat stored in the copper and associated 
insulation is considered. 

With reference to the last question, the 
data are applicable to windings of different 
sizes provided the construction is not en- 
tirely different; that is, it might not apply 
to a small high voltage design having an 
entirely different ratio of copper to associ- 
ated (turn) insulation. It is rather doubt- 
ful if the data are applicable to the over- 
loading of transformers in general for the 
reason that the time considered in the paper 
is too short (in the order of one minute) for 
the oil temperature to change as it does 
under usual overloading conditions. For 
short times in the order of one minute, the 
data apply. 


An Electronic Drive for 


Windup Reels 


Discussion of paper 46-125 by K. P. Puch- 
lowski, presented at the AIEE summer con- 
vention, Detroit, Mich., June 24-28, 1946 
and published in AIEE TRANSACTIONS, 
1946, August-September section, pages 
585-91. 


W. D. Cockrell (General Electric Company» 
Schenectady, N. Y.): This paper is greatly 
enhanced by the author’s starting out with 
the simple formulas on which the drive is 
based. In fact, I would like to have seen 
also included the simple electrical formulas 
for motor speed and torque so that K. P. 
Puchlowski’s circuit (which sets the speed 
to be held by setting the armature voltage) 
could be traced back quickly to the funda- 
mental laws. By operating at the mid- 
point of the linear field range, a buildup of 
two to one should be obtained easily with 
good speed control. However, Puchlowski 
must have assumed fairly constant tension 
since a large change in tension would de- 
mand operation over an excessive field 
range. 

It is assumed that this drive is not re- 
quired to accelerate rapidly high inertia 
loads since field weakening produces a loss 
of torque when a higher speed is called for 
and thus the acceleration is diminished 
rather than assisted. 

Although no attempt was made in the 
present drive to control the tension also, it 
might have been possible to do this by hav- 
ing a movable idler roll whose weight would 
maintain the tension and whose movement 
might be used to influence the 7R drop 
compensation. 
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In the discussion of the basic control sys- 
tem, the statement is made that ‘“‘the most 
accurate and sensitive regulator is unable to 
restore the deviated quantity exactly to its 
original value.’’ This is true for a propor- 
tional action controller such as described, 
but a proportional plus reset action con- 
troller should be able to do this. 

In the electric circuit itself, I am unhappy 
to see so many separate sources of direct 
voltage required. The circuit shows six 
batteries and two auxiliary rectifiers in 
addition to the rectifiers supplying armature 
and field. Not only do these indicate a high 
first cost, they also are a maintenance 
nuisance. Also, the circuit seems to contain 
a number of subcircuits which are strung 
together through what seem to be rather 
high impedances. This means that when 
the panel becomes slightly dirty and moist, 
as 1s almost unavoidable in most industrial 
plants, sneak circuits may appear which 
will be difficult to trace and which will 
cause erratic operation. 

In conclusion, may I compliment Puch- 
lowski highly on his use of the new standard 
graphical symbols in his wiring diagram. 
By standardizing on these symbols, we will 
produce diagrams that will be more under- 
standable to both the electronic engineer 
and the industrial electrical engineer. 


The Development of Modern 
Excitation Systems for 
Synchronous Condensers 
and Generators 


Discussion and authors’ closure of paper 46- 
154 by F. M. Porter and J. H. Kinghorn, 
presented at the AIEE summer convention, 
Detroit, Mich., June 24-28, 1946, and 
published in AIEE TRANSACTIONS, 1946, 
pages 1020-81. 


H. C. Steiner (General Electric Company, 
Schenectady, N. Y.): In commenting on 
the very excellent paper that F. M. Porter 
and J. H. Kinghorn have presented, I would 
like to discuss briefly one question that the 
authors have raised. It is the question of 
whether “the heavy expense of making tube 
replacements”’ in the electronic tube exciters 
can be reduced to a satisfactory level. Tube 
replacement expense depends, of course, on 
tube cost as well as tube life. Ina technical 
discussion, however, we are limited properly 
to the technical and not the commercial 
phase’ of the matter. Therefore it is the 
purpose of this discussion to consider only 
the question of tube life. 

In order to determine whether the 
authors’ objective can be met, it is neces- 
sary, for the designer at least, to examine 
the individual rather than the average tube 
life. Figures 1, 2, 3, and 4 of this discus- 
sion have been prepared on this basis to 
show the tube life and tube replacement 
history of the Fostoria and Torrey exciters. 
All tubes that have been removed from the 
exciters are shown regardless of whether the 
cause of failure was the result of the tube 
design and manufacture or application. 
Fostoria represents the initial installation 
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Figure 1. Chrono- 
logical record show- 
ing sealed ignitron 
tube replacementfre- 
quency at the Fos- 
toria, Ohio, exciter 


TUBE REPLACEMENTS 


1936 37 38 


of this size and type of equipment while 
Torrey represents an almost duplicate unit 
in which the experience with the first unit 
was translated into the design of the second. 

In the case of the Fostoria exciter the 
initial high tube replacement rate (Figure 1 
of this discussion) and the low tube life 


Figure 2. Ignitron power tube life at the 


Fostoria exciter 


Individual tube life is shown except for the 
years 1936-39 where the average for the 
number of tubes indicated is given 
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(Figure 2 of this discussion) show clearly 
the result of the developmental work that 
was required as a result of field experience. 
In the development of those tubes in which 
a life of 1,000 hours is satisfactory, it is 
obvious that life tests can be run that in a 
relatively short time will allow the tube de- 
signer to make changes and to obtain satis- 
factory performance. As the life of the 
tube increases and particularly as the size 
increases, it becomes necessary to make 
actual installations in order to obtain the 
same experience. Forced life tests are use- 


ful only when the particular cause of failure 
is known and the test can be run for a par- 


In Service as of 
June 1946 


42 43 44 45 1946 


YEAR 
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ticular objective. As the life of a tube ap- 
proaches three to five years, an equally long 
period will be required to show the results 
of any design changes. In the case of Fos- 
toria, the individual life of the particular 
tubes indicates that a much higher average 
‘can be attained when the causes of failure in 
some of the shorter life tubes are removed. 
The individual lives of the tubes now in 
operation as shown by the bars at the right 
hand side of the chart bear out this conclu- 
sion. 


TUBE REPLACEMENTS 


1939 40 4l 42 43 
YEAR 


In the case of the Torrey exciter (Figures 
3 and 4 of this discussion), the initial prob- 
lems have been eliminated. The tube life 
is longer and the replacement rate lower. 
In the six and a half years of operation there 
have been 10 tube replacements or an aver- 
age of 1!/2 tubes per year. If we eliminate 
the two tubes (1942 and 1944) giving less 
than one year’s service as manufacturing 
defects, the replacement rate is 1!/3 tubes 
per year. This is permissible because the 
present tube warranty insures three years 
of service, or for an installation of six tubes 
replacement of not over two tubes per year. 

The excellent life indicated for the tubes 
in service at New Carlisle also shows that 
extremely long life can be obtained under 
particular conditions of service. The tubes 
jn this and in the Fostoria and Torrey ex- 
citers are of the same type and rating, and 
it is probable that the longer life is a result 
of the lower exciter kilowatts and higher 
voltage. 

On the basis of the tube life obtained in 
the years 1942 and 1946, it is reasonable to 
expect an average life of four to five years. 
We would like to hear the authors’ opinions 
as to whether this constitutes a satisfactory 
life or, if not, what would be satisfactory. 

In regard to the general question as to 
whether a direct-connected exciter is pref- 
erable to a rectifier, the preference would 
seem to rest primarily on the particular con- 
ditions of the installation. Rectifiers for 
industrial, mining, and _ electrochemical 
service usually can be justified on the basis 
of efficiency, but in this case efficiency is of 
less importance than performance. Rec- 
tifier designs have been improved and 
standardized during the past decade, and as 
a result they are considerably simpler and 
less costly than the original exciters. It is 
possible that direct-connected exciters may 
prove more satisfactory on slow speed ma- 
chines, and rectifiers more satisfactory on 
high speed machines where there are 
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difficulties with mechanical commutators. 

In conclusion may I express our apprecia- 
tion of the co-operation that we received 
from the engineers of the American Gas and 
Electric Company and the engineers and 
operators of the Ohio Power Company in the 
development of the ignitron tubes and the 
electronic exciter. It look a great deal of 
faith to believe that the tube performance 
as demonstrated by the initial years at 
Fostoria could be made into anything ap- 
proaching the reliability required, and in 


Figure 3. Chrono- 
logical record show- 
ing sealed ignitron 


tube replacement 
frequency at the 
Torrey, Canton, 


Ohio, exciter 


44 45. 46 


this period we received only co-operation 
and encouragement. 


C. E. Valentine (Westinghouse Electric 
Corporation, East Pittsburgh, Pa.): The 
report of operating experience as given by 
F. M. Porter and J. H. Kinghorn covering 
a period of several years provides many 
items of interest for both design and operat- 
ing engineers. The variety of generating, 
excitation, and regulating systems which 
are described affords comparative informa- 
tion not available elsewhere. 

For many years one of the main questions 
in the minds of designers and operators, 
with reference to electronic regulating de- 
vices, has been the question of tube life, and 
maintenance or replacement costs. This 
has been difficult to predict because service 
operating conditions are variable, and fac- 
tory-made life tests can be completed at 
reasonable expense only on the basis of a 
small number of circuit conditions and oper- 
ating conditions. The situation is in some 
respects similar to the testing of lamps in 
the lamp industry. Predetermined and 
accurately controlled overvoltage testing 
for a short time gives indication of life ex- 
pectancy but a number of variables enter 
into actual lamp life, such as changes in 
voltage, temperature, or degree of vibra- 
tion, and these make the actual life vary 
considerably from the life expectancy. Fur- 
thermore, improvement in materials, manu- 
facturing methods, and testing take place 
year by year. In electronic devices these 
improvements have been accelerated greatly 
in recent years, and this points to improved 
performance in the immediate future. 

The authors have stated that the initial 
cost of electronic exciter equipment and the 
heavy expense of making tube replace- 
ments offer objections to the use of this 
otherwise most desirable equipment; also 
that the performance of a rotary amplifier 
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control system with direct-connected exciter 
has been essentially as good as that obtained 
from electronic main or electronic pilot ex- 
citation. It thus appears that initial tube 
cost and tube replacement cost has indicated 
the desirability of the rotary amplifier sys- 
tem. It is noted however that this rotary 
amplifier system employs an _ electronic 
voltage regulator and this is considered an 
ideal arrangment for a synchronous con- 
denser, with due regard to factors of relia- 
bility, performance, economy, and least 
maintenance. 


In their discussion of electronic regulators 
the authors state that an ideal regulator 
would have no moving parts and would re- 
quire no periodic adjustment or renewal of 
parts. This seems to boil down to the in- 
herent reliability of regulator component 
parts. It becomes a matter of the perfor- 
mance and life characteristics of transfor- 
mers, resistors, reactors, and rectifiers com- 
pared with replacable components such as 
electronic tubes. The absence of moving 
parts does not make necessarily for an ideal 
regulator. Much depends on the simplicity 
and durability of moving parts, if used. 
As an example, spring mounting of such 
parts avoids wear and consequent readjust- 
ment or replacement. There are definite 
advantages in the use of simple regulator 
and machine field circuits. In case trouble 
does develop less skill is required and less 
time is lost shooting trouble where relatively 
simple devices and circuits are involved. 


With regard to the electronic pilot and 
electronic main exciter, the authors have 
tabulated tube failures and tube life. With 
regard to the electronic regulators, however, 
it is stated that the tubes used in these 
regulators have given long life and their re- 
placement cost islow. It would be interest- 
ing to have the comments of the authors on 
the actual tube life which has been obtained 
in the regulator circuit alone. It is under- 
stood that so far as tubes are concerned, 
the electronic regulators described have 
dual circuits and dual tubes so as to provide 
protection against tube failure. It would 
be of interest to have the authors comment 
on the effectiveness in their operating ex- 
perience thus far of the dual tubes in pre- 
venting failure of the voltage regulating 
equipment. Also, have there been any 
failures which might be attributed to the 
use of dual tube circuits, as compared with 
the use of single tubes and associated cir- 
cuits. 

Summarizing the possibilities of various 
types of voltage regulators—there is still 
room for improvement in the simple electro- 
mechanical regulators. In the static net- 
work types some experience already has been 
obtained, but much remains to be secured. 
The electronic type regulator seems to afford 
many opportunities for development, not 
only in the regulating circuits, but also in 
associated controlling or limiting features. 
It is recognized however that a review of 
this situation several years hence may show 
many changes in the picture. 


J. B. McClure (General Electric Company, 
Schenectady, N. Y.): The authors are to 
be commended for their excellent paper in 
which they review their operating expe- 
rience with an unusual variety of excitation 
systems. 
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So far as exciters are concerned, probably 
the newest combination is the direct-driven 
overhung exciter operating in hydrogen. 
Direct-driven exciters long have been the 
preferred source of excitation for synchro- 
nous machines and first were abandoned for 
synchronous condensers with the advent of 
hydrogen cooling. Their return now marks 
a definite advance in design accomplishment 
and the maintenance and inspection record 
of these exciters bears out the fact that they 
are here to stay, at least for moderate speed 
machines. 

Regarding the primary function of an ex- 
citation system which is to maintain output 
voltage, we have seen an excellent record in 
Figure 7 of the paper. It so happens that 
this record was made with an electronic ex- 
citer and regulator controlling. Experience 
indicates that comparable results will be 
obtained with modern excitation systems 
employing rotating exciters. It is now evi- 
dent that an excitation system will be satis- 
factory for most applications if 


1. The regulator is of the continuously acting 
type. 


2. The regulator has a small dead band. 


3. The exciter has at least moderate rate of re- 
sponse. 


These requirements can be met with several 
combinations of equipment, and experience 
alone will indicate which combination is the 
most practical. 


A. A. Johnson and R. F. Lawrence (West- 
inghouse Electric Corporation, East Pitts- 
burgh, Pa.): The authors of this paper and 
all participating operating companies are to 
be congratulated for making available to the 
industry the carefully obtained results of 
their experience with newer types of excita- 
tion systems. Indeed it is gratifying to 
know that all of the schemes which have been 
tried have given very satisfactory operation. 

Of primary interest is the fact that elec- 
tronic exciters have been proved by tests 
and actual operating experience to be a re- 
liable excitation system for synchronous 
condensers and synchronous generators. 
These results have given a stimulus to the 
thinking of operating engineers and un- 
doubtedly additional main electronic ex- 
citers will be applied. All excitation sys- 
tems to date have certain features which 
are undesirable. However, any excitation 
system which can be serviced without hav- 
ing to shut down the main machine has a 
distinct advantage from an operating stand- 
point. An electronic exciter satisfies this 
requirement but has a higher initial cost and 
an apparently high maintenance cost be- 
cause of tube replacements. The paper 
under discussion indicates that three power 
tubes and 4.4 firing tubes are required for 
each year of actual operation. It also states 
that further operation should produce a 
substantial improvement in the record for 
power tubes. We certainly agree that fur- 
ther improvement will be obtained because 
in one case the tubes already have operated 
an average of 36,389 hours, and also be- 
cause ignitron tubes are guaranteed for 
three years. There is some question as to 
whether or not the cost of maintenance be- 
cause of tubes (which should not exceed in 
the future approximately $600 per year) ex- 
ceeds the actual system cost of outages re- 
quired for maintenance of rotating types of 
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excitation systems. This will be important 
on systems where there is a continuous need 
for the synchronous condenser. It is of 
more importance with regard to synchro- 
nous generators. Probably, as far as gener- 
ators are concerned, any excitation system 
which reduces the outages of a base load 
generator by one per year can be justified 
economically. The authors indicate that 
no outages have been required for main- 
tenance of the electronic exciters but that 
an average of three outages per year have 
been required for inspection and mainte- 
nance of the enclosed hydrogen-cooled d-c 
exciter. 

It is believed that the authors of the paper 
have selected a fair comparison of power 
tube life by omitting the failures during the 
first year of service. However, we would 
like to explain the low average of 5,900 hours 
for three power tubes at New Carlisle. One 
tube was evidently defective and had to be 
replaced as a result of an excessive number 
of backfires. The life of the other two tubes 


was shortened because of improper cooling. 

The authors have given results of operat- 
ing experience for electronic pilot exciters on 
condensers and turbogenerators and hydro- 
They also have given results 


generators. 


50,000 


other main electronic exciter now is being 
built wherein the ignitron rectifier and as- 
sociated control receives its power from an 
a-c generator directly connected to the shaft 
of the main generator. 

It is not the intention of this discussion 
to justify any particular type of excitation 
system but to point out that the conclusions 
reached in the paper may be modified when 
the over-all system costs of the operation of 
each exciter scheme are considered. This 
is particularly important when considering 
excitation systems for generators. 
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E. L. Harder (Westinghouse Electric Cor- 
poration, East Pittsburgh, Pa.): At no 
time in the history of the industry has there 
been as great a variety of excitation and 
regulation systems from which to choose. 
This creates a problem for the prospective 
user in evaluating which system is best for 
his particular service and indicates a strong 
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of operating experience for electronic main 
exciters on four synchronous condensers. 
The discussers’ company has built, tested, 
and placed in service a main electronic ex- 
citer for a 81,250 kva turbogenerator in the 
Springdale station of the West Penn Power 
Company. The results of these tests which 
were made in one of the a-c high power labo- 
ratories were presented in a recent paper. 
This electronic excitation system is similar 
to that shown in Figure 4, of the paper, that 
is, the power supply to the rectifier is ob- 
tained from the generator terminals. An- 
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of the different schemes and stabilization 
upon a few of the best of them for general 
use. This is a period of transition from the 
older types of excitation and regulation sys- 
tems to the newer electronic and rotating 
amplifier types with a great many conflicting 
requirements and tendencies. The final 
conclusions as to which systems are best can 
be reached only through appraisal of accu- 
rate information on the performance and 
characteristics of several available systems. 

Thus, the paper of F. M. Porter and J. H. 
Kinghorn comes at a most propitious time. 
It is particularly significant in providing a 
mature evaluation of comparative merits 
and valuable field experience on a number of 
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the excitation systems now undergoing trial. 


The major stress has been laid on syn- 
chronous condensers, and several differences 
between the synchronous condenser and the 
turbogenerator or water wheel generator 
may benoted. In the case of the condenser, 
the continuity of the bus voltage is essential 
for the condenser to remain in synchronism 
regardless of its excitation system, and it 
therefore becomes more logical to take the 
excitation source from this bus provided the 
requirements of sufficient excitation during 
fault conditions can be met. This is gen- 
erally possible as pointed out in the paper. 
On the other hand, in many turbogenerator 
installations, a 3-phase fault on the gener- 
ator voltage system would lower the ter- 
minal voltage too low for it to be depended 
upon for excitation. In these cases, other 
sources of excitation power offer advantages. 
These are the main shaft, the station service 
supply, or a current compensator used in 
conjunction with the generator terminal 
voltage. 


The static type of regulating network now 
called an impedance type regulator has re- 
ceived rather intensive development during 
the war period because of its advantages in 
naval service. It also offers certain advan- 
tages in central station service. It may be 
used to control either a Rototrol pilot ex- 
citer or a Rototrol main exciter. 


The simplest of all rotating-amplifier- 
type regulating systems is the main exciter 
Rototrol, one of which is being built experi- 
mentally for a 60,000-kw turbogenerator. 
This offers the advantages of complete elimi- 
nation of the pilot or control machine. 
The impedance type regulator or the elec- 
tronic regulator directly controls the main 
exciter Rototrol. With the impedance type 
regulator there is, of course, no tube replace- 
ment at all. However the electronic regula- 
tor offers the advantages cited in the paper 
of adaptability to the addition of other con- 
trol or limiting functions. 


It is significant that the authors of this 
paper have concluded that the operation of 
the several devices, namely, electronic pilot 
exciter, electronic regulator, electronic main 
exciter, and rotating amplifier have been 
perfectly successful and that the decision as 
to what scheme should be used therefore 
hinges on initial and maintenance cost, and 
on the reliability of the power supply rather 
than on questions of reliability of the device 
itself. If this point of view is adopted gen- 
erally, it greatly will facilitate reaching gen- 
eral industry conclusions as to the best ul- 
timate form of excitation systems to be 
adopted for the different classes of service, 
namely, condensers, turbogenerators, and 
water wheel generators. It is to be hoped 
that within a few years, this situation will 
have stabilized so that in place of the large 
number of different types of excitation and 
regulation systems which must be considered 
now, arelatively few standard arrangements 
will be adopted by the industry. This 
paper should be of considerable help in 
clarifying this situation. 


F. M. Porter and J. H. Kinghorn: H. C. 
Steiner’s analysis of tube life of ignitrons is a 
welcome supplement to data in Table III of 
the paper, and gives a basis for optimism 
that further development work will improve 
the competitive position of electronic exciters 
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in the field of synchronous machine excita- 
tion. In evaluating such a position, con- 
sideration must be given not only to main- 
tenance costs of which tube life represents a 
major portion, but also to original cost. 
In addition, if savings result from reduced 
maintenance outages of the main generator 
or synchronous condenser, usually more im- 
portant in the case of a generator, these must 
be included, While it is true that rectifier 
designs have been improved and standard- 
ized, their cost, including all necessary 
auxiliary equipment, is not yet as low as 
that of a direct-connected exciter. Manu- 
facturer’s warranty of tube life is a meas- 
ure only of maximum replacement costs to 
the user and, as is suggested by Steiner’s 
charts, it is hoped soon will represent a pes- 
simistic evaluation of tube costs. In view 
of the variables involved, no general con- 
clusion can be reached by the authors as to 
an average tube life which can be considered 
satisfactory. 


If, as Steiner suggests, the excellent tube 
performance at New Carlisle can be attrib- 
uted to lower exciter kilowatts and higher 
voltage, these factors should be considered 
in the design of electronically excited ma- 
chines or in the selection of tubes for use with 
standard designs of machines. To state 
this in another way, the inference can be 
drawn that possibly tubes should be rated 
more conservatively when used with elec- 
tronic exciters than when used for normal 
rectifier service. 


It is interesting to note that C. E. Val- 
entine concurs with Steiner in concluding 
that improved tube performance can be ex- 
pected in the immediate future. Valen- 
tine’s statement that a simple regulator is 
desirable because maintenance and trouble 
shooting then require less skill is one with 
which we believe most users will concur. 
This was a point which caused us some con- 
cern when we first began using electronic 
regulators. However an excellent and 
highly detailed set of trouble shooting in- 
structions have been developed which have 
proved entirely satisfactory and have re- 
duced maintenance to the routine level 
which exists on other better known equip- 
ment. So far as the use of dual tube cir- 
cuits in the regulators is concerned, expe- 
rience has not indicated any special advan- 
tage or disadvantage over single circuits. 
As tubes approach the end of life, their 
characteristics change gradually enough so 
that periodic testing and slow changes in 
regulator characteristics indicate this con- 
dition and new tubes are installed before 
actual failure occurs. 


J. B. McClure’s remarks about the re- 
quirements of an excitation system are not 
borne out entirely by any evidence pre- 
sented in this paper. All of the regulators 
cited are of the continuous acting type and 
it is our experience that this is always pref- 
erable to a regulator of the dead-band type. 
A small dead band, if small enough, would 
approach a continuously acting type. Our 
experience with dead-band types indicates 
that the dead band cannot be reduced much 
below one per cent without specially de- 
signed equipment, and that a dead band of 
this magnitude is sometimes objectionable 
from the standpoint of voltage regulation 
and is usually objectionable from the stand- 
point of parallel operation with other regu- 
lators. 
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A. A. Johnson and R. F. Lawrence refer 
to statements in the paper indicating that 
no outages have been required for main- 
tenance of electronic exciters, but that an 
average of three outages per year have been 
required for inspection and maintenance of 
the enclosed hydrogen-cooled rotating ex- 
citer. In the case of hydrogen-cooled con- 
densers, it is necessary to open and clean 
the collector compartments three times a 
year, and therefore these outages occur on 
machines with electronic exciters as well as 
those with rotating exciters. In each case 
the outage can be charged more logically to 
the collector rings and hydrogen operation, 
because cleaning of an exciter compartment 
takes about the same time as cleaning of a 
collector compartment. Regarding opera- 
tion of direct-connected exciters, we believe 
our experience indicates that maintenance 
for hydrogen-cooled exciters is going to be 
less than for air-cooled exciters. In order 
to keep brush wear and commutator wear 
to a minimum it is necessary to retain mois- 
ture in the gas, and therefore we have super- 
vised closely the gas humidity. Although 
provisions have been made for adding mois- 
ture with the make-up gas, it has been deter- 
mined that at least for five years the mois- 
ture originally in the machine is sufficient 
for satisfactory performance. This mois- 
ture apparently does not leak out of the 
shell appreciably with the leakage hydrogen. 


Obviously, it cannot be expected that 
exciters can run indefinitely in hydrogen 
without inspection. It is our practice to 
make a general inspection of hydrogen-cooled 
condensers every five years, and the major 
exciter maintenance will be taken care of 
at these times. In the case of the Muncie 
condenser, although no trouble was ex- 
perienced, the exciter was disassembled 
after three years operation for a check in- 
spection. It was found that all parts were 
in excellent condition. Therefore we agree 
with McClure’s remarks that hydrogen- 
cooled exciters for synchronous condensers 
are here to stay. 


As to maintenance on direct-connected 
exciters of turbogenerators, we have found 
that in general necessary inspection and re- 
pairs of the exciter can be taken care of dur- 
ing the usual outages required for mainte- 
nance of the turbine and generator. There- 
fore, the total outage of the unit will be ap- 
proximately the same regardless of the type 
of exciter. 


E. L. Harder has mentioned the develop- 
ment of two very interesting additional 
methods of excitation, namely, a method 
which uses a current compensator in con- 
junction with generator terminal voltage as 
a power source and a method using a main 
exciter rotating amplifier. It will be very 
helpful if operating experience data can be 
published on these systems when available 
so that their performance and advantages 
can be judged in relation to the better 
known excitation systems. 


As the discussion by Johnson and Law- 
rence indicates, all factors involved must be 
considered before a decision can be reached 
as to the proper excitation system for a 
specific application. In reaching such a 
decision it is very helpful to feel confident 
that all systems considered will operate re- 
liably and accurately, and it is the authors’ 
hope that the data presented will contribute 
to such confidence. 
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Influence of Magnetic 
Materials on the Welding 


Characteristics of 
Resistance Welding 
Machines 


Discussion and author's closure of paper 
46-137 by J. J. Riley and C. E. Smith, 
presented at the AIEE summer convention, 
Detroit, Mich., June 24-28, 1946, and pub- 
lished in AIEE TRANSACTIONS, 1946, 
December section, pages 852-60. 


A. C. Johnson (Progressive Welder Com- 
pany, Detroit, Mich.): I would like to 
compliment the authors for having selected 
a subject which has presented for some 
time an annoying problem to those who are 
concerned with the design, application, and 
use of a-c resistance welding equipment. 
These authors have made a distinctly valua- 
ble contribution to the art. 

I should like to add a word of caution 
concerning the accuracy of measurements 
to those who might continue the work that 
these authors have started. The paper 
states that the resistance between electrodes 
was measured oscillographically and ‘‘by 
taking the voltage drop across the two 
electrodes at two points as close to the 
weld as possible and dividing this voltage 
by the secondary current. . .. The in- 
ductive pickup is eliminated by carefully 
twisting the voltage leads together and 
holding them perpendicular to the elec- 
trodes.’’ The inductive pickup by no 
means is eliminated by twisting the measur- 
ing circuit wires together. In fact, the 
induced voltage in the measuring circuit 
loop is quite appreciable. Naturally, the 
lower the resistance being measured, the 
more important is the effect of the induced 
voltage. The values of resistance between 
electrodes and resistance between sheets 
given in the paper vary from 10 to about 
250 microhms, and, thus, the voltages 
measured range from approximately 0.1 
to 2.5 volts. The voltage induced in the 
measuring circuit loop is of the order of 
0.05 to 0.08 volt. From some of the measure- 
ments taken, the induced voltage is definitely 
negligible, especially as a result of the 
quadrature relationship between the two 
voltages under discussion. However, in 
other cases, especially those concerned with 
sheet to sheet resistances, the value of the 
induced voltage is considerable. 

Assuming that the electrodes are part of 
a straight isolated conductor, the voltage 
induced in a rectangular loop is given by 
the equation? 


3.191w Imax cos wt 


27108 
| 1—302 iy bt Dis il 
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b="0/,,, c=s/n 


s =distance from the center of the conductor 
to the point at which the leads are 
twisted 

r, =the radius of the conductor 

vy) =the inner radius of a hollow conductor 
(This is equal to zero in this case.) 

1=the points of attachment to the welder 
electrodes 
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It is also stated in the paper that the 
measurements of the resistive voltage com- 
ponent V;; and the reactive voltage com- 
ponent Vz; were made using pointer stop 
meters. This method has an inherently 
low accuracy, and I believe that since these 
values were taken without any material 
actually between the dies, it would have 
been possible to use a longer duration of 
current flow and steady-state meter read- 
ings. Those values which are being de- 
termined, namely, the increase of resistance 
and reactance resulting from the addition 
of magnetic materials into the throat of the 
welder, are obtained of necessity by sub- 
tracting relatively large quantities. Conse- 
quently, even small errors in meter readings 
can produce considerable errors in the 
ultimate result. It is therefore advisable 
to use a technique of measurement in which 
every possible effort has been made to 
eliminate small errors. 

I should like to point out also that the 
very difficulty with a-c welding equipment 
which makes this paper so valuable a con- 
tribution is non-existent in d-c welders. 
Therein lies one of the important advantages 
which welders having a d-c source of power 
supply have over the conventional type of 
a-c resistance welder. 
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F. L. Brandt (nonmember; Thomson Elec- 
tric Welder Company, Lynn, Mass.): The 
more I studied and the more I tried using 
the data contained in this paper, the more 
I realized how much work and thought 
have gone into its presentation. These 
data are much needed in the industry, and 
I wish this information to be common 
knowledge. 

Formulas 1 and 2, Appendix I, use 
Zo + Zs arithmetically. I believe this 
should be a vector relation. 

I find slight discrepancies between values 
obtained in Figure 12 in comparison with 
Figure 20. I am not able to find reference 
or derivation for the formulas for Vz; and 
V;s given at the top of Figure 20. 


C. M. Rhoades, Jr. (General Electric 
Company, Schenectady, N. Y.): This 
paper is very valuable in that it outlines 
for the first time a method by which the 
effect of magnetic material in the throat 
of resistance welding machines can be cal- 
culated with engineering accuracy by means 
of the empirical data presented in the paper. 
Heretofore, the characteristics of resistance 
welding machines could be determined only 
after a machine had been built and tested 
with the desired thickness and size of weld- 
ing material in the throat. While it is 
true that most welder manufacturers have 
available information on the short-circuit 
kilovolt-amperes and power factor of weld- 
ing machines, it has not been possible up 
to this time to determine accurately the 
welder demand and power factor under 
welding conditions. 

As a result of the data given in this 
paper, it will be possible now for anyone 
who has short-circuit kilovolt-amperes and 
power factor data on a resistance welding 
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machine to calculate accurately the condi- 
tions which will be obtained when material 
is in the throat of the machine. With this 
valuable data available, manufacturers of 
welders should be in a position to predict 
the actual conditions which will be obtained 
with production welding. 


J. J. Riley: It has been pointed out by 
A. C. Johnson that a comparatively large 
error could exist in the sheet to sheet re- 
sistance measurements recorded in the 
paper. However, the actual welding re- 
sistance measurements shown in detail are 
of such magnitude that the error resulting 
from undesirable flux linkages is normally 
smaller than the error that could be ex- 
pected from dirty, oily steel sheets or com- 
pletely degreased steel sheets. Average 
production conditions formed the basis for 
the selection of laboratory conditions for 
measurement. 

While not specifically mentioned in the 
paper, the impedance readings, in which 
meters were used, were taken with accurate 
meters in which temporary pointer stops 
were incorporated. However, the current 
flow time during any reading lasted be- 
tween one and two seconds. The pointer 
stop was used to set the meter reading at 
approximately the correct scale position, 
but the meter actually reached steady state 
conditions before the current flow ended. 
It was desirable to limit the current flow 
time and consequently limit the amount of 
heat generated through eddy current losses 
in the steel sheet. 

The paper does not explain the derivation 
of the formulas for V,, and V,,. ‘The 
basis for such derivation, using the graphs 
contained in the paper, is explained in 
reference 10 of the paper. 


Systems Development 
of Military Communications 


Discussion and author's closure of paper 
46-161 by Thomas R. Putnam, presented at 
the AIEE summer convention, Detroit, Mich., 
June 24-28, 1946, and published in AIEE 
TRANSACTIONS, 1946, November section, 
pages 757-61. 


Lee L. Glezen (Bell Telephone Laboratories 
Inc., New York, N. Y.): This paper is a 
real contribution to an understanding of one 
of the basic problems concerning communi- 
cations for the Armed Forces. While 
dealing largely with the problems of organ- 
ization in the North African Theater of 
Operations it confirms similar experiences 
occurring a year or more later in the Euro- 
pean Theater of Operations. In the Euro- 
pean Theater of Operations the widespread 
use of rehabilitated commercial cable, ex- 
tensive Army-built open wire lines, spiral- 
four cables and radio formed a network of 
nearly 400,000 miles of main-line telephone 
circuits. This greatly exceeded any pre- 
World War II plans or expectations. These 
reached not only all Army and Air Force 
units on the continent but reached from 
Berlin, Munich, Bremen, and Frankfort to 
Paris, Marseilles, Cherbourg, LeHavre, 
Brussels, London, and even Washington, 
D. C. The number of long distance tele- 
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phone calls handled for the Army and Air 
Forces at Paris alone reached 54,000 calls a 
day by June 1945. 

The extensive technical problems of both 
wire and radio communications together 
with radar, television, and other special 
equipments following the technical 
principles of communication equipment are 
such that integration and team work are 
basic to assure satisfactory operation and 
performance. In World War II the cost of 
signal communications equipment for the 
ground and air forces reached the huge sum 
of about 5 billion dollars, exclusive of radar 
equipment which added over 1!/2 billion 
more. These figures did not include the 
worth of rehabilitated communication plants 
liberated or captured and put to use to serve 
the Armed Forces in Africa, France, Bel- 
gium, Luxemburg, Germany, and many 
other places. The maximum strength of 
the Signal Corps maintained throughout 
most of the war period was about 370,000. 
This was exclusive of the Navy’s require- 
ments. Certainly, for such a huge task a 
well-established and properly functioning 
organization is required to provide eco- 
nomically and efficiently the team work re- 
quired for full integration of communica- 
tions. 

Peace time consideration of communica- 
tions and organization for any possible 
future conflict should avoid basing plans 
too much upon what was found to be the 
need for World War II, just as it was found 
that World War I needs were outmoded for 
World War II. In other words, a carefully 
integrated communications organization is 
required, but it should be left sufficiently 
flexible to encompass any developments yet 
to be conceived and complete enough to 
assure team work from top to bottom of the 
communications field as new ideas are in- 
jected in the future. 

The author is to be congratulated for 
bringing this matter before the Institute at 
this time. 


C. O. Bickelhaupt (American Telephone and 
Telegraph Company, New York, N. Y.): 
The author refers to the fact that ‘‘in those 
overseas theaters in which organizational 
difficulties were encountered in systems de- 
velopment of communications during World 
War II, these difficulties stemmed from a 
basic deficiency in signal communications 
doctrine as promulgated by the War De- 
partment.’? He points out further that 
“this doctrine sets forth the principle that 
every commander controls the system of 
communications required for his command.” 

The doctrine referred to perhaps is stated 
better by saying that ‘““communications is a 
function of command.” The difficulty to 
which Colonel Putnam refers arises not 
from the fact that this doctrine is wrong but 
rather comes through misunderstanding of 
the doctrine and from its improper applica- 
tion. 

On the one hand, the chief signal officer of 
a theater or subordinate command is pri- 
marily a staff officer and as such ordinarily 
does not exercise command. On the other 
hand, the chief signal officer does have staff 
responsibility for the adequacy, co-ordina- 
tion, and satisfactory operation of signal 
communications within a given command. 
In fulfilling this obligation he issues technical 
directives through technical or staff channels 
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and initiates command directives for issu- 
ance by his commander. The command 
channel, however, flows past him from the 
commander to the next subordinate com- 
manders. 

Apparently in the North African Theater 
of Operations, the American Army ran into 
this difficulty, because Colonel Putnam 
states that “it was soon found that staff 
responsibility without technical administra- 
tive authority over the operating personnel 
of the various subordinate commands was 
entirely unsatisfactory.”” This difficulty 
was solved apparently through staff chan- 
nels rather than command channels by 
giving ‘‘technical administrative authority” 
to the chief signal officer of the theater and 
echelons of his organization. Apparently 
this worked out satisfactorily. 

In the European Theater of Operations, 
with which I am familiar, this problem, 
however, was approached from what I con- 
sider to be a more fundamental basis, and its 
solution was reached in the command chan- 
nel rather than in the staff channel. This 
was done 


1. Byestablishing an independent command known 
as the ‘‘military communications service’ and com- 
manded by a director general, military communica- 
tions service. 


2. The director general, military communications 
service, was set up to report directly to the superior 
commanding general, and the military communica- 
tions service, therefore, received its command 
authority directly from the superior commander. 
The director general, military communications serv- 
ice, was made co-ordinate in command channels 
with area commanders throughout the theater. 


3. In order to ensure proper staff and technical 
direction and co-ordination, the superior commander 
gave technical operating control of the military com- 
munications service to his chief signal officer. 


Thus, while the military communications 
service received directives as to its mission 
and as to technical requirements directly 
from the chief signal officer who, in issuing 
such directives, was speaking with the voice 
of the superior commander, the director 
general, military communications service, 
was in his own right an independent com- 
mander and could command his troops, 
assigning their specific missions within his 
general directives, moving them from one 
geographical command to another, and hav- 
ing complete responsibility for results. 

This solution is not new and was, I be- 
lieve, first used in the American Army in the 
construction and operation of military rail- 
roads where the military railway service was 
established as an independent command re- 
ceiving its command authority from the 
theater commander but operating under 
directives of the chief of transportation, a 
staff officer on the staff of the theater com- 
mander. 

Colonel Putnam is absolutely correct in 
his conclusion that in order to secure sys- 
tems operation of a military communica- 
tions service command authority is essential. 


Thomas R. Putnam: General Bickelhaupt 
has brought out two important points very 
ably in his discussion. First, he takes the 
view that the War Department doctrine 
under which signal communications opera- 
tions were carried out in World War II was 
not deficient but was misunderstood and 
applied improperly. I am not inclined to 
quarrel with this view, for, in either case, 
attempts to apply organization principles 
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looking toward system operation of com- 
munications in the field encountered diffi- 
culties, as General Bickelhaupt agrees. 

The second point which General Bickel- 
haupt discusses is the question of command 
versus staff channels for the exercise of tech- 
nical administrative authority in matters 
relating to the operation of military com- 
munication systems. In my opinion there 
is no question but that the solution arrived 
at in the European Theater, establishing the 
military communications service as a “‘line’’ 
organization for the operation of the com- 
munication system, was far superior to the 
arrangement in French North Africa de- 
scribed in the paper under discussion. In 
the North African Theater of Operations 
there were numerous factors considered by 
those responsible for the final decision in this 
matter, one of which, for example, involved 
the geographical distribution of Allied com- 
munications troops in the area served by the 
land line system. For this reason, the 
North African arrangement, which estab- 
lished a certain amount of staff authority for 
technical administration purposes, was a 
compromise solution. 

The military communications service in 
the European Theater, referred to by Gen- 
eral Bickelhaupt, was not established until 
July 1945, thirteen months after the Nor- 
mandy invasion and two months after V-E 
Day, despite earlier efforts of those charged 
with the responsibility of operating the 
communication system. Likewise, in 
French North Africa suitable centralized 
control of the land line system did not take 
place until September 1943, which was ten 
months after the Allied landings and four 
months after the close of the campaign in 
Tunisia. 

Glezen in his discussion has given us some 
interesting data concerning the magnitude 
of the military signal communications opera- 
tions in Europe, as well as an indication of 
the total communications resources required 
by the ground and air forces in the prosecu- 
tion of World War II. 

Concerning Glezen’s ideas as to the flexi- 
bility of basic principles of military com- 
munications organization, I am in complete 
agreement. 


A 400-Ampere 
Sealed Ignitron 


Discussion and author's closure of paper 46- 
140 by H. C. Steiner and H.N. Price, pre- 
sented at the AIEE summer convention, De- 
troit, Mich., June 24-28, 1946, and published 


in AIEE TRANSACTIONS, 1946, October 
section, pages 680-5. 


W. E. Pakala (Westinghouse Electric 
Corporation, East Pittsburgh, Pa.): The 
authors have given a good explanation of 
the several factors influencing arc-back and 
how they may affect the design of mercury- 
arc power tubes. The effect on arc-back rate 
and the relative importance of all these fac- 
tors is not known at the present time, and 
the design of ignitrons as well as other types 
of mercury pool rectifiers is based, therefore, 
largely on our knowledge of design factors 
of tubes which have proved satisfactory in 
service. 
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About four years ago, when we began the 
development of a 400-ampere sealed igni- 
tron, it was decided to base the sealed de- 
sign on pumped ignitrons which performed 
so well in the electrochemical and other 
fields. The new 8-inch diameter 400-am- 
pere sealed ignitron design proved entirely 
satisfactory on test. Several sealed tubes 
were placed on life test for 14 months to 
determine vacuum tightness of the arc- 
weld construction. Only two tubes out of a 
total of ten were found to be gassy. (With 
the present system of mass spectrometer 
leak detection used in the shop, all tubes 
will be vacuum tight.) The others per- 
formed perfectly in a 6-phase rectifier circuit 
under normal load, overload, short circuit, 
and under other test conditions necessary 
for the development of a new tube design. 

In Figure 3 of the paper by Steiner and 
Price, are shown oscillograms indicating 
the deionization rate. These oscillograms 
were obtained with a 100-ampere load in 
each case. From the data, two interesting 
conditions are indicated. These are 


1. The deionization time constant increases ap- 
proximately as the second power of the tube diame- 
ter. (The data apply only to tubes without grids.) 


2. The cooling water temperature has the same ef- 
fect on deionization as changing the tube diameter. 
Figure 3 shows that for constant current the deioni- 
zation at 20 degrees centigrade for the 8-inch tube is 
about the same as deionization at 60 degrees centi- 
grade for the 5-inch tube. 


The data discussed above indicate that 
this arce-back influence factor increases 
with the tube diameter. Therefore, the 
volume density of ionization and the current 
density per unit area of tube cross section is 
reduced considerably in the design of larger 
tubes. The net result is that the full load 
current rating is increased for tubes of simi- 
lar design only as the first power of the 
tube diameter. For short-time rectifier rat- 
ings, such as the 200- and 300-per cent over- 
load ratings, the performance improves with 
increased tube size because the heat capac- 
ity increases more rapidly with increase in 
the tube diameter than the current rating. 

As to the maintenance of vacuum, the 
paper points out that the are and the walls 
of the tube have a gas cleanup action. This 
cleanup or pumping action is the reason for 
reduction in life of gas discharge tubes of 
various kinds. In the case of most mercury- 
vapor tubes, however, this action does not 
reduce the life but actually increases it. In 
fact high fault current tubes, such as high- 
power ignitrons, could not be operated at all 
without pumps unless the arc-back rate 
were practically zero or very fast circuit 
breakers were used. This is so because of 
the gases given off by various tube parts 
during high current arc-backs. These 
gases are removed rapidly by the pumping 
action of well degassed walls, and no steady- 
state pressure will result to affect tube per- 
formance. 

The experience in this country with 
large sealed ignitrons and in Europe with 
sealed metal multianode type rectifiers indi- 
cates that vacuum-tight tubes of large size 
can be built by using are or gas welding or 
seam welding for closing headers to the main 
cylinder of the tube. 


H. C. Steiner: W. E. Pakala’s comments 
and particularily his discussion of the effects 
of tube size and cooling water temperature 
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on deionization rates are much appreciated. 

Our experience indicates also that over- 
load capacity is improved with the increased 
heat capacity of larger tubes. 

The gas cleanup action of the walls and 
arc is important in maintaining a high vac- 
uum in sealed tubes. High speed anode cir- 
cuit breakers usually are employed to pro- 
tect both the equipment and rectifying 
elements, whether sealed or pumped, when 
fault currents become high. In the case 
of smaller rectifiers, such as those using 
100- and 200-ampere size sealed tubes, me- 
dium or slow speed circuit breakers (three to 
eight cycles) are used satisfactorily. One 
factor, as Pakala points out, permitting 
the use of these relatively slow circuit 
breakers is the rapidity with which any 
gas is removed; another is the extremely 
low rate of arc-back in the sealed tubes. 


A New Design for the 
A-C Network Analyzer 


Discussion and authors’ closure of paper 
46-135 by J. D. Ryder and W. B. Boast, pre- 
sented at the AIEE summer convention, De- 
troit, Mich., June 24-28, 1946, and pub- 
lished in AIEE TRANSACTIONS, 1946, 
October section, pages 674-80. 


Eric T. B. Gross (Illinois Institute of Tech- 
nology, Chicago, Ill.): Amongst other fea- 
tures, it is a timesaving advantage of this 
analyzer that the voltage of each generator 
is controlled separately by a voltage regu- 
lator. The practical problems to be solved 
often require that the internal voltage, the 
terminal voltage, or perhaps the bus-bar 
voltage be kept constant. In load studies 
bus-bar voltages have to be set and kept at 
a fixed value; in short-circuit and stability 
studies the internal voltages are unchanged. 

In this analyzer, provision is made for the 
internal voltages to be controlled; it would 
be helpful to arrange a switch on the panel 
of the generator unit so that the voltage 
control could be taken from points not only 
before but also behind the generator im- 
pedance or, in case of unit-connection, from 
the high-voltage bus-bar. 


Abe Tilles (Pacific Gas and Electric Com- 
pany, San Francisco, Calif.): The authors 
obviously have carried their original de- 
velopment work a long way and have pro- 
duced a very neat and interesting instru- 
ment. 

Errors caused by stray capacitance from 
leads and relays are one of the limiting fac- 
tors of the lower-frequency conventional 
network analyzers. Because of the higher 
frequency used here, together with fairly 
low impedance and power levels, it seems 
certain that capacitance errors will be defi- 
nitely a limiting factor in the use of this 
analyzer. The use of concentric cables 
further increases the lead capacitance. 

It is therefore of interest to inquire for 
additional detail on what steps were taken 
to reduce stray capacitance; what amounts 
were tolerated; and how they affected 
operation of the equipment. 

The matter of stating a fair test, usable in 
a commercial specification, to measure sim- 
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ply and definitely the degree of troublesome- 
ness of stray impedance and admittance and 
of induction between circuits is one which is 
quite unsettled and difficult even for the 
400-to-500-cycle range of present commer- 
cial equipment. Therefore, it is of interest 
to know with what tests or requirements the 
authors approached this question in regard 
to their analyzer. What do they consider a 
fair measure of these items? 


C. Concordia (General Electric Company, 
Schenectady, N. Y.): In regard to the 
generator units, I should like to ask the 
authors whether they have data similar to 
that of Figure 6 of the paper for the phase 
angle regulation. 


Lester LeVesconte (Illinois Institute of 
Technology, Chicago, Ill.): The authors 
should be congratulated on the courage to 
pioneer any development such as they have 
undertaken and on the success they have 
achieved. They should be commended on 
their general design, such as the choice of 
the frequency, base currents and voltages, 
circuit selector system, and metering equip- 
ment. While suggestions could be made or 
words of caution could be offered on many 
details, these remarks will be limited to a 
few of the most important items, based on 
operating experience at the Armour Re- 
search Foundation of the Illinois Institute of 
Technology in Chicago. 

The paper mentions that the power dissi- 
pated in the network is so low that small 
resistors may be used safely without fear of 
burn-out on accidental overloads. The 
actual limit or current rating is not given 
but would be of interest. Of the two de- 
signs in most general use, one has a limit of 
about three times the base current, and the 
other has a limit of about ten times the base 
current. The lower limit has been found to 
be a handicap in some cases, and, therefore, a 
higher current rating is desirable if it can be 
obtained at a reasonable cost. 

It seems that the length of the connecting 
leads could be a limiting factor, especially 
since the longest lead on the present pilot 
model seems to approach the permissible 
limits of capacitance. It must be recog- 
nized that these leads will become neces- 
sarily much longer as the equipment is ex- 
panded to the size required for most presenc 
day power system problems. However, 
this difficulty would disappear in an assem- 
bly made to represent only a specific power 
system, using fixed values instead of adjust- 
able units and eliminating the plug and jack 
panel. It would seem that the design de- 
veloped by the authors, using standard 
parts, would be adapted particularly well to 
this field, and this might make individual 
analyzers practical for many more operating 
companies. 

On the meter desk, all of the controls are 
located on the left to be operated by the left 
hand, for the purpose of leaving the right 
hand free to record data. Actually, the 
location of the selector push buttons on the 
right does not interfere with the recording, 
but aside from this there are good economic 
reasons for designing the equipment for at 
least two-man operation, having one person 
to read the instruments and another record 
the data. The operation of the modern 
analyzer represents a cost of from $5.00 to 
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$20.00 per hour, depending on the number of 
people involved, thus making any time- 
saving equipment or methods very valuable. 
Using the same general type of circuit selec- 
tor described by the authors, a new record- 
ing table designed and built at the Armour 
Research Foundation has been found to be 
particularly useful. (See Figures 1 and 2 
of this discussion.) It is located adjacent 
to the meter desk and connected to it by a 
multiple cable. The sloping top has a glass 
panel on which the system diagram is 
placed and beneath which are small lamps 
which indicate the circuit being metered and 
thus show the location on the diagram where 
the readings should be recorded. The 
lamps are spaced one inch apart in each 
direction, so that a light position can be 
associated with each circuit element on the 
diagram. Each lamp is connected to a 
small jack on a panel on the back of the 
table. Below the jacks is a set of plugs on 
retractable cords, each numbered to corre- 
spond with a circuit on the analyzer. Since 
any plug, representing a circuit element on 
the analyzer, can be inserted into any jack, 
it is possible to assign whatever circuit 
number is desired to each lamp position be- 
neath the diagram. 

The plugs are energized by metering relays 
which are operated by a circuit selector con- 
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Figure 1 


trolled by a set of push buttons on the meter 
desk. These relays are located back of each 
circuit element on the analyzer, and only one 
such relay can be energized at a time. Be- 
sides connecting that circuit to the meter 
bus, one contact of the relay energizes a 
light on the circuit drawer, indicating which 
circuit is being metered. The plugs are con- 
nected so that the lights on the table operate 
in parallel with the lights on the circuit 
drawers. Thus, as each circuit in turn is 
set up on the push buttons at the meter 
desk, the circuit selector energizes the proper 
relay to connect that circuit to the meter 
bus, and the same relay energizes the light 
on the circuit drawer and through the plug 
and jack assembly energizes the light be- 
neath the proper circuit on the diagram. 
On the meter desk is a switch which is 
marked + and — and which reverses the 
direction of the watt-varmeter. The posi- 
tion of this switch when the meter reads up- 
scale is an indication of the direction of 
power in the circuit being metered. An 
extra contact on this switch controls the 


Figure 3 (right) 


Figure 2 (below) 
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direction-indicating lights on the recording 
table. The + light is located in the upper, 
left-hand corner of the table, and the — 
light in the upper, right-hand corner, so that 
the person recording data can see easily 
which is lighted. The recorder has time to 
observe and mark the direction while the 
reading is being made. 

Experience has indicated that a few 
people who have not seen or used the table 
have questioned its value, but everyone who 
has seen it has been convinced that it is a 
great timesaver and definite contribution to 
the speed and accuracy of operation. It 
results in all the data being recorded directly 
and quickly on the system diagram. It 
eliminates the possibility of recording read- 
ings on the wrong circuit. It provides a 
safeguard against reading the wrong scale on 
the meter or using the wrong multiplier, be- 
cause the values around each junction 
point can be checked easily. It makes prac- 
tical the recording of only those values that 
are significant in cases where a minor 
change affects only a limited area of the 
system, thus eliminating a volume of un- 
necessary readings. 

From Figure 7 of the authors’ paper it 
appears that the instruments on the meter 
panel for each generator do not have normal 
indexes or fixed pointers. These pointers 
should be added. They have been found to 
be very helpful in adjusting the generators 
in the original setup and also on any subse- 
quent system changes. This same idea has 
been extended to the adjustment of the load 
circuits at Armour Research Foundation in 
the manner shown in Figures 3 and 4 of this 
discussion. 

It will be noticed that the connections 
shown are fundamentally the same as the 
load circuits described by the authors in 
their Figure 10, with the addition of a small 
voltmeter that indicates the voltage across 
the load impedances beyond the load ad- 
juster. Each voltmeter is mounted directly 
beneath its associated load adjuster and has 
a scale reading from 80 to 120 volts. It is 
provided with a normal index that is set to 
indicate the voltage after the load has been 
adjusted by test to give the correct value in 
watts and vars. For any subsequent sys- 


tem changes that might affect the voltage at 
that point on the system, the load can be 
corrected by means of the load adjuster 
simply by bringing the voltage back to the 
original value, as indicated by this small 
For most system changes dur- 


voltmeter. 
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ing the study, most of the readjustments can 
be made by means of the generator and load 
circuit instruments, thus saving considerable 
time. 


H. L. Clark (nonmember; General Electric 
Company, Schenectady, N. Y.): This 
paper illustrates the present trend toward 
use of electronic circuits to extend the range 
of usefulness of a-c network analyzers. 

It would seem that emphasis in this paper 
should be placed upon the convenience and 
speed with which the correct answers to 
problems can be obtained with this network 
analyzer as well as reduction of first cost, 
because if the analyzer has a reasonable 
degree of utilization, it is the operating cost 
per problem which is of importance rather 
than the initial cost of the analyzer. 

Additional information on the master in- 
strument system would have been of interest 
since many of the problems are concerned 
with the instrumentation, especially when 
operating at a frequency of ten kilocycles. 
For example, the burden of the instrumenta- 
tion and the accuracy achieved in phase 
angle measurements should have been given. 

A considerable point was made concerning 
the accuracy and stability of the frequency 
source. It is implied that the temperature- 
controlled quartz-crystal oscillator held to 
0.001 per cent by comparison with the 
WWYV transmissions is an essential part of 
the equipment. Since the reactances vary 
only as the first power of the frequency, and 
since these units are adjusted to 0.2 per cent 
accuracy, it is hardly necessary that the 
accuracy of the frequency be 200 times better. 

The paper states that the capacitance in- 
troduced to the metering bus by the con- 
tacts of the switching relays has been com- 
pensated effectively and the resultant error 
made negligible. Since compensation for 
capacitance is accomplished by the use of 
shunt reactors, it would be necessary to have 
as many reactors as there are contacts in the 
switching relays, which is, of course, out of 
the question for a network analyzer having a 
large number of units. Perhaps the author 
intended to state that this effect is reduced 
by sectionalizing the metering bus so that 
only a small number of switching relays are 
connected to the master instruments at any 
one time. 

The presence of harmonics in the gener- 
ator output can cause considerable error, 
especially in cases where due to a special 
circuit arrangement the fundamental fre- 
quency current is cancelled out leaving only 
the harmonic currents. The master in- 
struments should, in this case, indicate 
essentially zero current but will not do so 
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unless the harmonic currents are absent or 
the instruments do not respond to these 
harmonic currents. 

Because the type of generators used de- 
velop even harmonics as well as odd, it be- 
comes especially important that attention be 
paid this detail. It would be expected that 
the presence of harmonics would also affect 
the phase angle measurements, since the 
type of circuit used measures with respect 
to the point the wave goes through zero. 
Harmonics of certain phase relationships 
will shift the point at which the wave goes 
through zero and hence cause errors in the 
phase angle measurements. 


R. B. Squires (Westinghouse Electric Corpo- 
ration, East Pittsburgh, Pa.): The authors 
are to be congratulated for a good paper on 
an interesting development. They have 
solved most of the many problems inherent 
in designing a network analyzer or calculator 
to operate at relatively high frequencies. 

The equipment contains several features 
which will increase the speed and ease of 
operation. The use of a few push buttons 
to control the metering relays of all the cir- 
cuits permits a reduction in the time to 
meter the network. The use of load-ad- 
justing autotransformers, three meters for 
each generator, and a separate instrument 
desk increases the flexibility of the equip- 
ment. The advantages of all these features 
have been proved time and again during the 
last ten years in the operation of many net- 
work calculators. 

The use of z-sections for the line units is 
interesting in that it shows a preference for 
the type of circuit already furnished in four 
network calculators now being built. In 
these calculators the pi-line units are fur- 
nished in addition to standard line-units 
which omit the shunt branch and are used 
to represent transformers or lines having 
little charging current. 

The equipment described in this paper de- 
parts from the present accepted practice by 
reducing the number of adjustment taps on 
the line and generator reactance units from 
three decades to two decades. The steps 
are therefore coarser and the adjustment 
error is increased. For instance, with the 
line units the minimum per cent adjustment 
error occurs at the maximum value of react- 
ance and is (0.5/99) X 100 =0.505 per cent, 
which is an acceptable value. However, 
many of the lines in a problem may be set at 
ten per cent or less, and at this point the per 
cent adjustment error is (0.5/10)X100=5 
per cent. If lower values must be set up, 
the error is correspondingly greater. There 
is little value in having circuits values held 
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erator voltage for varying output 


(a)—Current leading voltage by 90 degrees 
(b)—Current lagging voltage by 90 degrees 


to an accuracy of 0.5 per cent or better if the 
actual error is five per cent in representing 
an impedance of 10.5 per cent. This 
limitation has been overcome in network 
calculators with which I am familiar by us- 
ing three decades of adjustment or by using 
a calibrated, continuously variable reactor 
for the small values. 

Another way of stating the problem is that 
using only two decades of adjustment limits 
the range of settings to the higher values if 
good accuracy is to be maintained. Because 
there is wide variation in a given system in 
the values of impedances that must be 
represented, it is important to give each cir- 
cuit a range as wide as possible over which 
accurate settings can be made. The use of 
three decades or a continuously variable 
unit increases the range in which accurate 
settings can be made. 

It should be realized that the curve of 
Figure 1 of the paper applies only to capaci- 
tive reactance, which accounts for only a 
small part of the total cost. The cost of 
cabinets, instruments, plugging panels and 
the labor of assembly and wiring make up 
a large part of the total cost. The cost of 
these items stays constant or even increases 
with frequency because of the necessity for 
shielding and for more complicated wiring at 
the higher frequencies. 

In connection with the instruments in the 
control desk, it would be interesting to know 
the current and voltage ranges used and the 
phase angle accuracy of the wattmeter and 
phase meters, since phase angle accuracy is 
as important to the over-all accuracy as the 
accuracy of calibration of the instruments. 

Is it possible to measure directly the volt- 
age drop across a circuit and the power loss 
init? Such information is very desirable in 
transient stability studies in obtaining 
equivalents of networks and in other prob- 
lems where the voltage between two points 
in the network is needed, rather than the 
voltage to neutral. 

One of the problems in the design of a 
mutual transformer is to keep the capaci- 
tance between windings low, because in cir- 
cuits where these transformers are used the 
voltage between windings is several times 
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Figure 6. Design co-ordination of resistor 
ratings with generator volt-ampere character- 
istics under extreme overloads 


the voltage across each winding. In most 
studies involving mutual transformers sev- 
eral transformers must be used, and the 
effect of the capacitance leakage currents is 
additive for each transformer. This prob- 
lem must be particularly difficult at 10,000 
cycles, and, therefore, it would be interesting 
to hear to what value the capacitance cur- 
rent was limited. 

The discussion of these problems is not 
intended to minimize the good work the 
authors have done in producing a workable 
design at frequencies far above those nor- 
mally used for measurement work. No doubt 
operating experience of the next year or so 
will show whether circuits of wider range are 
needed and whether any difficulties develop 
from the use of a large number of electron 
tubes. 


J. D. Ryder and W. B. Boast: We wish to 
thank those contributing to the discussion. 
The answers to their questions are given in 
'an itemized manner. 


PHASE ANGLE REGULATION OF GENERATORS 


Figure 5 of this discussion gives the phase- 
angle regulation curve of a generator for the 
extreme conditions of capacitive (curve a) 
and inductive (curve 6) loading. Other 
loading conditions lie between these curves. 
The shift in phase of the voltage is caused 
principally by the plate resistance of the 
output stage of the amplifier. This resist- 
ance is reduced effectively by the use of 
triode output tubes and by the high degree 
of degenerative feedback employed. At 
200 per cent current (the limit of the meter- 
ing system) the shift in generator voltage 
phase is less than 1.5 degrees. 


VOLTAGE REGULATOR CONTROL 


The addition of a switch on the panel of 
the generator unit for providing voltage con- 
trol on either the internal or external voltage 
of the generator is being made as a desirable 
improvement. 


CAPACITANCE ERRORS 


A. Relay Contacts Between Units and 
Meter Bus. The metering bus was sec- 
tionalized into five regions (one for each of 
the major racks of the analyzer), and the 
capacitance to ground for each of these sec- 
tions was measured. Inductive compensa- 
tion then was established at the capacitive 
load center of each section. The metering 
bus then was connected electrically together 
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again as a unit and operates this way in the 
analyzer. The compensation at relatively 
few points for the highly distributed nature 
of the relay positions has reduced effectively 
the relay capacitance current errors to 
approximately one-half per cent of base cur- 
rent when all elements on the network oper- 
ate at the general level of base voltage. In 
all arrangements of relay contacts, those 
permanently connected to points in the high 
side of the network units proper have been 
placed with as much clearance as possible to 
grotind and to other relay contacts. 


B. Connecting Leads. The maximum 
length of leads between units and terminal 
board produces capacitive current errors 
within the allowable tolerance. These 
errors are stated in the original paper. A 
network analyzer with four to six times as 
many units as this pilot model could be built 
in sections, each essentially as the present 
analyzer. In setting up problems on this 
larger analyzer, relatively few long trunk 
leads between these sections would be 
sufficient. These trunk leads can be de- 
signed within the maximum tolerance on 
series resistance and reactance. If the 
shunt susceptance is too great, the same 
plan of compensation as is discussed previ- 
ously in A could be applied to each lead. 
Therefore a larger network analyzer is not 
impossible at this frequency. 


BURDEN OF INSTRUMENTATION 


The burden of instrumentation is stated 
in the original paper in the section entitled 
“Control Desk.”’ 


FREQUENCY ACCURACY 


An accuracy of 0.001 per cent in frequency 
was not intended to be understood as an 
essential condition of accuracy. This fre- 
quency source was used because it was 
commercially available at a low cost. 


POWER Limit OF RESISTORS 


Figure 6 of this discussion shows graph- 
ically the conditions which can be encoun- 
tered on accidental overloads: through line 
units. The dashed curve (a) shows the ex- 
tension of Figure 6 of the original paper toa 
much different scale. All of the informa- 
tion of the original Figure 6 is contained in 
the first one-half division on the ‘‘per cent 
of base current” scale. Beyond this point 
the voltage regulator loses control and the 
voltage drops to essentially zero at about 
1,200 per cent of base current. Curve b 
shows the volt—ampere characteristic of four 
generators (as in the present pilot model) all 
operating in parallel on the same bus with 
their voltages all in phase. Curve c shows 
the same for sixteen generators under the 
identical condition of in-phase operation, a 
highly improbable condition but, neverthe- 
less, the worst one in event that an acci- 
dental overload occurs on a line unit just 
past that bus. The line unit resistors in the 
lowest decade (l-ohm steps) are 25-watt 
units. The circle on the l-ohm resistance 
line represents this power rating. If more 
than six or seven generators should be 
paralleled and act on this single 1-ohm resis- 
tor as a load, it would be in danger of exces- 
sive heating. If, however, two of these re- 
sistors were in the circuit (the 2-per cent 
step) the power rating of the two becomes 50 
watts and the circle on the 2-ohm line 
shows that ten volts could be maintained by 
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16 generators all acting in parallel and in 
phase, giving exactly 50 watts dissipated 
with no danger of overheating. The 3-ohm 
point lies above the generator character- 
istics, and, hence, neither it nor any of the 
other settings to nine ohms could cause 
overheating. The next decade begins at 
ten ohms, and each of its resistors is rated at 
ten watts. The circle shows that no over- 
heating would occur on it as base voltage. 

The instrument amplifiers likewise possess 
a self-protective feature in their design, and, 
even though many times their normal full 
scale value is applied to the amplifier inputs, 
the actual instrument currents do not exceed 
150 to 200 per cent of full scale current. 
Also, no damage occurs to the generators 
under these accidental overloads because » 
the average plate power dissipated in the 
output stage is essentially independent of 
10,000-cycle loading. The generators are 
fused however at 1,000 per cent of base cur- 
rent. 


PHASE METER ACCURACY 


The accuracy of the phase meter is de- 
pendent upon the range of amplitudes for 
which the phase is to be measured. For 
currents from 200 per cent down to 15 per 
cent or for voltages from 150 per cent down 
to 10 per cent the accuracy is plus or minus 
two degrees. For smaller currents or voltages 
the accuracy becomes progressively poorer. 
However, high accuracy of angle determina- 
tion of a small vector among large vectors is 
usually not possible by analytic methods. 


WAVE-FoRM DISTORTION 


Measurable wave-form distortion occurs 
only as the voltage of the generators is 
driven above 125 per cent base value or as 
the current reaches 300 to 500 per cent of 
base value. The first of these conditions 
usually can be avoided and the second is 
impossible to meter. 


Design of Induction Heating 


Coils for Cylindrical 
Magnetic Loads 


Discussion and authors’ closure of paper 
46-124 by J. T. Vaughan and J. W. William- 
son, presented at the AIEE summer conven- 
tion, Detroit, Mich., June 24-28, 1946, and 
published in AIEE TRANSACTIONS, 1946, 
pages 887-92. 


N. R. Stansel (General Electric Company, 
Schenectady, N. Y.): This paper including 
the companion paper! mentioned in the syn- 
opsis has two values. The first is its sig- 
nificance to those concerned with the art of 
induction heating. The second, of more 
general interest, is its worth as a study of 
the principle of electromagnetic induction. 

It is well worth while to re-examine peri- 
odically the principle of the eddy current 
phenomenon. New conditions arise from 
time to time. The example here is the use 
of eddy currents for heating service. This 
viewpoint emphasizes the importance of 
considering the relations of the thermal 
properties of a material to its electrical and 
magnetic properties. 

The initial procedure in such an examina- 
tion is not concerned with whether the ob- 
ject is the minimizing of the eddy-current 
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Figure 1. A-c excitation curve (60 cycles) and 
d-c magnetization curve of SAE1015 steel 


per square inch+6.5416=lines per 
square centimeter 
Ampere turns per inch X 0.4947 = oersteds 


Lines 


watts or the use of eddy ctirrents for heating 
service. The basic relation is 


P=(H?~/pf-vV p109)1S X 1077 watts (1) 


This equation expresses the rate of heat 
development by eddy currents in a con- 
ducting mass which is exposed to a uniform 
and sinusoidal alternating magnetic flux, 
the directions of which are parallel to the 
lateral surface of the mass. 

The symbols are 


H=the magnetizing force (crest value), 
oersteds 

p=the a-c permeability of the material* 

f=the frequency, cycles per second 

p=the resistivity of the material, ohm- 
centimeter cube* 

1=the length of the mass, centimeters 

S=the shape factor of the mass—a matter 
of geometry only 


For the solid cylindrical mass, or load, of 
the paper 


aF, 
C= 
4y/2 2) 
where 


a=radius, centimeters 
F, =the function 


[= A ber’ A+bei A bei’ A : 
(ber A)?+ (bei A)? (3) 
A =the parameter (index ratio) 
(we) Ps 
/p10° 


Permeability. The a-c excitation curve 
(crest values) of a magnetic material more 
or less coincides with the d-c magnetization 
- curve as the saturation point is approached. 
An example is given in Figure 1 of this dis- 


* The values w and p correspond to the mean 
temperature of the path of the current in the mass. 
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cussion. Hence, in induction heating prac- 
tice, the d-c magnetization curve—usually 
more readily available—is generally of suffi- 
cient accuracy. The a-c excitation curve 
should be used for lower flux densities. 


REFERENCE 


1. DegsicN oF INpuUCTION-HEATING COILS FOR 
CYLINDRICAL NonMAGNETIC Loaps, J. T. Vaughan, 
J. W. Williamson. AIEE Transactions, volume 
64, 1945, August section, pages 587-92. 


J. T. Vaughan and J. W. Williamson: Text- 
books frequently develop the theory of the 
polyphase induction motor in terms of an 
equivalent circuit derived from the trans- 
former. The analogies existing between 
these two pieces of equipment enable the 
student to gain a better understanding of 
both. If these analogies were pushed too 
far however, for example, if an attempt was 
made to adapt the equivalent circuit theory 
to the effect of skewing of the rotor conduc- 
tors on starting characteristics, the resulting 
comparisons might become more of a hin- 
drance than a help. 

In a similar way, the concept of a con- 
stant permeability may be useful educa- 
tionally in bridging the gap between the 
induction heating of nonmagnetic materials 
and that of magnetic materials. To avoid 
reaching incorrect conclusions, the following 
consequences of the fact that the B- H curve 
is not a straight line should be noted: 


1, Theoretical formulas involving permeability 
require laboratory experimental evidence to estab- 


Figure 2. Transverse and axial Aux 


Discussions 


lish the value of permeability which should be 
used, even if the B-H curve is known. 


2. As noted in our paper and pointed out by N.R. 
Stansel, the conclusion reached by assuming any 
constant value of permeability that for moderately 
large diameter loads the load power factor 1s 0.707 
is false. Actually the ratio of watts to volt-amperes 
of a carbon steel load is about 0.84, and the ratio 
of reactive volt-amperes to watts is not 1.000 but 
about 0.65. 


The discussion of transverse flux will per- 
haps be clarified by Figure 2 of this discus- 
sion. The number of lines of transverse 
flux at A or A’ may be defined as the num- 
ber of lines of flux which flow radially out- 
ward through the infinitely long cylindrical 
surface 4A’B’B. Because lines of flux are 
continuous, the same number cut axially 
through the circular surface AA’. Therefore, 
it is immaterial whether one considers trans- 
verse flux or axial flux. The same current 
density 7 would be determined from equation 
11 of our paper in either case. 


Protection of Industrial 
Plants Against Insulation 
Breakdown and 


Consequential Damages 


Discussion of paper 46-122 by H. R. Vaughan, 
presented at the AIEE summer convention, 
Detroit, Mich., June 24-28, 1946, and pub- 
lished in AIEE TRANSACTIONS, 1946, 
August-September section, pages 592-6. 


A. A. Johnson (Westinghouse Electric 
Corporation, East Pittsburgh, Pa.): Par- 
ticular attention is called to Figure 8C of 
the paper. This scheme of high resistance 
grounding can be used readily on industrial 
distribution systems of 2,400 volts and 
above where no neutral is available for ‘a 
grounding device. This relatively high re- 
sistance grounding device allows sufficient 
in-phase current to flow during the time of 
a line-to-ground fault to dampen possible 
high frequency voltage oscillations and thus 
to prevent excessive transient overvoltages. 
The reason for this may be explained 
briefly. For an ungrounded system if a 
line-to-ground fault appears the current 
which flows is caused by the inherent dis- 
tributed capacitance of the system. This 
current leads the voltage by 90 degrees. 
Because of the fact that on most industrial 
systems this capacitive current is only a 
few amperes (three to ten amperes are com- 
mon values), it probably will cease to flow 
at current zero. The current zero, however, 
occurs at a time corresponding to the peak 
of the voltage wave and when this current 
ceases to flow there is a tendency for the 
instantaneous voltage to be double normal 
peak line-to-ground voltage. Restriking of 
the fault arc at the optimum time relation- 
ship may produce higher peak voltages by a 
buildup process which may be several times 
the normal peak voltage to ground. This 
high peak transient voltage may cause 
failure of connected rotating machines, 
cables, and lightning arresters. By using 
the high resistance grounding device two 
main effects reduce transient overvoltages. 


1. The fault current zero does not occur at 90 
degrees with respect to the voltage but occurs at a 
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point probably less than 45 degrees with respect 
to the voltage where the instantaneous voltage is 
considerably less than the peak value. Since the 
high frequency oscillation takes place about the 
point on the voltage wave where the current goes 
through zero, voltages which do occur because of 
restriking therefore are reduced very greatly. 
When the loss in kilowatts in the resistor is made 
equal to the distributed capacitive kilovolt-amperes 
to ground of the system, the resistor will limit the 
maximum peak line-to-ground voltage to about 
2.5 times the normal peak line-to-ground voltage. 


2. Reducing the time constant of the fault circuit 
damps the high frequency oscillation. 


There are a number of systems, both 
industrial distribution and utility distri- 
bution, where failures of electrical equip- 
ment caused by transient overvoltages can 
be reduced materially, if not eliminated, 
by the proper application of high resistance 
grounding. Simultaneous ground faults on 
an ungrounded system are strong evidence 
that transient overvoltages are causing 
failures. By the use of a resistance ground- 
ing device the line-to-ground fault current 
is increased approximately 50 per cent above 
what it would be for ungrounded operation. 
Thus the system still can be operated as an 
ungrounded system but with the one serious 
disadvantage of ungrounded operation 
minimized to a point where little or no 
trouble should be expected from excessive 
transient overvoltages. This scheme of high 

' resistance grounding is now in service on 
several distribution systems. 


Electromechanical Transient 
Performance of Induction 
Motors 


Discussion and authors’ closure of paper 
46-116 by C. N. Weygandt and S. Charp, 
presented at the AIEE summer convention, 
Detroit, Mich., June 24-28, 1946, and pub- 
lished in AIEE TRANSACTIONS, 1946, 
pages 1000-09. 


F. J. Maginniss, N. R. Schultz, and C. Con- 
cordia (General Electric Company, Sche- 
nectady, N. Y.): This paper is a valuable 
contribution to our knowledge of the tran- 
sient performance of induction motors, par- 
ticularly in the smaller sizes having relatively 
high resistances as contrasted to the large 
low-resistance motors treated in reference 4 
of the paper. 

Expression of the performance equations 
in terms of the five basic parameters pro- 
vides for the widest application of the re- 
sults. The information presented, particu- 
larly the speed—response curves, should be 
very useful to the designer of control and 
follow-up systems, 

The results obtained bring out the im- 
portance of low rotor inertia. This is em- 
phasized by the fact that in many cases the 
load inertia is relatively small so that the 
motor inertia forms most of the total. 
Therefore, from the standpoint of machine 
design we realize that it may be more im- 
portant to reduce the rotor inertia, even at 
the expense of a considerable increase in the 
stator size and in the total machine weight, 
than to arrive at a minimum over-all motor 
size. 

The authors mention fundamental-fre- 
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quency speed oscillation in Figure 8a. seldom are used in squirrel-cage servo 
Actually, these oscillations appear to be motors. 
about two-thirds fundamental frequency, In connection with the conclusion that 
and as far as we can see there is no reason to it would seem desirable not to operate a 
expect their frequency to have any simple motor with one phase always energized, it is 
relation to the fundamental frequency. to be recommended highly that, where it 
can be arranged, the reference phase not be 
: excited when the motor is not in useful opera- 
J. W. Momberg (Diehl Manufacturing Com- tion. This should be extended to point 
pany, Finderne, N. J.): In connection with out that where the reference phase is not 
the sixth assumption that the motor is con- _ energized continuously, the motor can be 
nected to an infinite bus through a zero designed for an even higher ratio of torque 
impedance, it should be noted that this isa to inertia, limited only by saturation and 
very idealized condition. In most servo- heating effects at the running condition, 
mechanisms one phase of the motor is sup- _ which is usually much less severe than the 
plied by an amplifier with rather poor regu- stand-by condition with one phase excited. 
lation, and the other phase is supplied by Saturation is rarely the limiting factor in 
the line in series with a capacitor. Only in small servo motors, only coming into effect 
a contact-making servomechanism sup- when blast cooling is used. When using the 
plied from a polyphase source would this larger servo motors having a maximum out- 


assumption be approximately true. put of 200 watts or more, it is almost neces- 
The effects of the rotor time constants sary that both phases be controlled. 
plotted in Figure 3 would indicate that rotor It should be pointed out also that the 


inductance should be kept as low as possible. _ torque of a servo motor rarely increases in 
It is for this reason that closed rotor slots direct proportion to the number of poles, be- 
cause of increased leakage with more poles. 

‘ ; In fact, it is not uncommon to obtain the 
Figure 1. Steady-state and transient torque- same locked torque for a 4 pole motor as 
slip curves computed from the curves shown that for a 2 pole motor in the same frame, 
in Figure 5 of the paper especially in the small sizes investigated in 
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this paper. Only in large servo motors is 
it possible even to approach a proportional 
torque. However, depending upon the ap- 
plication, there may be considerable advan- 
tage in increasing the number of poles at the 
expense of motor performance. 

It is hoped that more investigations in 
the nature of this paper will be forthcoming, 
since the application of squirrel-cage motors 
to servomechanisms is relatively new, and 
there is unquestionably room for improve- 
ment. 


C. N. Weygandt and S. Charp: The 
authors wish to thank F. J. Maginniss, 
N. R. Schultz, C. Concordia, and J. W. 
Momberg for their discussions on our paper. 
We would like to reply to the several 
points brought out individually in these 
discussions. 

Two points in the discussion by F. J. 
Maginniss, N. R. Schultz, and C. Concordia 
require clarification. These discussers are 
quite correct in their statement that the 
oscillations in speed shown in Figure 8a of 
the paper are of about two-thirds funda- 
mental frequency. When we first studied 
this set of curves we had no intention of 
making the rigid statement that the oscil- 
lations are at fundamental frequency. We 
are in agreement that the oscillations in 
speed have no direct relationship to the 
fundamental frequency. The basic reason 
for this oscillation is unknown to us at the 
present time. 

J. W. Momberg points out that one of the 
assumptions, namely, that the motor is con- 
nected to an infinite bus, is open to some 
question of validity. While it is true that 
most servomechanisms are supplied from 
an amplifier having poor regulation, it was 
desirable to make this assumption because 
of the simplification which resulted in our 
solutions. The study was primarily one of 
motor characteristics, and because the regu- 
lation of the source is entirely dependent 
upon the type of amplifier and is thus of a 
special rather than a general nature, this 
effect was neglected. 

In the investigation of the starting char- 
acteristics of servo motors, attention natu- 
rally is focussed upon the transient torque— 
speed or torque-slip curve. This curve, 
showing what happens during the starting 
period, should be the curve used during the 
starting period, and for a continuously oper- 
ating servo motor it should be the only curve 
used, At the end of the starting period, 
the transient torque-slip curve should 
coalesce into the steady state torque-slip 
curve. Such transient torque-slip curves 
are shown in Figure 1 of this discussion. 
From the data of Figure 5 of the paper, 
there was computed the acceleration of the 
motor at each instant of the starting period. 
Then, from equation 36 of the paper we have 
that the electric torque for this case is 
given by 


Tym Dig +O (1) 
e—4Tm dt? L 
a9 do 
=2| ra? f+ | (2) 


Since the speed and acceleration are known 
at each point, the electric torque can be 
plotted as a function of time, of speed, or of 
slip. In Figure 1 of this discussion this 
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torque is plotted as a function of slip. In 
fact, the torque plotted is the torque actually 
developed by the motor operating at four 
times normal voltage. It is seen that when 
steady state conditions are reached the 
points representing the electric torques 
cluster about a region which should be the 
steady state operating point. The end 
point of the transient curve should coin- 
cide with the intersection of the steady state 


( IK i) and the steady state 


torque-slip curve. The rather rough nature 
of the transient curves shown is because of 
the approximate methods used in the deter- 
mination of the motor acceleration from the 
curves of Figure 5. A more precise calcula- 
tion could be done on the differential ana- 
lyzer.* 

The authors realize that this paper only 
breaks the surface of the entire servomecha- 
nism problem. Thenext step planned by us 
is the solution of a simple servo loop, using 
the induction motor equations where the 
input voltage to one phase of the induction 
motor is proportional to an error signal. It 
is hoped that this second problem will re- 
sult in a method for representing the induc- 
tion motor by some source and by an, equiva- 
lent circuit. 


load line 


Application Ratings of 
Indoor Power Circuit 
Breakers 


Discussion and author's closure of paper 46- 
134 by O. B. Vikoren, presented at the AIEE 
summer convention, Detroit, Mich., June 24— 
28, 1946, and published in AIEE TRANS- 
ACTIONS, 1946, November section, pages 
768-73. 


R. C. Van Sickle (Westinghouse Electric 
Corporation, East Pittsburgh, Pa.): This 
paper is of considerable general interest to 
designers of circuit breakers as it gives them 
information on the conditions under which 
their circuit breakers may be used in service. 
It is an explanation of how a rated continu- 
ous current can be interpreted in terms of 
expected maintenance, ambient tempera- 
tures, normal load conditions, and emer- 
gency overloads. The designer knowing that 
these conditions vary from application to 
application has to consider them in a general 
way but must design for one standard con- 
dition. 

A circuit breaker is a maximum rated de- 
vice. All items of rating refer to the maxi- 
mum performance which can be expected of 
the circuit breaker. Demonstrations of 
these characteristics are made on new circuit 
breakers with all parts in first class condi- 
tion. This of course includes the demon- 
stration of the rated continuous current. 

Circuit breakers cannot remain indefi- 
nitely in this condition and consequently 
allowance has to be made for a reduction in 
the circuit-breakers ability between mainte- 


* It is to be noted that the higher the value of load 
torque coefficient KL, the more rapid the approach 
of the transient torque-slip curve to steady state 
value This is in agreement with the curves of Fig- 
ure 5, which show little or no speed oscillations for 
high values of KL. 
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nance periods and with service. Interrupt- 
ing ratings are a maximum for the standard 
duty cycle but occasionally circuit breakers 
are applied for other duty cycles, shorter 
intervals between operations, or more 
operations between maintenance. Tables 
of per centages for determining the inter- 
rupting ratings of oil circuit breakers at 
various operating duties form American 
Standard C37.7. O. B. Vikoren applies 
similar reasoning to the normal current 
rating and takes advantage of load cycles, 
low ambient temperatures, and short time 
overheating of insulation as referred to in 
the preface to AIEE Standard 1B to get 
maximum current values at which the cir- 
cuit breakers can be applied. 

In testing circuit breakers for such appli- 
cations, temperatures of more parts than 
just the contacts and leads should be taken 
to be sure that permissible temperatures will 
not be exceeded. The conductors through 
insulating bushings are not cooled well and 
parts heated by hysteresis or eddy current 
losses may be in contact with oil or other 
insulating materials. 

The conclusion that new apparatus has a 
better allowance for application beyond its 
rating than is the case with older circuit 
breakers, should not be construed as a 
different basis of design in modern circuit 
breakers. It is believed that O. B. Vikoren 
refers to age of the circuit breaker rather 
than period of design, because the current- 
carrying ability is influenced less by period 
of design than by demands of interrupting 
capacity and speed. 


Herman Halperin (Commonwealth Edison 
Company, Chicago, Ill.): This paper is 
timely and helpful on the important prob- 
lem of obtaining the maximum feasible load 
ratings of equipment. 

In Table I of the paper the author indi- 
cates a reduction in carrying capacity of 20 
to 85 per cent below name plate rating of 
circuit breakers for a 30 degree centigrade 
rise of copper-to-copper contacts. This 
service factor reduction, if any, is obviously 
a function of the frequency of operation of 
the circuit breakers. In Chicago the 12- 
and 4-kv circuit breakers on transformers 
in attended substations supplying our dis- 
tribution system are operated practically 
every other night in connection with shut- 
ting down some transformers during the 
night to reduce core iron losses during light 
load periods. Such frequent circuit breaker 
operation means that the contacts are wiped 
frequently and suffer relatively little oxida- 
tion. In some other types of locations the 
circuit breaker operations are relatively 
rare and for such cases oxidation will reduce 
the allowable loading, especially for copper- 
to-copper contacts. 

The author indicates that the total tem- 
perature for normal operation should be 
reduced, for example, from 70 to 60 degrees 
centigrade when the ambient temperature is 
20 degrees centigrade. Although an ex- 
planation is given for so reducing tempera- 
tures, it is not clear to me. Oxidation is a 
function of total temperature, and so I 
think we should learn or estimate what the 
conditions are for the given circuit breaker 
involved in each case and then use the same 
total temperature as the limit for all cases. 
having copper-to-copper contacts. 

After equation 3 of the paper the author 
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states that the temperatures rise varies 
practically as a square of the current. This 
seems reasonably conservative. We found 
in testing a few 300-ampere circuit breakers 
at 300 amperes and at 450 amperes that the 
final rise with the 450 afnperes was close to 
2.0 times the rise for 8300 amperes, instead of 
being 2.25 times. 

Under the heading on short-time emer- 
gency conditions, the author sets up a total 
temperature of 90 degrees centigrade as the 
limit for emergency operation for copper-to- 
copper contacts. He seems to be concerned 
about the effect of higher temperatures on 
the oil and on the annealing of the contact 
parts. In connection with emergency rat- 
ings of transformers, temperatures up to 100 
degrees centigrade have been set as a limit 
for the oil for emergencies. The effect of 
emergency operation at high temperatures 
is obviously a function of time. If this 
operation is to be only for a few hours for 
each of two days once in several years, then 
I see no reason from available test data why 
100 degrees centigrade should not be a 
reasonable limit. This is especially true if 
the circuit breaker is to be inspected shortly 
after each emergency operation. 

This discussion indicates some differences 
of opinion, and I believe emphasizes the 
need for obtaining more test data and oper- 
ating experience at the higher loadings. In 
the field of underground cable systems, we 
have obtained in this country enormous 
amounts of test data and operating experi- 
ence in regard to the effects of normal and 
emergency operation at various tempera- 
tures. The result is that we have set up 
temperature limits that are 5 to 45 degrees 
centigrade higher than used on the other 
continents. The expense for all the investi- 
gations involved has been a very small 
fraction of the savings obtained. The 
recent sharp increases in the total installed 
cost of equipment make it essential to de- 
velop a background of information so that 
starting now we gradually can increase the 
actual loading of, for example, indoor power 
circuit breakers. 


Philip Sporn (American Gas and Electric 
Service Corporation, New York, N. Y.): 
Although circuit breakers generally may 
not be called upon to carry more load cur- 
rent than their name plate rating, it is 
apparent from the material in this paper 
that some circuit breakers in use may not be 
capable of actually carrying as much load 
current as the name plate states. As 
pointed out in the paper, because most 
circuit breakers are loaded rather lightly 
this factor has not been serious, in fact it has 
been so relatively unimportant that it has 
not obtruded itself upon the average operat- 
ing engineer’s thinking. 

The paper offers an approach to problems 
which arise from time to time with existing 
circuit breaker installations when loadings 
exceed those of which the circuit breaker is 
actually capable, or when it is apparent from 
studies that loads are going to exceed name 
plate ratings. The paper also may have 
application in cases where circuit breakers 
of sufficiently large current-carrying capac- 
ity are not manufactured to meet a given 
situation. In such cases, actual tests on 
circuit breakers available can determine 
what their limitations are; in many cases 
it may be found they can be applied to meet 
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requirements if judged solely on actual 
capabilities without regard to ratings. 

This naturally brings up another and 
somewhat more important characteristic of 
circuit breakers with regard to actualities 
and their relation to name plate ratings. I 
have reference to circuit breaker rupturing 
capacity. 

Many circuit breakers in the past were 
built without adequate design data and they 
have been sold and used without having a 
background of actual test. Circuit breakers 
which have been in use for many years have 
no actual rupturing test data to show what 
they will do. Their application hinges on 
manufacturer’s published rating data and 
oftentimes circuit breakers are discarded or 
omitted from consideration in specific 
applications because these data indicate 
that they are inadequate. This often may 
not be the case, and considerable sums of 
money may be saved by making tests on 
circuit breakers in question to find out 
what they actually willdo. It will be found 
oftentimes that circuit breakers with or 
without modifications, are capable of 
appreciably more than their name plates or 
published data indicate. They may be 
capable of much more than the manufac- 
turer’s engineers can or are willing to com- 
mit themselves. 

As one example I can cite a situation at a 
major generating station where a number of 
66-ky circuit breakers of a type no longer 
manufactured were definitely on the ragged 
edge as far as rupturing capacity was con- 
cerned. Consultation with the manufac- 
turer’s engineers indicated that some not 
strictly orthodox changes could be made in 
these circuit breakers which might extend 
their capabilities, but it was not at all 
apparent to what degree there would be 
improvement. One of these circuit break- 
ers was rebuilt to incorporate the suggested 
changes and then was tested on a 66-kv 
system to the maximum possible extent of 
that system. Although the manufacturer’s 
engineers would not commit themselves to a 
capacity of more than 500,000 kva for these 
circuit breakers, actual test showed that 
they could handle the maximum that the 
system was capable of without any signs of 
distress. This amount was in excess of 
900,000 kva. 

It is because of experience of that sort 
that we reached a conclusion a long time 
ago, a conclusion reaffirmed many times 
since, that the only sound basis for deter- 
mining normal and emergency rating with 
respect to interrupting capacity is by mak- 


ing actual tests. Further, such tests on one 
type of circuit breaker will not take care of 
some other type of circuit breaker of the 
same voltage and rating capacity. 


O. B. Vikoren: The author would like to 
express his appreciation for the interest the 
discussers have taken in this paper. 

Judging from the last paragraph of his dis- 
cussion, R. C. Van Sickle apparently has 
read more into the paper than it was in- 
tended tocover. TableI of this closure will 
clarify the statement made under the head- 
ing Conclusions of the paper, that is, circuit 
breakers with copper to copper contacts 
(generally used on old circuit breakers) have 
the same temperature rises for currents 
lower than name plate rating as circuit 
breakers with silver to silver contacts 
(generally used on new circuit breakers) 
have for currents which, at low ambient 
temperatures, exceed name plate rating. 

It should be noted that the paper specifi- 
cally emphasizes that its purpose is to show 
the method for arriving at the solution of an 
application rating problem and that the de- 
tails may vary for different systems. It is 
therefore to be expected that Herman Hal- 
perin has found conditions different on the 
Commonwealth Edison Company system as 
compared with those on the Philadelphia 
Electric Company system. Nevertheless the 
temperature limitations should be common 
for any system particularly when the ques- 
tion arises of establishing a maximum tem- 
perature limit for oil circuit breakers. It is 
believed that Halperin is approaching the 
danger point by permitting contact tem- 
peratures of oil circuit breakers to reach 
100 degrees centigrade particularly since oil 
will begin to smoke at about that tempera- 
ture. It is believed also that justifying this 
high temperature on the basis of what is 
permissible for transformers is overlooking 
the difference in basic function of the oil in 
a circuit breaker as compared to a trans- 
former. The arc quenching function of the 
oil, inherently required in an oil circuit 
breaker, is referred to here and it is believed 
that the interrupting ability of a circuit 
breaker should not be permitted to be im- 
paired for the purpose of stressing the load 
current limit a few per cent. 

Philip Sporn has devoted a considerable 
portion of his discussion to the matter of 
interrupting capacity of circuit breakers, 
which function is important in connection 
with applying circuit breakers on a tem- 
perature basis only so far as the circuit 
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breaker interrupting ability may be im- 
paired by excess temperatures. It should 
be noted that the current does not nec- 
essarily have to be of shortcircuit magni- 
tude to cause trouble if the opening of 
the contacts is associated with arcing and 
the circuit breaker is in an overheated 
condition. 


High Vacuum Leak Testing 
With the Mass 


Spectrometer 


Discussion and authors’ closure of paper 
46-142 by W. G. Worcester and E. G. 
Doughty, presented at the AIEE summer 
convention, Detroit, Mich., June 24-28, 
1946, and published in AIEE TRANS- 
ACTIONS, 1946, pages 946-55. 


J. E. Burroughs (General Electric Company, 
New York, N. Y.): Under the heading of 
“Fields of Leak Detector Application’’, the 
paper lists power rectifiers. An interesting 
example of such an application was the use 
of the leak detector during the past year on 
a 3,000-kw 640-volt single-tank multianode 
rectifier installed in a railroad substation. 
The leak detector was used to confirm a sus- 
pected leak in this rectifier and to test for 
vacuum tightness after the leak had been 
repaired. 

The leak detector was connected to the 
rectifier vacuum system by means of a 1/2- 
inch copper tubing extending from the leak 
detector inlet connection to a point on the 
rectifier vacuum system between the mer- 
cury diffusion pump and the main vacuum 
valve. A flanged joint, provided for the 
rectifier McLeod gauge, was utilized for the 
leak detector connection. A throttle valve 
also was installed in the line and was located 
near the rectifier flange joint. 

The leak detector was operated with the 
throttle valve wide open, because the pres- 
sure in the rectifier was less than one micron. 
This gave an operating pressure measured 
on the leak detector ion gauge of 1.5 107 
millimeter of mercury to 1.75 X 107° milli- 
meter of mercury. Because the residual 
pressure of the leak detector was 5X107~° 
millimeter or less, the pressure increase re- 
sulting from sample flow was 1 X 107° milli- 
meter of mercury or more. A suspected leak 
from the rectifier water jacket into the recti- 
fier vacuum tank was confirmed by flooding 
the water jacket with a large amount of 
helium. The possibility of other leaks on the 
rectifier was eliminated by hood testing all 
vacuum seals and welds. 

From previous cold seepage tests on the 
rectifier, the leak rate had been calculated 
to be approximately 75 micron cubic feet 
per hour. From the indication on the leak 
detector, for this amount of leakage it was 
estimated that the leak detector very easily 
would have shown a leak of only 1/100 of 
this value or 0.75 micron cubic feet per hour. 
The allowable leakage rate for this rectifier 
tank was 22 micron cubic feet per hour. 

After the leak in the rectifier tank had 
been repaired and the rectifier vacuum sys- 
tem again operating, the leak detector was 
connected as before, and the water jacket 
and all vacuum seals flooded with helium. 
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Because the leak detector showed no leaks 
in the rectifier, it was not necessary to run 
standard seepage tests as ordinarily done, 
and the rectifier was prepared immediately 
for degassing. 

From curves which take into account the 
leak-detector sensitivity, pumping speed of 
the auxiliary pumping system, and operating 
pressure, it was indicated that the leak de- 
tector would have shown a leak in the final 
test of the order of 1/10 of a micron cubic 
foot per hour. This value would be only 
one-half of one per cent of the allowable 
leakage rate for this particular rectifier tank. 

To summarize the use of the leak detector 
for leak testing the vacuum system of mer- 
cury-are rectifiers, some of the advantages 
are listed: 


1. No vacuum manifold or auxiliary pumping 
system is needed with the rectifier because it has 
its own vacuum system and vacuum pump, 


2. Thesensitivity of the leak detector is sufficiently 
great to find leaks impossible with standard test 
methods, such as cold seepages, pressure, and soap 
tests. 


3. A small leak can be found much faster and 
located more accurately with leak detector than 
with the previous standard test methods, 


4, The leak testing can be done after the rectifier 
has been brought up to operating temperature, to 
find small leaks which do not show up when the 
rectifier is cold. 


5. The leak testing is done with the rectifier under 


normal vacuum so that conditions are not changed " 


by reversing the direction of pressure difference 
across the leak, as is done when the tank is put 
under internal pressure for soap testing. 


6. The leak tracing medium, namely, helium, does 
not contaminate the rectifier vacuum system. 


J. G. Trump (Massachusetts Institute of 
Technology, Cambridge, Mass.): The 
authors have made an important contribu- 
tion to the high vacuum engineering art by 
bringing to an available form the mass spec- 
trometer method of vacuum leak location 
largely developed by Professor Nier and his 
associates. This instrument should be valu- 
able not only for large industrial vacuum 
systems, but also for co-operative use at 
universities where vacuum is employed in a 
wide variety of research programs, such as 
the acceleration of charged particles, vacuum 
spectroscopy, and electronics generally. 
Such an instrument would justify itself 
quickly, both by the saving in time and the 
superior results in the maintenance of high 
vacuum conditions. It is to be hoped that 
the mass spectrometer for vacuum leak 
testing will be refined still further and re- 
duced in physical size and cost. 

Vacuum engineering may be regarded as 
still in its infancy. Scarcely a decade ago, 
it was believed generally that pressures much 
less then 1074 millimeter of mercury could 
not be produced in large “unoutgassed”’ 
metal tanks. In the intervening period, 
high vacuum production and measurement 
methods have reached a _ well-developed 
stage. Oil and mercury high-speed diffu- 
sion pumps, vacuum-tight valves, quick- 
opening portals, methods of transmitting 
mechanical power into and out of evacuated 
chambers, methods of cleaning, conditioning, 
and ‘outgassing’? in vacuum have become 
available. Although techniques not fully 
discussed by the authors, both for leak 
hunting and for preventing leaks, also have 
improved considerably, leaks have remained 
as a serious time-consuming problem, and 
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this new device fills in an almost ideal way 
the need for a sensitive, discriminating, re- 
liable, and quick-reading locator. 


W. G. Worcester and E. G. Doughty: The 
authors wish to thank J. G. Trump for his 
interesting comments. Widespread interest 
in the leak detector and its methods of ap- 
plication already has developed. Continued 
interest and better understanding of applica- 
tion requirements will result in extended 
usefulness of the instrument. 

We also wish to thank J. E. Burroughs 
for his excellent description of a specific 
application problem, which is typical of the 
many successful applications of the instru- 
ment. 

The authors recognize that other leak- 
hunting techniques and methods of pre- 
venting leaks have been improved; never- 
theless the mass spectrometer remains the 
most sensitive, reliable, and rapid method 
of leak detection known to us. 

There are two general fields of application 
of the leak detector: 


1. Experimental or developmental use to check 
materials and methods of construction of vacuum 
apparatus. 


2. Production testing of finished products. 


Improved techniques in manufacture always 
can be expected to follow when the exact lo- 
cation and size of leak can be determined 
readily. Systematic use of the leak detector 
on production lines as a quality control in- 
strument often will yield savings in time for 
testing and repairs and improvements in 
quality of the product. 


Control and Protection of 
Aircraft D-C Powe 
Systems ; 


Discussion and author's closure of paper - 


46-180 by B. O. Austin, presented at the 
AIEE Pacific Coast meeting, Seattle, Wash., 
August 27-30, 1946, and published in AIEE 
TRANSACTIONS, 1946, November section, 
pages 741-5. 


H. J. Finison (General Electric Company, 
Schenectady, N. Y.): I am glad to see the 
emphasis given in B. O. Austin’s paper on 
the provision of and needs for soundly engi- 
neered control and protective function for 
aircraft d-c generator systems. - On the 
whole, I find the objectives outlined by 


Austin in good agreement with those which . 


R. H. Kaufmann and I have outlined in a 
series of articles.!_ As Austin has indicated, 
improvements in 24-volt d-c generator sys- 
tems urgently are needed to improve per- 
formance, reliability, and safety. 

Austin indicates that the protective prob- 
lems are much more severe for 24-volt than 
for 12-volt systems. I wonder if it is Aus- 
tin’s intent to advocate omitting protection 
from a 12-volt system or rather to empha- 
size the greater difficulties that might be 


experienced with unprotected systems for 


24 than for 12 volts. 
clarify this point? 
As Austin has indicated, overvoltage pro- 


Would Austin please 
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tection is a desirable feature. The magni- 
tude of overvoltage that can be obtained 
when one generator of a group loses its con- 
trol of voltage is surprisingly high even with 
a relatively low strength equalizer. When 
higher equalizer forces are used (as is some- 
times attempted when the generator series 
winding is used as the equalizer voltage 
source) the magnitude of overvoltage can be 
disastrous. Note that with strong equalizer 
action, the presence of uncontrolled high 
voltage resulting in high current on one 
generator tends to force all other generators 
to a voltage higher than normal. Under 
many load and speed conditions, failure of 
one regulator of two or more generators 


tends to result in votages considerably above 


35 and 40 volts and yet without reverse cur- 
rent flowing through the healthy generators. 
For this condition all overvoltage protec- 
tors detect the same overvoltage and de- 
stroy selectivity. This factor has made us 
rather hesitant of using voltage only as a 
means of selectively determining the unit 
responsible for the overvoltage. I would 
appreciate learning whether Austin has 
experienced the condition I have just de- 
scribed in his development work on the 
overvoltage protector. 

The overvoltage protective device de- 
scribed by Austin is very interesting and ap- 
pears to possess the desirable element of 
simplicity. Devices of the type described 
by Austin are sometimes subject to difficul- 
ties with maintaining a constant pickup 
(minimum trip setting) independent of the 
position of the plunger. That is, following 
a transient overvoltage of just insufficient 
duration to trip the protector, the plunger 
will have moved almost to the trip position. 
Because the air gap is now less than at the 
initial position, it would appear possible 
that the plunger would be held at the lower 
position by even normal voltage so that a 
subsequent moderate transient overvoltage 
could cause instantaneous trip. Would 
Austin please describe what methods have 
been used to overcome this difficulty? 

Unquestionably, the combination of bal- 
anced current and differential current pro- 
tection can give a theoretically higher order 
of sensitivity than usually is possible by 
use of reverse current protection. Whether 
this theoretical superiority can be obtained 
in practice or whether the gain is worth the 
additional complexity are questionable. 

While reverse current protection is in- 
capable of detecting certain types of fault 
conditions, none of those are likely to occur 
when the airplane is in flight. And all 
fault conditions can be detected and cor- 
rected by manual supervision. Differential 
protection does not detect a welded relay 
while reverse current protection does. In 
the past, this type of failure was much more 
prevalent than generator circuit faults. Im- 
provements in generator relay design and in 
elimination of system disturbances such as 


those induced by regulator instability, sys-' 


tem faults, and heavy motor starting should 
make the occurrence of welded relays less 
troublesome, although they still could be 
as prevalent as circuit faults. 

The philosophy of using two devices in 
series to prevent simultaneous failure usually 
is predicated on the fact that the failure of 
one relieves the cause of failure and thereby 
protects the other. In the application cited 
by Austin, I wonder if this condition is 
met. Consider for a moment that a fault 
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exists on the main power system or that a 
very heavy motor is being started with in- 
adequate capacity. During this condition 
voltage across the contactor coil is low and 
current through the contacts is high. If the 
two contactors are slightly different in char- 
acteristics, it is likely that one will weld 
before the other. But in welding the first 
contactor does not relieve the condition 
causing the weld and the continued presence 
of high current and low voltage may cause 
the other contactor to weld. 

The use of a nonlinear resistor in the 
equalizer circuit is an interesting develop- 
ment. It should meet a long desired need 
and permit enjoying high equalizer forces 
without its attendant disadvantages of ex- 
cessive influence on system voltage. Would 
Austin please give us a quantitative figure 
on the effectiveness of the nonlinear resistor? 
If the method is effective could not the com- 
plication of the additional equalizer relay 
be avoided with acceptance of the fact that 
a small decrease in system voltage can be 
tolerated until manual switching operation 
disconnects the equalizer of a dead genera- 
tor? 

While the protective functions of differ- 
ential current, balanced current, and over- 
voltage relays are fundamental in their ef- 
fectiveness, I am concerned with the manner 
in which these devices operate through an 
auxiliary field relay. This method of opera- 
tion has the following major objections: 


1. Power is required on the system before the gen- 
erator can supply power to the system. 


2. Generator control must be reset every time 
power is removed from the system. 


3. Protective functions require several sequential 
operations. 


4. Protection is relatively slow. 


Consider what will happen if a system 
fault occurs so that the power system is 
without substantial power for a short period. 
Sealing power for the field relays of all gen- 
erators is thereby lost and these relays are 
free to open. If the system fault is cleared 
later and if the system load does not pull 
battery voltage down excessively, the gen- 
erators can be closed again on the line by 
manual operation of the reset and control 
switches. If power stability margins are 
adequate the generator system may return 
again to normal operation. Because a 
manual operation possibly is required before 
the generators can be returned to supply 
power, greater battery capacity may be 
required. 

Also consider what will happen if the sys- 
tem fault just described occurs on the bat- 
tery circuit and in being cleared the system 
is left without power. Then in spite of the 
fact that all generators are in good operat- 
ing condition it would be impossible to 
make them supply power again because 
their field relays could not be reset. 

Obviously some improvement may be af- 
fected by providing sufficient time delay in 
a field relay with low drop-out voltage to 
permit it to ride through all likely system 
faults without opening. This method would 
have the unfortunate disadvantage of also 
slowing up the time of the relay for normal 
operation. In spite of the fact that the na- 
ture of the generator circuit permits rapid 
isolation of a fault by use of superior forms 
of protection such as reverse current or dif- 
ferential current, in the application por- 
trayed by Figure 6 the delays inherent after 
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sensitive protective devices detect the fault 
are 


1. Field relay time. 


2. Contactor opening time. 


In summary, I believe that the main pro- 
tective circuit breaker for the generator cir- 
cuit should be a device which is latched 
closed with high contact pressure. Whether 
the device is closed electrically or manually 
depends on the weight investment that can 
be justified for making the circuit breaker 
remotely reclosable. With such a device 
it is assured that when needed it will be in 
operating condition. Devices which are 
held closed by forces of a solenoid are of 
questionable reliability when used in a pro- 
tective function. Further, the protector 
should be tripped by direct mechanical con- 
nection with the protective sensing element. 
Any attempt to provide the interconnection 
by electrical means introduces serious prob- 
lems concerning availability of tripping 
power. . 


REFERENCE 


1. D-C Power SYSTEMS FOR AIRCRAFT, PARTS 1-8, 
H. J. Finison, R. H. Kaufmann. General Electric 
Review, September 1945 to August 1946. 


P. A. Danilson (nonmember; Boeing Air- 
craft Company, Seattle, Wash.): The need 
for a positive trouble free protection system 
is very real. Systems above all must be 
free from nuisance trips as airplanes have 
been lost because reverse current circuit 
breakers tripped out on transients. On 
multiengined aircraft adequate tripping ca- 
pacity is very important as fault currents of 
at least 5,000 amperes can be expected. 


OVERVOLTAGE PROTECTION 


The overvoltage protection system de- 
scribed is satisfactory for an airplane with 
two generators but is not entirely adequate 
for one with six generators. Consider one 
airplane with a maximum continuous load 
of 1,600 amperes and six 300-ampere genera- 
tors. Obviously we cannot expect one gen- 
erator to carry 1,600 amperes and still have 
overvoltage. However, we can expect a 
faulty generator to overheat, which in turn 
will be registered by a thermal indicator 
light. Protection would operate only as 
described when system load was near 500 
amperes. Because the load on the airplane 
under discussion very seldom gets that low 
some other protecticn scheme appears de- 
sirable to prevent the faulty generator from 
burning up in case the engineer fails to heed 
the thermal warning light. 


GENERATOR LEAD FAULTS AND 
FEEDER PROTECTION 


The system is positive and fast, the only 
point in doubt is whether interrupting ca- 
pacity is sufficient to handle fault currents of 
a 6-generator system. 


DOUBLE BREAK IN 
GENERATOR Bus FEEDER 


The weight penalty imposed by two con- 
tactors should not be necessary. Desirable 
solution is a contactor that will not stick. 


GENERATOR THERMAL INDICATION 


Thermal indication is very important on 
modern transports because generators oper- 
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ate at a high percentage of full capacity 
whereas on military aircraft the total load 
was usually less than half the generator 
capacity. 


ConTROL APPARATUS 


The manufacturer should be compli- 
mented on the way he has assembled regu- 
lators and relays on a single readily remov- 
able panel for easy servicing. Anything 
that can be done to decrease the number of 
packages to be installed results in a saving 
to the aircraft manufacturer. Air transpor- 
tation companies are demanding that equip- 
ment be quickly removable for easy main- 
tenance. 


SERIES FIELD VERSUS 
GROUND RESISTOR 


1. The weight advantage is gained because 2.08 
volts are available to equalize load instead of 0.5 
volt used under Army system. 


2. The generators divide the load according to the 
temperature of the windings. 


3. Ballast lamps are required because a larger drop 
is used. 


4. Close production control will be required to as- 
sure that the resistance of the series field is held 
within close limits. If this can be done good load 
division seems assured. 


CONCLUSION 


The system as a whole is a forward step 
in the direction of improved electrical 
systems. 


B. O. Austin: H. J. Finison and I are in 
agreement on the needs for soundly engi- 
neered control and protective functions for 
aircraft d-c generator systems. We are 
likewise in general agreement involving 
many of my objectives and those of my as- 
sociates. My associates and I have pro- 
ceeded actively with the development of a 
more acceptable d-c power system for air- 
craft. To date, we have made tests on 
“mock-ups”? which very favorably have 
verified the contents of the paper. 

I have not given any consideration to pro- 
tective schemes for 12-volt systems. Per- 
haps there should be more protection than 
there is in use today. I consider protection 
against faults in the 24-volt system of prime 
importance for two main reasons. 


1. ¢ Twenty-four volts is sufficient potential to 
maintain low or high current faults involving an 
are which readily can become a smoke and fire 
hazard. Twelve volts will not maintain an arc 
and therefore is not so much of a hazard. 


2. The everincreasing generator capacities involv- 
ing the 24-volt system further increase the ability 
of that system to maintain faults high or low at rela- 
tively high voltages resulting in exposed electric 
arcs. This is especially true of low order faults 
which are below the rating of the generator. 


The action of the equalizer ballast lamp 
in preventing excessive rise in system voltage 
with full-field operation of one generator is 
as effective as it is in preventing excessive 
drop in system voltage in the case of the 
lowering of the speed of one generator, In 
fact, under critical conditions the use of 
the high sensitivity equalizer system with 
nonlinear ballasts will result in a lower sys- 
tem voltage and a higher reversed current 
in the second machine than the linear equal- 
izer system using !/,-volt equalizer voltage 
at rated generator loads. 
an accurate ‘“‘mock-up’”’ have demonstrated 
positive selectivity of this system. 
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System tests on , 


An overvoltage relay has not been de- 
signed with the characteristics described by 
Finison. It is an easy task to design the 
magnetic circuit about the moving plunger 
and the proper spring characteristics for 
that plunger, thereby providing a relay suit- 
able for the purpose. 

Experiences teach that faults have oc- 
curred under all conditions of flight and 
ground operations. Therefore, protection is 
needed at all times. Welded contactors in 
the reverse-current cutout generally are not 
protected by the balanced current protective 
system. Thereverse-current circuit breaker 
offers little improvement in this case. In 
fact, it is a much poorer device when 
compared with double contactors in the re- 
verse-current cutout. Contactors now used 
are of the bridge type having two breaks. 
A long series of tests have shown that this 
contactor nearly always freezes on one side. 
When opening under load, the contactor will 
open a few thousandths of an inch on the 
free side resulting in a sustained electric arc 
which burns out that side of the contactor 
arm. This causes a complete loss of the 
generator as wellas a damaged cutout. The 
burning of this contactor often happens be- 
low the rating of the generator. The re- 
verse-current circuit breaker would not be 
effected by this condition at all. As previ- 
ously stated, the double contactor is much 
more effective, by backing each other up. 
The frozen contactor usually breaks loose 
on the reapplication of voltage to its operat- 
ing coil and continues to operate in a normal 
manner. 

The use of balanced current and differen- 
tial current protection is a practical, proved 
arrangement in other fields. It should be 
applicable and has been proved substantially 
by extensive ‘‘mock-up”’ tests of recent date. 
The outstanding feature of this system is the 
detection of faults below the rating of the 
generator. It is the low order faults, ac- 
cording to experience, which generate smoke 
that leaks in through the cockpit and pas- 
senger compartments, often causing panic. 
The low-current high-voltage arcs often last 
for long periods of time if there is no pro- 
tection, making fires and smoke a reality. 

The reverse-current circuit breaker de- 
tects nothing below the rating of the genera- 
tor. The balanced current system does. 

So far as I can see, it is impossible to co- 
ordinate properly the opening time of the 
reverse-current relay contactor and the re- 
verse-current circuit breaker. Timing of 
the contactors and circuit breakers changes 
with age and general environment condi- 
tions. Balanced current requires no co- 
ordination of timing, and environment con- 
ditions are not critical with this class of appa- 
ratus. 

Finison’s position supporting manual 
supervision of fault conditions is not easily 
tenable, in. view of recent airline experi- 
ence requiring immediate clearing of a fault 
before smoke occurs. 

The philosophy of using two contactors in 
series is not new in transportation. Fini- 
son’s example is satisfactory except that his 
contemplated results apparently are based 
on contactors and relays with much higher 
drop-out voltages than those used in the 
system described. It is only barely pos- 
sible that either condition described will 
lower the system voltage below the ex- 
tremely low dropout of the contactor and 
adding to that remote possibility that of 
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two contactors in series welding brings us 
to a relative impossibility. 
The quantitative figure of the effective- ui 
ness of the nonlinear resistor can be almost | 
anything desired. This depends upon the i) 
design of the ballast. The ballast, at the sf 
present time, has tungsten characteristics. 
The equalizer relay can be avoided if one { 
can depend upon the pilot to switch off the 
dead generator manually. It is not be- i 
lieved that all operators will accept the , 
omission of the equalizer relay. 
There are at the present time schematic 
diagrams and tests which provide a system 
that can be operated without the battery. 
This system requires no additional appa- 
ratus, but a slight rearrangement in the 
control circuits. With the use of this sys- 58 
tem, it is not required that the generator 
control be reset every time power is removed 
from the system. Its operation is exactly i} 
the same as for systems that are now on the 


airplanes. The only requirement will be ; 
that the pilot will be required to reset when i 
there is a fault. ys 


Actual tests show that the protective 
functions of the system described are very 
rapid. For example, a 100-ampere fault is : 
cleared in 0.06 second. The timing of the ; 
reverse-current circuit breaker to clear under ; 
this condition is infinite. : 

A greater battery capacity is not required od 
with the use of the current-balanced system. i 
As previously stated, if the operating com- Hy 
pany so desires, the system can be provided 
without the use of a battery. 

Finison summarizes that the main pro- E) 
tective circuit breaker for the main generator | 
circuit should be a latch-closed device with 
high contact pressures. This, I must admit, . 
is obsolete practice in other forms of trans- 
portation and has been so for many years. 
Double contactors generally have been used 
instead. I cannot agree that the latched-in 
type of reverse main circuit breaker always 
will operate when needed. There are sev- 
eral reasons for this which will be included in 
the summary here. 

Summarizing the discussion, it seems that 
the following are reasonable facts. 


1. The balanced current protective system offers 
wide range fault protection, 


2. The protection against low current fault is of 
first importance. This type of fault is the smoke 
and fire maker, as proved by test. High order 
faults burn clear quicker and are less dangerous, but 
should be provided for in the protective scheme. 


3. Balanced current protection requires no co- 
ordination with the reverse-current cutout, 


4. Balanced current protection responds only to 
faults and nothing more, as proved by test. 


5. Double contactors for circuit interruption are ; 
the modern transportation concept. They lend 
reliability to continuity of the generator on the 
system the maximum amount of time. 


6. Single contactors have been designed within the 
last two years with freezing practically eliminated, 
as proved by test and service. 


7. Later schematic diagrams provide for overload 
protection of the field and control circuits through 
the balanced current system without added ap- 
paratus, 


8. Schematic diagrams and tests are in existence 
providing operations without a battery and reset 
operations only in the case of a fault. No addi- 
tional apparatus is required. In other words, this 
system operates exactly the same as those which 
have been in use on planes for several years so far 
as the operator’s panel is concerned. The only ex- 
ception is the reset for faults. 


9. The balanced current system is operated re- 
motely and is trip free and can be reset after a 
fault, provided the fault is cleared. 
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10. The reliability of the reverse-current circuit 
breaker is in question. It is subject to changes in 
calibration resulting from vibration, shock, presence 
of fine dust particles, and high forward current. 
The present devices are not trip free. 


11. The reverse-current circuit breaker does not 
sense low order smoke-making faults. 


12. Itis impossible to co-ordinate the timing of the 
reverse-current circuit breaker and the reverse- 
current cutout under several fault conditions. To 
make matters worse, the timing of contactors and 
circuit breakers change with age and wear. 
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Dielectric Strength of 
Station and Line 
Insulation to Switching 

~ Surges 


Discussion and authors’ closure of paper 
46-189 by P. L. Bellaschi and L. B. Rade- 
macher, presented at the AIEE Pacific Coast 
meeting, Seattle, Wash., August 27-30, 
1946, and published in AIEE TRANSAC- 
TIONS, 1946, pages 1047-54. 


F. J. Vogel (Illinois Institute of Technology, 
Chicago, Ill.): This paper should be a 
material aid in the further standardization 
of insulation and insulation tests on appa- 
ratus, particularly transformers. It often 
has been quoted that impulse and switching 
surges were about the same on apparatus, 
whether it was dry or wet. Would it not 
have been proper to add to the conclusions 
that the critical impulse flashover and 
switching surge flashover under wet condi- 
tions might be reduced to 75 or 80 per cent 
of the dry values? 

There is also another question not covered 
by the paper. The inference is that switch- 
ing surges are slow and perhaps similated 
by one-half cycle of 5,500 microseconds 
duration. Such surges would give nearly 
uniform distribution of voltage within 
windings. However, statements have been 
made several times that resonance could 
lead to dangerous voltages within windings 
at the time of and because of switching 
surges. Since the switching surges were 
caused by changes in current within the 
windings, they must be distributed uni- 
formly and the period is long as compared 
to the transformer period. Agreement on 
this point, along with the data provided by 
the author, will help materially in further 
standardization. 


F. O. Wollaston (British Columbia Electric 
Railway Company, Ltd., Vancouver, Can- 
ada): If the wave shown in Figure 5 of the 
paper were one-half cycle of an a-c wave, 
the a-c frequency would be about 500 cycles 
per second. The strength of insulation to 
a-c frequencies of this order is, as far as I 
know, about the same as for 60-cycle volt- 
But the insulations subjected to the 


ages. 
wave of Figure 5 developed impulse 
strengths. The reason for this could be that 


the duration of the test wave was essentially 
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only one-half cycle. In that case it could 
be that insulation subjected to one-half 
cycle of 60-cycle frequency would develop 
“impulse’’ strength (approximately). 

I would like to see breakdown tests made 
at 60-cycle voltage but with the time of 
application varied from one-half cycle up 
to the minimum number of cycles that would 
give breakdown values equal to presently 
accepted 60-cycle values. 


H. L. Rorden (Bonneville Power Adminis- 
tration, Portland, Oreg.): I hope we may 
not have to take the authors’ inference that 
impulse data are relatively complete to 
mean that they intend to divert their future 
efforts to other channels. I believe there is 
still a vast amount of information .to be 
obtained in! this field, and we on the operat- 
ing end look to the manufacturers for 
laboratory data. It is significant that we 
still have insulation failures, and we can 
only conclude that we still do not fully 
understand all we need to know about 
transients. I am sure that the entire elec- 
trical profession will agree with mein hoping 
that Bellaschi and Rademacher will con- 
tinue their good work. This paper adds 
useful information to their numerous con- 
tributions. 

We of the Bonneville Power Administra- 
tion do not believe that methods of protec- 
tion have developed to the stage where they 
are both satisfactory and economical. Al- 
though we do not have surge testing equip- 
ment in the Northwest, we are conducting 
such investigations as we find possible with- 
out interfering with normal operation of our 
power system. We differ from most high- 
voltage systems in the heavy lightning 
areas of this country by having transmission 
lines which are not protected by overhead 
ground wires, although part of our system is 
in a moderate lightning area. We therefore 
consider the system itself as a laboratory. 
The significance of this ties in very closely 
with the contents of the paper. 

The high-voltage lines of the Bonneville 


system are equipped with overhead ground , 


wires only for approximately one mile from 
stations and are intended solely for station 
protection. The transmission lines are 
susceptible to direct lightning hits, and to 
our knowledge such hits always result in a 
flashover. These outages are not of serious 
concern to us because all of our 230-kv sys- 
tem in the lightning area consists of parallel 
circuits. 

We believe that practically all direct 
strokes to our lines will result in a flashover 
regardless of the insulation level. While 
our normal insulation consists of 16 53/s-by- 
10-inch suspension insulators, we have oper- 
ated experimentally with as low as 11 on 
steel towers. Thus far we have found no 
significant difference in performance. Un- 
doubtedly, enough insulation and conductor 


-separation could be provided to prevent 


some of the hits from resulting in flashovers, 
but we believe this insulation level could not 
be justified economically. We therefore 
now are considering basing our insulation 
levels on switching surges. In fact we are 
planning on an installation involving 
insulation of this nature and high-speed re- 
closing breakers in lieu of overhead ground 
wires. We believe this method of protec- 
tion may have considerable advantage over 
the present commonly accepted practice of 
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providing ground wires over the entire 
system. In such a system we shall have 
considerable use for switching surge data as 
well as high overvoltage impulse data. We 
therefore commend the authors of this paper 
on the presentation of data which we believe 
have more than casual importance in the 
field of transients and insulation levels. 

I would appreciate a little additional ex- 
planation from the authors on their state- 
ment that isolated neutral systems attain 
five to six times normal voltage. While this 
is a commonly predicted figure, we have 
found, all too frequently, that predictions 
may prove to be too ultraconservative for 
good practice. While we recognize the fact 
that isolated neutral systems can be sub- 
jected to higher transient potentials than 
are solidly grounded systems, we are in- 
clined to the opinion that they ordinarily do 
not attain the magnitude suggested by the 
authors. From investigations conducted 
on our 230-kv neutral grounded system, we 
are confident that our switching surges 
rarely if ever reach three times normal, and 
we are contemplating a number of isolated 
neutral installations for which we must pro- 
vide adequate protection. 


J. T. Lusignan (Ohio Brass Company, 
Mansfield, Ohio): The authors should be 
complimented on their contribution to our 
knowledge of surge conditions on power sys- 
tems. Their laboratory work has been well 
done and their presentation of the results 
clearly shown. 

In addition to the insulating members 
which they already have tested, it would be 
helpful if they could continue the work as 
thoroughly into the various forms of limiting 
gaps used by transmission operators. These 
gaps range from ordinary rod, horn, and 
ring gaps to specially designed control 
gaps.! Many of these gaps afford the 
principal means of protection to station 
apparatus and the knowledge of their flash- 
over characteristics under wet switching 
surge conditions should be worth while. 
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H. A. Frey (Locke Insulator Corporation, 
Baltimore, Md.): The field which has been 
explored by Bellaschi and Rademacher is. 
one which has been neglected largely by 
American investigators. The paper con- 
stitutes a welcome and timely contribution- 
As the authors have pointed out, switching 
surges may be a determining factor in 
establishing insulation levels for some of the 
projected higher transmission voltages. 

The surges used in the authors’ investiga- 
tions were of about 1,000 and 3,000 micro- 
seconds duration. The duration of a 60- 
cycle half wave is 8,300 microseconds. On 
such a time scale the effective duration of a 
11/ox40 microsecond impulse wave is 
almost zero. It is interesting to note that 
if the curves, Figures 6, 7, 8, and 9 of the 
paper, be plotted to a linear time scale 
(abscissa) and if the 60-cycle flashover value 
be plotted at the time corresponding to the 
60-cycle crest, then the switching surge 
flashover points fall very close to a straight 
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line through the critical impulse flashover 
and the 60-cycle crest flashover values. In 
this case the critical impulse flashover is 
taken as the tail of wave flashover in accord- 
ance with American Standards. 

Do the authors feel that this could be used 
safely as a method of estimating switching 
surge flashover levels from known impulse 
and 60-cycle flashover values? 


J. H. Hagenguth (General Electric Com- 
pany, Pittsfield, Mass.): The data pre- 
sented in the paper are a valuable addition 
to the knowledge of long-duration surge 
sparkover of insulators and bushings. 
However, is it correct to call the type of 
waves used typical switching surges? One 
type of switching surge shows an initially 
rapidly-rising front followed by a very 
gradual rise in voltage with superimposed 
oscillations. Such waves have more nearly 
the characteristics of a steep-front flat-top 
wave in contrast to the slowly rising front 
wave used by the authors. Before it is 
possible to draw any definite conclusions as 
to the sparkover strength of insulators and 
bushings for switching surges in general, it 
would seem necessary to have results of 
tests with the flat-top type of wave. It has 
been shown! that for impulse conditions a 
large difference in spark-over voltage exists 
between rectangular waves and straight 
rising front—as much as 20 per cent at eight 
microseconds. Such differences in spark- 
over voltage may not exist at 500 to 1,000 
microseconds, the region explored in the 
paper, but the facts cannot be verified with- 
out investigation. For instance, if the test 
results on insulators or bushings in the paper 
with spark-over at about 800 microseconds 
are compared with the straight-line impulse 
spark-over of similar devices at eight micro- 
seconds,! the long time spark-over voltage 
would be reduced to 80 per cent instead of 
95 per cent of the short time impulse spark- 
over. 

The fact that the two transformers with- 
stood a large number of short, intermediate, 
and long duration surges is a proof of the 
quality of the transformers up to the tested 
levels, but does not permit a comparison be- 
tween impulse and switching surge strength 
of the units since the comparative break- 
down values are not known. Further, the 
damped ‘high frequency oscillations associ- 
ated with some switching surges when 
applied to transformer windings which are 
not shielded adequately are capable of rais- 
ing internal winding voltages near winding 
resonance to even higher levels than the 
impulse.”»? The low frequency test wave 
(Figure 5 of the paper) probably resulted in 
only straight-line distribution throughout 
the windings. 

The transformer insulation therefore was 
subjected to less severe stresses than would 
have resulted from application of flat-top 
switching surges with superimposed higher 
frequency oscillations produced externally 
to the transformer. 
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P. L. Bellaschi and L. B. Rademacher: The 
manner in which H. L. Rorden is coping 
with the insulation protection problem for a 
system that lies in a moderate lightning area 
is interesting and indicates a keen realization 
of the economic aspect of the problem. We 
fully concur with Rorden that laboratory 
investigations on impulse and switching 
surges should continue by all means but in a 
direction bearing economic importance to 
the over-all problem. Our experience on 
switching surges and available knowledge 
show that for a solidly-grounded neutral 
system surge overvoltages seldom if ever 
attain 31/2 times line to neutral crest volt- 
age, whereas on isolated-neutral systems 
there has been ample evidence of overvolt- 
ages up to five or six times line to neutral 
crest voltage. For systems of modern de- 
sign and “good behavior”’ it is possible that 
these overvoltages may be even less. 

The approach H. A. Frey indicates for 
estimating switching surge strength from 
the impulse and 60-cycle values is probably 
close enough in most cases, but we would 
hesitate to consider this as a guiding rule. 
Even for porcelain insulation in air it may 
be very much in error as evidenced from a 
consideration of some of the data in refer- 
ence 12 of the paper, and obviously the 
method falls far from the mark when 
applied to oil-immersed insulation. 

Tests on other equipment such as J. T. 
Lusignan has indicated certainly would be 
worth-while, but we feel that the data al- 
ready presented provide a good basis from 
which to assess the significance of switching 
surge strength in relation to the problem of 
co-ordination and protection as a whole. 

Referring to F. O. Wollaston’s discussion 
the data in Figure 10 were secured in the 
manner he has indicated. The details of 
these tests appear in reference 9. In most 
cases transient voltages are almost over in a 
matter of milliseconds, and for durations of 
this order the insulation strength is well 
up to its impulse level. However, should 
the system overvoltage approach durations 
of the order of seconds, then for such a condi- 
tion the effective strength of the insulation 
corresponds more nearly to its 60-cycle 
value. 

It might have been well, perhaps, to have 
added a fifth conclusion such as F. J. Vogel 
suggests indicating the reduction in impulse 
and switching surge strength of porcelain 
insulation in air as affected by rain. How- 
ever, we feel that conclusion 2 accomplishes 
the purpose, and that the test data in the 
paper are specific as to the reduction in 
strength caused by rain. 

Table VI of the paper gives comparative 
data with reference to a flat-top impulse of 
the type J. H. Hagenguth refers to in his 


‘discussion and should answer the points he 


has raised in this connection. With refer- 
ence to the old bugaboo of resonance, we 
merely want to call attention once again to 
the ability of modern surgeproof trans- 
formers to withstand switching surges of all 
sorts. This is a matter of extensive experi- 
ence and record extending over a long period 
of years. 

Those interested in this subject matter 
both from a standpoint of testing and field 
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experience will find many of the references 
helpful. The authors have drawn from this 
over-all experience and their own in planning 
the investigation and keeping it on a sound 
and practical basis. In general, we concur 
with the suggestions and thoughts set forth 
by the several discussers in regard to the de- 
sirability of future studies both in the field 
and in the laboratory. 


An Oscillograph for 


Recording Transient 
Recovery Voltages 


Discussion and author's closure of paper 
46-181 by W. G. Hoover, presented at the 
AIEE Pacific Coast meeting, Seattle, Wash., 
August 27-30, 1946, and published in AIEE 
TRANSACTIONS, 1946, pages 1086-91. 


E. W. Boehne (General Electric Company, 
Philadelphia, Pa.): The author is to be 
congratulated upon his paper which pre- 
sents an informative and orderly analysis. 
The recognition and demonstration of the 
effect of arc voltage and residual are conduc- 
tivity upon the recovery characteristics of 
such high voltage breakers are indeed in- 
teresting. 

The value of the oscillograms shown in 
Figures 4 and 6 would be enhanced by a 
knowledge of the natural frequencies of the 
circuit and their magnitudes under the more 
or less ideal conditions of a linear decay of 
current to zero. A comparison of the phe- 
nomena shown in these oscillograms with 
those presented and discussed in another 
paper! suggests that conduction following 
current zero is not restricted to the lower 
voltage breakers. 

I would like to ask the author if the test 
shown in Figure 4C was taken on the same 
circuit as those shown in Figures 4A and 
4B. The 49,000-volt increase about 450 
microseconds following current zero suggests 
a reflection from a junction about 42 miles 
away. The evidence of such a reflection is 
not present in Figures 4A and 4B. A cir- 
cuit diagram would aid in interpreting the 
films. 
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Laurel J. Lewis (University of Washington, 
Seattle, Wash.): The development of this 
oscillograph illustrates in a striking manner 
the increasing importance to the power 
engineer of recent advances made in the 
electronic field. The author is to be con- 
gratulated for his use of trigger circuits, 
pulse shaping circuits, and rectangular pulse 
generating equipment, more commonly 
associated with radar techniques, to the de- 
velopment of a new tool for circuit breaker 
testing. 

The writer was privileged to use the in- 
strument described in an extended investi- 
gation and can vouch for its reliability. A 
number of points may be mentioned to em- 
phasize its versatility. 


AITEE TRANSACTIONS 


| 


aa | 
‘ an 


r - 

The tests made at the Newark substation 
of the Pacific Gas and Electric Company, 
and illustrated by the oscillograms in Figure 
4, were among the highest capacity tests 
made up to that time on an actual system on 
circuit breakers of that voltage classifica- 
tion. Because of the severe duty imposed 
on the system it was necessary to limit the 
number of tests, and only one was made 
under each test condition. This meant that 
the oscillograph was required to perform 
accurately and reliably without any re- 
hearsal. The clearness of the records indi- 
cates no small degree of skill and planning in 
the control of intensity, focusing, and timing 
of both the vertical and horizontal sweeps. 

The problem of accurate tripping becomes 
of increasing importance as the horizontal 
sweep speed is increased. Any slight devia- 
tion between the time of net flux reversal 
in the peaking transformer core and the time 
of the true current zero in the test circuit 
affects the start of the horizontal sweep. 
This effect is evident in Figure 4C where the 
break in the arc voltage on next to the last 
half cycle appears to occur about 600 micro- 
seconds before the position of final recovery. 
Where the polarity of the recovery voltage 
cannot be controlled, such a deviation limits 
the recording space and restricts the speed 
since proper timing for one polarity may 
place the final recovery trace on the opposite 
polarity too far to the right on the screen. 
Solution of this problem requires that the 
peaking transformer faithfully follow the 
current in the test circuit, requiring essen- 
tially perfect reproduction by the current 
transformer of the d-c component in the off- 
set current wave. . That such a problem has 
been solved is illustrated by the oscillograms 
in Figure 5 where the horizontal sweep speed 
is about ten times that shown in Figure 4, 
and the deviation has been reduced greatly. 

The applications described are those in 
which one terminal of the circuit breaker is 
grounded, and it is thus possible to keep the 
recording equipment essentially at ground 
potential. This requires that the recovery 
voltage be applied to only one plate of the 
cathode ray tube with the other maintained 
near ground potential. Ordinarily this con- 
tributes to a certain defocusing effect in the 
tube. Perhaps Hoover could elaborate on 
how some of the difficulties from this cause 
have been overcome. It would also be in- 
teresting to know if the oscillograph can be 
used on line-to-line tests. 


W.G. Hoover: Inreply to E. W. Boehne, 
the natural frequencies corresponding to the 
tests of Figure 4 were not known nor were 
they calculated prior to the tests. A rough 
estimate of their order of magnitude was 
made to determine the necessary frequency 
response characteristics of the oscillograph 
circuits. In the tests of Figure 6, the high 
frequency oscillation in Figure 6A was 
mainly caused by a capacitance of about 370 
micromicrofarads (breaker, 
divider, leads, and reactor distributed 
capacitance) and a series reactor of about 
1.3 millihenries. The generator side of the 
reactor was connected to a 1,050-kva sine- 
wave generator through about 100 feet of 
single-conductor 15-kv lead-covered cable. 
The low frequency oscillation observable in 
both oscillograms is caused principally by 
the generator reactance and equivalent 
total terminal capacitance. 
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potential: 


The test shown in Figure 4C was taken on 
the same 110-kv bus as those of Figures 4A 
and 4B. In the case of Figure 4C only, the 
three conductors of an otherwise idle 110-kv 
transmission line were connected to the high 
voltage terminal of the test breaker for the 
purpose of reducing the transient recovery 
rate. The reflection from the open end of 
the line about 40 miles away has no counter- 
part in the tests of Figures 4A and 4B. 

The author appreciates the comments 
made by Laurel J. Lewis who was present at 
and contributed considerably to the success 
of the tests described in the paper. The 
question of beam focus for deflections over 
the whole face of the cathode-ray tube was 
treated satisfactorily by using push-pull 
deflection voltages for both verticaland hori- 
zontal sweeps. The signal voltages were 
impressed on only one of the vertical deflec- 
tion plates for line-to-ground tests, but the 
amplitudes of these voltages were main- 
tained low enough so that serious defocusing 
did not result. Tests made during the 
early development of the oscillograph 
showed the complete feasibility of measure- 
ments on line-to-line tests, wherein the out- 
puts of identical voltage dividers connected 
to each terminal of the test breaker are 
brought to the separate vertical deflection 
plates. 


Long-Distance Power 
Transmission as Influenced 
by Excitation Systems 


4 
Discussion and authors’ closure of paper 


46-182 by C. Concordia, S. B. Crary, and 
F. J. Maginniss, presented at the AIEE 
Pacific Coast meeting, Seattle, Wash. 
August 27-30, 1946, and published in 
AIEE TRANSACTIONS, 1946, pages 974- 
87, 


R. D. Evans: (Westinghouse Electric Cor- 
poration, East Pittsburgh, Pa.): In their 
present paper Concordia, Crary, and Ma- 
ginniss deal with two subjects, namely, 


1. The relation of exciters and regulators to the 
stability of transmission systems of the moderate 
length of 200 miles. 


2. The relation of intermediate synchronous con- 
denser stations to the steady-state stability of long 
transmission systems of 600 miles in length. 


These subjects have received relatively 
little attention during the last few years but 
they were discussed actively during the years 
from 1924 to 1929. It is interesting and 
sometimes valuable to review basic problems 
at intervals of approximately 20 years, as 
such intervals provide time for the develop- 
ment of new methods of analysis, recon- 
sideration of basic assumptions, and the 
production of new apparatus and modes of 
operation. 

The first subject considered by the authors 
is the effect of the characteristics of exciters 
and regulators upon the stability limits of 
straightaway transmission systems for both 
steady-state and transient conditions. The 
resulis of this part of the investigation by 
the authors are summarized in the paper 
under the heading ‘‘Conclusions,’’ items 1 to 
4. Item 3 seems to state that the transient- 
stability limits for conditions imposed by 
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line faults with subsequent high-speed sec- 
tionalizing are lower than those for the 
steady-state conditions after the switching 
operations. Item 1 states that for a system 
subjected to a severe fault with the subse- 
quent switching operations, the stability 
limits cannot be increased appreciably by 
practicable changes in the exciter and regu- 
lator system. These conclusions are not 
new; they have been held since high-speed 
fault-clearing means became a reality. 
Item 2 seems to state that for certain less 
severe faults or for faults of shorter dura- 
tions, some relatively small increases in 
stability are possible by the use of excitation 
systems of higher response. This conclu- 
sion, while interesting, appears to be of 
academic value in view of Item 1 which 
states that little benefits are obtainable for 
the more severe conditions which are con- 
trolling. Item 4 states that with a properly 
stabilized excitation system and with sta- 
bility maintained on the first swing, stability 
generally should be maintained on the sub- 
sequent swings. In this connection it is per- 
tinent to observe that practical systems will 
be laid out with a margin between the load 
to be carried and the stability limit. When 
systems are operated with such margins, 
the chance of instability occurring on sub- 
sequent swings will be minimized. If the 
stability studies had taken the normal load 
margins into account, the results would have 
been of greater practical interest. 

The second subject considered by the 
authors deals with the increases in the 
steady-state stability limits that result from 
the use of regulated synchronous condensers 
located at intermediate points on a long 
transmission system. It is of interest to 
compare the results given in the present 
paper with those presented by C. F. Wagner 
and R. D. Evans in an earlier paper (ref- 
ference 7 of the paper). The layouts as- 
sumed for the stability studies are different 
but it is of interest to compare the per cent 
increases in the stability limits for one and 
for two intermediate condenser stations. 
This may be done by taking the data from 
Figure 14 of the paper and replotting to the 
form used in Figure 26 of the earlier paper 
by Wagner and Evans. It will be found 
that quite good agreement will obtain for 
both one and two intermediate condenser 
stations of low reactance. For increasing 
values of condenser station reactance, the 
checks are not as good. This is a result to 
be expected from the differences in the lay- 
outs assumed for the studies. 

The hypothetical system studied by Con- 
cordia, Crary, and Maginniss includes finite 
reactances for the hydroelectric generating 
station, the sectionalized double-circuit 
230-kv lines, and a receiver system repre- 
sented by a synchronous motor. The hy- 
pothetical system assumed by Wagner and 
Evans is similar except that the receiver 
system is represented by an infinite bus. 
The practical system probably would in- 
volve a step-down station, large shunt loads, 
and receiver-end generators. On the prac- 
tical system the receiver-end generators will 
have a phase leading that of the shunt load. 
It would appear that the approximation of 
an infinite receiver is not only simpler but 
quite as accurate as one using a synchro- 
nous motor without a shunt load. How- 
ever, either approximation can be used, and’ 
both will show that important increases in 
the stability limits are possible through the 
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use of intermediate synchronous condenser 
stations. In any actual problem these dif- 
ferences in the approximations would not 
appear because the actual system would 
be represented accurately. 


Alexander Dovjikov (Bonneville Power Ad- 
ministration, Portland, Oreg.): The pro- 
posed increase in the range of transmission 
of power supplied by the Bonneville Power 
Administration has made it necessary to 
reconsider ways and means of accomplishing 
this purpose in the most reliable and eco- 
nomical way. In parallel with considerations 
of d-c transmission, of increase in a-c operat- 
ing voltage, and of the series capacitor- 
compensated lines, interest in intermediate 
synchronous condensers and in the impor- 
tance of interconnections with other sources 
of electromotive force along the long line 
such as local generating stations, has been 
revived. This revival is noticeable not only 
in this country but abroad as well.!;? The 
paper by Concordia, Crary, and Maginniss is 
therefore very timely, and is of great interest 
to the engineers of the Bonneville Power Ad- 
ministration. 

Beside the preponderant importance of 
the speediest fault clearing for increasing 
the transient stability of a transmission sys- 
tem, the value of appropriate intermediate 
synchronous condensers (known as_ the 
Baum system) in increasing steady-state 
and transient stability of long distance trans- 
mission systems has been realized for at 
least the last 25 years. The stabilizing 
effect of such synchronous condensers is a 
function of their ability to maintain their 
terminal voltage, and it was realized early 
again that to achieve this the machine must 
have: 


1. Low reactance. 
2. Very high-speed excitation system, 
) 


Or in other words, the synchronous conden- 
ser must have voltage characteristics analo- 
gous to a d-c machine with compound 
excitation. Excitation of such an a-c ma- 
chine (in addition to the no-load excitation) 
must be a function of load current and of 
load power factor, and, accordingly, the late 
Doctor C. L. Fortescue proposed the use of: 


1. A cylindrical rotor with a 3-phase distributed 
field winding, the terminals of which through slip 
tings would be supplied by three direct currents 
ffrom 


2. A 3-brush rotary convertor rectifying 3-phase 
alternating currents from the secondary windings 
‘of current transformers, the primary windings of 
~which are inserted at the terminals of the syn- 
‘chronous machine. The field produced by these 
itthree direct currents is proportional to the load, 
‘and the direction of this field depends upon the 
load power factor. 


By changing the ratio of the current 
transformers this machine may be made over 
compounded. The excitation response is 
instantaneous and the machine may keep its 
terminal voltage constant in the limits of its 
rated capacity. 

The construction of this machine proved 
to be too expensive. As the cost of the 
conventional excitation system is a very 
small fraction of the cost of synchronous 
condensers, and any additional cost in con- 
nection with its improvement will be re- 
flected only slightly in the cost of the total 
installation, efforts of designers again were 
switched to the development of very high- 
speed excitation. Several measures, in- 
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cluding lamination of stators of d-c exciters 
and of special quick acting contacts on auto- 
matic voltage regulators, produced quick 
response excitation. 

In the selection of synchronous condensers 
located in the main 230-kv loop of the 
Bonneville Power Administration trans- 
mission system, we recognized that in addi- 
tion to their voltage regulating activity on 
the substation bus and the control of re- 
active power flow through the points of in- 
terconnection with other system, these ma- 
chines are intermediate condensers. To- 
gether with the attempts to obtain machines 
of low reactance, we were increasing con- 
sistantly the kilowatt capacity of -exciters 
and particularly their ceiling voltage. Our 
latest specifications for 35,000-kva syn- 
chronous condensers required: 


The main exciter shall be a 250-volt direct-current 
generator with a capacity at least 20 per cent greater 
than that required for the excitation of the con- 
denser when it is carrying full kilovolt-ampere load. 
The ceiling voltage of the main exciter, when de- 
livering full rated current, shall be not less than 
175 per cent of normal rated voltage. The main 
exciter shall be designed to have a nominal exciter 
response of not less than 1.5, as defined and meas- 
ured in accordance with American Standard 
A50-1936, paragraphs 1.219, 1.220, and 1.221. 
The pilot exciter shall be a 125- or 250-volt direct- 
current generator with a capacity at least 50 per 
cent greater than that required for supplying the 
field current of the main exciter, when the main 
exciter is carrying rated current and voltage. 


If the system of excitation using an am- 
plidyne is not much more expensive than a 


conventional d-c exciter, we believe it may “ 


be used very profitably» The curves pre- 
sented in Figure 9 of the paper, however, 
did not impress us so much with the effec- 
tiveness of the high speed of excitation as by 
the necessity of shortening the time of fault 
clearing. “Our trouble is—and we believe 
it is shared by other operating companies— 
that although we installed the fastest relay 
systems (distance relays with carrier con- 
trol) available, known as instantaneous, 
the time of fault clearing on both ends is in 
the region where Figure 9 shows the use of 
very high-speed excitation to be practically 
useless. We are not as pessimistic in this 
respect as the authors of the paper, although 
we agree with them in general; however, 
we believe that relay systems must be de- 
veloped which will be very fast. Could the 
authors make any statement regarding the 
progress being made in this respect? There 
is another statement in the paper in which 
we were interested even more than in the 
high-speed excitation, namely, in the neces- 
sity for decreasing the transient reactance of 
the synchronous condensers. No excitation 
could be so fast as to neutralize the instan- 
taneous terminal voltage drop resulting 
from the transient reactance, and we fully 
agree with the idea which was advanced 
very clearly 20 years ago by Evans and 
Wagner? 


. machine’s ability to supply lagging kilovolt- 
amperes with drop in voltage is a measure of its 
desirability from the standpoint of maintaining 


stability. To supply this large amount of lagging - 


kilovolt-amperes with drop in voltage, a synchro- 
nous machine should have low leakage reactance, as 
this is initially the limiting factor, and in addition 
should have a ‘‘strong field and weak armature’”’ 
which tends to prevent reduction in machine flux 
when supplying the Jarge amount of lagging kilo- 
volt-amperes. Merely derating a synchronous 
machine will not give as favorable a result in cost 
and performance as can be obtained by specially 
designing the machine. Similar measures can be 
applied to synchronous generators with corre- 
sponding improvements in performance. 


Discussions 


Strangely enough, machines with such 
characteristics have not been designed as 
yet, and our consistent efforts to obtain low 
reactance synchronous conderisers always 
have been countered by their high price. 
Evidently, factory cost estimators were 
“merely derating a synchronous machine’’— 
procedures against which their own general 
engineers were objecting. We were glad, 
therefore, to see the following statement in 
the present paper: 


The building of low transient reactance synchronous 
condensers with special excitation systems now 
appears entirely practical, and makes it necessary 
to consider such a method in the design of any 
new long-distance transmission system, However, 
if it were not possible to-attain the special features, 
the required synchronous condenser capacity 
becomes extremely large, making this method 
uneconomical compared with other methods. 


This infers that these special low reactance 
machines can be produced at costs approach- 
ing those of conventional machines. 

What we would like to ask the authors, 
who represent the largest organization for 
manufacturing electric machinery is whether 
such synchronous condensers were built or 
at least designed, in what respects this 
special design would differ from standard, 
and how the cost of such a special low re- 
actance machine would compare with the 
costs of standard low reactance machines 
and with machines of the same kilovolt-am- 
pere rating having the usual high reactance. 
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C. Concordia, S. B. Crary, and F. J. Magin- 
niss: R. D. Evans’ re-emphasis of the pre- 
vious work done many years ago and wherein 
it checks with the present work is appreci- 
ated very much. Our objective was to pre- 
sent sufficient additional quantitative in- 
formation in terms of present-day apparatus 
so as to lend encouragement to the recon- 
sideration of the use of intermediate syn- 
chronous condensers as a practical means for 
increasing the power limits of long-distance 
transmission systems. 

Alexander Dovjikov raises a question in 
regard to instantaneous relaying. Reliable 
relays of not more than one cycle total oper- 
ating time are now generally available for 
high-voltage transmission systems. Higher 
speeds of relay operation would be of small 
stability benefit and would be of question- 
able value if the high speeds were attained 
at a sacrifice of relaying reliability. 

Dovjikov also asks about the use of special 
synchronous condensers. It is difficult to 
give any cost comparisons because the cost 
of such condensers depends not only on the 
required reactance but also on the required 
capacity in a single unit. Cost comparisons 
which we have made for a long high-voltage 
line requiring intermediate synchronous 
condensers having an effective reactance of 
approximately 15 per cent on a 400,000-kva 
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base indicate that the cost would be entirely 
competitive with other methods of line com- 
pensation in order to obtain the same steady- 
state stability limits. We would like to en- 
courage Dovjikov to make a similar study 
and to make his comparisons for a specific 
case for which cost estimates may be ob- 
tained. 


Field Tests on Power-Line 
Carrier-Current Equipment 


Discussion and author's closure of paper 
46-199 by R. H. Miller and E. S. Prud’homme, 
presented at the AIEE Pacific Coast meeting, 
Seattle, Wash., August 27-30, 1946, and 
published in AIEE TRANSACTIONS, 1946, 
December section, pages 824-7. 


F. S. Benson (Pacific Gas and Electric 
Company, San Francisco, Calif.): Since 
this paper was prepared we have installed 
between Shasta substation and Pit 5 
generating station an additional carrier 
current telephone channel using a frequency- 
modulation carrier installation. This later 
installation has proved quite satisfactory. 
Our operators and dispatchers state that 
the background noise level has been re- 
duced materially, and that the fidelity of 
tone is good, making telephone conversa- 
tions much easier to understand. Peculiarly 
enough, there seems to be a greater reduc- 
tion in background noise level at the Pit 5 
end than at the Shasta substation. At 
the moment, we do not know how to ac- 
count for this. This carrier current in- 
stallation operates over a rather high-loss 
220-kv circuit; the corona loss is high 
because of the type of rope core conductor 
originally installed. Our frequency-modu- 
lation carrier installations are giving good 
service now, particularly since the adjust- 
ments mentioned in the paper have been 
made, and have solved a troublesome back- 
ground noise problem. 


S. C. Bartlett (American Gas and Electric 
Service Corporation, New York, N. Y.): 
The paper presents information on a sub- 
ject on which all too little specific technical 
and experimental data are now available. 
In radio applications the relative advantages 
of frequency modulation and amplitude 
modulation have been investigated rather 
thoroughly and theoretical studies and 
field observations well correlated and 
generally accepted throughout the industry. 
The application of frequency modulation 
for carrier current communication on a 
practical power system has introduced a 
number of conflicting viewpoints. Infor- 
mation of the type presented in this paper 
js of value in checking the purely theo- 
retical reasoning. However, there are a 
number of questions which must be 
answered before we can employ intelligently 
any new technique by having complete 
jnformation regarding its advantages and 
limitations. Additional data along the 
lines of that presented in this paper would 
help considerably. 

The authors have produced a very in- 
teresting and enlightening paper but there 
are several points not exactly clear. For 
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instance, if we interpret properly Table II 
in which frequency modulation and ampli- 
tude modulation signal-to-noise ratios are 
compared, it appears that as the signal-to- 
noise ratio diminishes (reducing transmitter 
power), the advantage of frequency modu- 
lation over amplitude modulation also de- 
creases. This, of course, is to be expected, 
because if this process were carried to the 
point where signal and noise were equal 
there would be no advantage of one system 
over the other. The important point is that 
at low signal-to-noise ratios, where ampli- 
tude modulation becomes unsatisfactory, fre- 
quency modulation still provides a means of 
improvement and might transform an un- 
satisfactory channel to a serviceable me- 
dium. It would aid considerably in inter- 
preting the results if the, authors would 
indicate what from their experience con- 
stitutes the minimum signal-to-noise ratio 
at which intelligible communication can 
be obtained. Also in order for a frequency 
modulation receiver to perform properly, 
it is essential that the limiter be saturated. 
We wonder if the receiver used for the tests 
had sufficient sensitivity so that this condi- 
tion was realized for the weakest signal re- 
corded. 

In this matter of deviation ratio it has 
been assumed generally that for our purposes 
the deviation must be limited to one-to-one. 
This is doubtless correct for main trans- 
mission systems where the carrier spectrum 
is crowded with channels of alltypes. How- 
ever in a great many cases such as subordi- 
nate transmission systems requiring only 
one communication channel and possibly a 
few relay channels, it would be entirely 
feasible to increase the deviation ratio if 
there would be a corresponding advantage. 
For radio work we know this would be true, 
but on a power line the transmission charac- 
teristics are such that the sharp peaks and 
valleys might cause serious distortion of a 
wide-band system. The authors discuss 
only results of tests using ratios up to one-to- 
one, but if observations beyond here were 
made such data should be included. 

In connection with existing amplitude 
modulation channels where signals are of 
adequate magnitude, and considering the 
difficulties of converting to frequency modu- 
lation, it is reasonable to believe that am- 
plitude modulation will continue to be used 
indefinitely. For this reason the authors’ 
comments regarding amplitude modulation 
receivers are quite interesting. Specifi- 
cally, it was mentioned that fidelity some- 
times was impaired by the high Q of the 
line tuners and could be improved by broad- 
ening the tuning. This, of course, can be 
done in many different ways, and we believe 
it would be interesting for the authors to 
outline the method used and possibly the 
reasons for the choice of method. Evidently 
the receiver used had extremely high selec- 
tivity to start with, because it has been our 
experience that it is frequently necessary to 
sacrifice some audio fidelity to obtain the 
necessary selectivity. In many cases we 
have made it a practice to take advantage of 
the high Q tank circuit of the transmitter to 
provide additional receiver selectivity by 
tapping the receiver to the tank circuit 
rather than to the radio-frequency line. 
This, of course, applies only to single fre- 
quency sets. 

Mention is made that alignment of am- 
plitude modulation receivers should not be 
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made by adjusting for peak detector cur- 
rent. It would be valuable to have the 
authors’ opinion as to the manner in which 
such tuning should be accomplished. 

The electric utility industry needs spe- 
cific answers to two fundamental questions 
in connection with the use of frequency 
modulation carrier. These are 


1. -Where an existing amplitude modulation system 
shows only marginal performance because of noise, 
will conversion to frequency modulation using the 
same frequency, power, and a one-to-one deviation 
ratio convert this to a serviceable channel? 


2. In planning new channels where it is reasonably 
certain that amplitude modulation will provide ade- 
quate signals, does frequency modulation offer 
advantages enough to offset the additional cost and 
complication? 


Any pertinent information along these 
lines would aid materially in planning fu- 
ture additions or modifications. 

In general, it is our feeling that the paper 
is a valuable contribution to our limited 
knowledge of comparative frequency mod- 
ulation and amplitude modulation perfor- 
mance on a practical power system. The 
only general comments we have is that the 
paper, if anything, is too lacking in details 
and we hope the authors as well as others 
will be encouraged to make available what- 
ever additional information is obtained 
along these lines. 


R. C. Cheek (Westinghouse Electric Cor- 
poration, East Pittsburgh, Pa.): The 
authors have drawn two conclusions that 
apparently are not supported by the data 
presented in the paper. Item 3 under 
“Conclusions,’? based on the data pre- 
sented in Table I of the paper, states that 
“frequency modulation equipment is 
capable of maintaining a high signal-to- 
noise ratio with large variations of carrier 
signal.’”’ The data given in the table indicate 
that the signal-to-noise ratio was quite 
high for all tests, so that the figures given 
in the second column, received volts, can 
be used as a measure of relative received 
signal strengths, even though a small 
amount of noise is included. An increase 
in the received’ signal level from 1.5 volts 
to 2.2 volts would be expected to raise the 
signal-to-noise ratio by 3.3 decibels for any 


_ system, and this is precisely the change in 


signal-to-noise ratio obtained by the authors 
for this increase. One would expect the 
signal-to-noise ratio to increase by about 
4 decibels with a change in the received 
signal level from 2.2 to 3.6 volts. The 
authors obtained an increase of 1.7 decibels 
for this change, giving them a signal-to- 
noise ratio of 29.5 decibels instead of 32 
decibels as would have been expected. 
This discrepancy, however, may have been 
a result of slight changes in the actual noise 
level during the test. 

It therefore appears that the frequency- 
modulation system signal-to-noise ratio is 
no more independent of received signal 
strengths than other systems. In addition, 
the noise reducing properties of the fre- 
quency-modulation system depend upon 
the maintenance of a received signal voltage 
considerably in excess of the noise voltage, 
in order for the limiter to be effective. 
Even with perfect limiter action, however, 
the equivalent frequency-modulation re- 
sulting from phase modulation of the re- 
ceived carrier by noise voltages is directly 
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proportional to the relative strengths of 
noise and received signal. Thus in fre- 
quency-modulation as in any other system, 
a change in the received signal level of so 
many decibels will give a change in signal- 
to-noise ratio of the same number of deci- 
bels, provided the frequency modulation 
signal is always several times greater than 
the noise. If the latter condition is not 
met, a slight reduction in the frequency 
modulation signal strength may reduce the 
signal-to-noise ratio by a much greater 
amount. A comparison of the relative 
strengths of transmitted signals with re- 
ceived signals on successive tests in Table I 
of the paper indicates considerable non- 
linearity in the carrier channel. It would 
be interesting to know what explanation 
the authors have of this phenomenon. 

The authors state in item 4 under ‘‘Con- 
clusions’’ in the paper that the frequency 
modulation system “permits successful 
carrier current operation on lines with noise 
levels so high as to preclude the use of con- 
ventional amplitude modulated equipment”’ 
basing this conclusion on Table II of the 
paper. It is unfortunate that the tests 
shown in the table were not made for 
smaller signal strengths than those used, 
because quite the opposite result no doubt 
would have been demonstrated. As a matter 
of fact, even though the test was carried 
only to the point where the signal voltage 
was still at least 7.5 times the noise voltage, 
a very definite reduction in the gain of 
frequency modulation over amplitude modu- 
lation was evident. In other words, the 
frequency modulation system provides 
gains over amplitude modulation under 
favorable noise conditions, where the noise 
voltage is already small compared to the 
signal, but provides less gain and may 
even give a loss in signal-to-noise ratio 
when compared with amplitude modulation 
or single side band under severe noise 
conditions. 

Although the authors did not state in the 
paper that the frequency modulation equip- 
ment used in the tests included audio pre- 
emphasis and de-emphasis circuits, while 
the amplitude modulation equipment did 
not, it is assumed that this was the case. 
The figures given for the gain in signal-to- 
noise ratio of frequency modulation over 
amplitude modulation therefore must be 
reduced by an amount equal to the gain 
obtained by pre-emphasis, if a true com- 
parison of the two fundamental systems is 
to be made. It should be remembered that 
pre-emphasis can be used with an amplitude 
modulation or single side-band system, and 
that, although a given amount of pre- 
emphasis provides a greater reduction in 
noise with frequency modulation, the 
amount of pre-emphasis that can be used 
with a frequency modulation carrier system 
is limited because of the increased band 
width required by the signal as higher 
voice frequencies are emphasized to a level 
approaching that of the lower voice fre- 
quencies. Such an increase in band width 
does not occur in an amplitude modulation 
or a single side-band system, so that more 
pre-emphasis can be used, giving gains from 
pre-emphasis comparable to those obtainable 
with frequency modulation. 

The effect of high Q line tuning equipment 
upon the audio-frequency range of a carrier 
channel is worthy of additional comment. 
The reduction of higher order side bands 
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by such sharply tuned circuits will reduce 
the response of an amplitude modulation 
channel to the higher audio frequencies, 
as described by the authors. The corre- 
sponding effect in a frequency modulation 
channel is not primarily an alteration of the 
frequency response curve, but is the intro- 
duction of harmonic distortion at all audio 
frequencies. The apparent remedy used 
by the authors was to broaden the carrier- 
frequency response curve of the tuning 
equipment, with a corresponding reduction 
in signal strength at the carrier frequency, 
and an increase in the noise voltage ac- 
cepted by the receiving equipment. It is 
interesting to note that a single side-band 
channel, because of the extremely narrow 
band width it requires, permits the use of 
tuned circuits of higher Q than can be 
tolerated with either a frequency modula- 
tion or an amplitude modulation channel 
and consequently does not require such 
compromises in signal-to-noise ratio for the 
sake of increased band width. 


E. S. Prud’homme: R. C. Cheek’s com- 
ments hinge largely around some important 
and rather drastic misinterpretations of the 
data in the paper. It appears desirable to 
hasten correction of these because the data, 
properly explained, seem to support ade- 
quately all of the conclusions. 

Referring to the second column of Table 
I of the paper, it was pointed out that the 
received volts are signal plus noise. It is 
not proper to use these values as a measure 
of relative received signal strengths. A 
curve of received volts against transmitted 
volts will show clearly that approximately 
1.4 volts of noise did exist with no transmit- 
ted voltage. This was not stated in the 
paper because it was thought this should be 
apparent from the figures given. Because 
the signal and noise voltages do not add 
arithmetically on a vacuum tube voltmeter, 
the curve will not be linear. Therefore, 
there is no reason to attempt an explanation 
of any phenomenon of nonlinearity. The 
signal-to-noise in decibels figures were meas- 
ured, of course, at the receiver output ter- 
minals, and these values are not related 
directly to the received volts data which 
were a total voltage measured at the input 
terminals, and included both signal and 
noise. The calculations of Cheek, prepared 
upon the false assumption that these figures 
can be used as a measure of relative received 
signal strength, therefore, are misleading. 

The conclusion that frequency modula- 
tion permits successful operation with noise 
levels so high as to preclude the use of con- 
ventional amplitude modulation equipment, 
was arrived at in a very practical manner— 
acceptable operation was not obtainable 
with 10 watts of amplitude modulation and 
was obtained using a 2-watt frequency 
modulation unit. When it is understood 
that a high signal-to-noise level is desired, 
it is evident from Table II of the paper that 
frequency modulation equipment gave a 
more acceptable ratio with an output of 
0.2 watt than did the full 10 watts of ampli- 
tude modulation. 

The authors restricted themselves in’ this 
brief description of the field tests to the 
portion of the data that would be of wide 
interest and of practical value. The varia- 
tion in the frequency modulation carrier 
signal was more than 100 to 1, which the 
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authors considered to be large (the frequency 


modulation equipment had a rated out- | 


put of 25 watts; the comparison terminated 
at 10 watts which was the maximum rating 
of the available amplitude modulation equip- 
ment). 

From the preceding explanation and the 
first paragraph of the paper, it should be 
evident that this section of line presented 
very unfavorable noise conditions, markedly 
so as compared with several other line sec- 
tions on this same system. The representa- 
tive data included in the paper cover smaller 
signal strengths than were of any practical 
operating value even for the frequency modu- 
lation equipment. As a matter of fact, 
some of the unreported tests extended to 
signal strengths at which the amplitude 
modulation signal was completely unintel- 
ligible, while the frequency modulation 
signal remained intelligible, and none of 
these tests indicated to us the opposite of 
any of our conclusions. 

The frequency modulation equipment did 
use pre-emphasis, and the amplitude mod- 
ulation equipment did not. There was. 
available for these tests neither amplitude 
modulation with pre-emphasis nor frequency 
modulation without it. It would be in- 
teresting to see comparable field data taken 
with amplitude modultion equipment using 
pre-emphasis. 

The loss in signal-to-noise ratio resulting 
from the lowering of the Q of the receiver 
line tuning equipment was so small that no 
additional discussion of this point was in- 
cluded in the paper. While it is true that 
flattening the carrier frequency response 
curve of the receiver line tuning equipment 
does reduce the magnitude of the received 
carrier signals, it also reduces the magnitude 
of noise voltages at the same frequencies. 
Only the noise voltages near the carrier fre- 
quency are important as the tuned circuits 
in the receiver will reject noise signals of 
other frequencies. Therefore, the reduc- 
tion in received carrier signal does not result 
in a significant loss in signal-to-noise ratio. 


Characteristics of a 400- 
Mile 230-Kv Series- 


Capacitor-Compensated 
Transmission System 


Discussion and author's closure of paper 46- 
196 by B. V. Hoard, presented at the AIEE 
Pacific Coast meeting, Seattle, Wash., August 
27-30, 1946, and published in AIEE TRANS- 
ACTIONS, 1946, pages 1102-14. 


R. D. Evans (Westinghouse Electric Corpo- 
ration, East Pittsburgh, Pa.): This is an 
interesting and valuable addition to the art 
of long-distance transmission. It should be 
considered in connection with an article by 
S. E. Schultz... Hoard in his paper deals 
with the technical problem of long-distance: 
a-c transmission, particularly in regard to: 
system stability, use of series-capacitor 
compensation, and line relaying. Schultz 
in his article considers the more general 


aspects of the problem as to the choice of 


system and economic considerations. He 
concludes that the 230-kv a-c system with 
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series-capacitor compensation is one of the 
most promising means of obtaining low-cost 
long-distance transmission, and that its 
further investigation should be continued. 
I wish to comment briefly upon the 
choice of system for the 400-mile transmis- 
sion problem considered by Hoard. In the 
present state of the art it is my opinion that 
the a-c system is to be preferred to the d-c 
system because 


1. The a-c system is undoubtedly more suitable 
for supplying a network or for supplying loads at 
intermediate points along the line. 


2. The prospective savings with d-c transmission 
appear to be small. 


3. The adequacy and cost of the d-c system can be 
established only by a large-scaled installation using 
rectifying apparatus, the development of which is 
incomplete. 


The selection of the transmission voltage 
depends upon many factors, including the 
prospect of a transmission network, the 
availability of wood poles in the area under 
consideration, and the technical considera- 
tions affecting the dimensions of steel towers, 
line conductors, and ground wires. The 
choice of 230-kv transmission in preference 
to higher voltage may not be as advan- 
tageous in other localities, particulaily when 
steel towers are required. 

In Hoard’s paper the stability limitations 
inherent in long-distance a-c transmission 
are avoided by the use of series-capacitor 
compensation. Series capacitors used are 
of the protected type with means for quickly 

restoring the capacitor to the circuit after 
fault clearing. This method of using series 
capacitors was described first by E. C. Starr 
and R. D. Evans? (see reference 1 of the 
paper). While previous papers proposed 
the application of series capacitors to lines of 
various lengths, Hoard’s paper is the first 
devoted to a system with a 400-mile line. 
This system has been studied extensively 
with the aid of the a-c calculating board as 
shown by the results of stability studies re- 
ported in the paper. For a 400-mile trans- 
mission system with series capacitors, the 
use of two groups appears advantageous. 
The line-fault clearing times of 31/2 and 7 
cycles appear reasonable and practical. 
The total time of 10!/2 cycles assumed for 
the restoration of the series capacitor to the 
circuit appears commercially feasible. 

One aspect of the study reported by 
Hoard will require further consideration, 
namely, the line-relaying problem on a 
transmission system with series capacitors. 
The use of the current-balance scheme 
seems to have the advantages ascribed to 
it, but it may be practicable to use other 
schemes. In this connection, the detailed 
data in the paper as, to the operating volt- 
ages and currents at relay locations should 
be of great value. 

The assumptions made by Hoard for the 
stability and relaying studies on the 400- 


mile transmission system undoubtedly were. 


based on prospective developments of the 
Bonneville system. However, these as- 
sumptions are widely applicable. More 
specifically, the assumed layout takes into 
account the impedance of a hydroelectric 
generating station, a sectionalized double- 
circuit transmission line with two inter- 
mediate series capacitors, and a receiver 
step-down station with shunt load and re- 
ceiver-end generators. This type of layout 
is more generally applicable than the one 
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sometimes used in which the receiver is 
represented by a synchronous motor. 
Moreover, the type of fault assumed is that 
most generally accepted as the criterion of 
system design from the stability stand- 
point, namely, the double-line-to-ground 
fault. These circumstances increase the 
usefulness of the results for application to 
other systems. 
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S. B. Crary (General Electric Company, 
Schenectady, N. Y.): Although previous 
papers have indicated the general possi- 
bilities and field of application of series 
capacitors for long transmission lines, 
Hoard’s paper properly and clearly points 
out some of the important problems in- 
volved in protection, control, and line relay- 
ing. This is a natural result of getting 
down to a specific case. The author is to 
be commended for presenting this type of 
analysis. . 

Somewhat different conclusions as to the 
relative importance of the various factors 
may have been obtained if the conclusions 
had been based more on simultaneous fault 


clearing than on sequential fault clearing. | 


Simultaneous fault clearing is even more 
important for the type of line studied than 
for conventional uncompensated lines and 
therefore should be considered a necessary 
requirement. It was natural, however, for 


the author to make his study based on > 


equipment which generally is known to be 
available such as balanced current protec- 
tion. If simultaneous fault clearing is used, 
the following results may have been 
obtained as contrasted with those results of 
the author based on sequential fault clear- 
ing: 

1, Lower-than-normal generator reactance and 
higher-than-normal generator inertia should be used 
to reduce the required line compensation for a 
given line loading. Lower reactance becomes more 
important than higher inertia with the reduction in 
total fault clearing time obtainable with simul- 
taneous clearing. 


2. For a given line loading and distance, the 
compensation required becomes less with simul- 
taneous fault clearing. A further reduction in the 
required capacitor kilovolt-amperes and line com- 
pensation can be expected also by the use of low- 
transient reactance generators, 


For these reasons, the author’s total 
required amount of compensation as well 
as the percentage increase required to allow 
for nonremoval of the capacitor during 
the transient may be actually somewhat 
larger than necessary. A further reduction 
in allowable compensation is in the direc- 
tion to simplify and make more practical the 
use of series capacitors. 

In conclusion, simultaneous fault clearing 
rather than sequential fault clearing leads 
to such important advantages and tends to 
change the basic relation between the im- 
portant system design factors to such an ex- 
tent that it must be considered one of the 
more important requirements of a series- 
compensated long-distance transmission sys- 
tem. 

For a single-circuit line rather than a 
multi-circuit line, the relaying and protection 
difficulties for series compensated lines 
largely disappear. This type of installation 
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may find application for other cases not 


requiring a firm power supply with as high a 
reliability factor as can be obtained with a 
double circuit line. 

Controlled intermediate synchronous con- 
denser compensation should be studied also 
along with the use of series capacitor com- 
pensation and it is hoped that Hoard will 
extend his studies to include this type of 
compensation too. 


Sherwin H. Wright (Ebasco Services, In- 
corporated, New York, N. Y.): This paper 
on a series-capacitor-compensated trans- 
mission line is interesting and suggests some 
questions, the answers to which, I believe, 
will add both interest and value. 

This paper gives operating results to be 
expected on a particular system, providing 
certain assumed conditions can be satisfied 
by development of special apparatus. If 
apparatus development is successful to the 
extent that the new problems encountered 
in series-capacitor compensation cannot 
merely be solved but can be solved eco- 
nomically, then the data in the paper be- 
come pertinent from a practical application 
viewpoint. , 

There are thus two aspects to the solution of 
these new problems: 


(1) Can they be solved? 
(2) Can they be solved economically? 


This leads to the question, ‘(Can Mr. Hoard 
describe the costs or relative costs on which 
some of his conclusions are based?’’ For 
example, in the conclusions, it is stated that 
“building the capacitors to withstand the 
high voltages during short circuits in most 
cases cannot be justified,’’ but that in some 
systems ‘‘eyen though it may be a more 
expensive installation, may be economically 
feasible where firm power is a considera- 
tion.”’ 


B. V. Hoard: Evans’ discussion supplies 
some of the important history and back- 
ground regarding the development of series- 
capacitor compensation for long a-c lines. 
He states that it may be feasible to use 
other relaying schemes besides the current- 
balance scheme assumed in the paper. I 
of course would like to see a relaying scheme 
developed for series-compensated systems. 
Such a scheme should produce high-speed 
simultaneous tripping of a faulted line 
under the severe operating conditions where 
maximum load current: is often greater 
than minimum 3-phase fault current. We 
also believe that an improved protective 
scheme can be developed and incorporated 
into the series-capacitor equipment which 
will reinsert them into the circuit more 
rapidly than 3.5 cycles after the fault is 
cleared, as was assumed in the paper. One 
possibility is an adaptation of the “Marx’ 
High-Pressure Arc Valve,”’ which originally 
was developed in Europe for high-voltage, 
high-power rectification and inversion uses. 

A part of Wright’s discussion leads me to 
believe that I did not explain sufficiently 
some of the assumptions used and conclu- 
sions reached in the paper. The system 
selected in the study, including a fault 
clearing time of 3.5 cycles at the near end 
and 7.0 cycles at the far end of the faulted 
line, with an additional time of 3.5 cycles for 
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reinserting the capacitors after the fault is 
cleared, was selected as obtainable from a 
practical standpoint with equipment now 
available. However, I endeavored to point 
out that if relaying equipment and capacitor 
control equipment could be developed 
which would produce high-speed simultane- 
ous clearance of the fault followed by im- 
mediate reinsertion of the capacitors, then a 
considerably lower value of compensation 
would be needed for the same transmission 
capability. The objective of development 
of these new equipments would be to obtain 
a system with less compensation required 
and lower cost for the same transmission 
capability. 

With reference to a system design which 
does not remove capacitors during faults, in 
the body of the paper I state that if manu- 
facturers allow twice rated voltage on the 
capacitors. during the period of the fault, 
then a system having maximum fault cur- 
rent through the capacitors of 2.2 to 2.4 
times maximum load current may use this 
design economically in comparison with the 
design in which the capacitors are short- 
circuited during the fault. In general, this 
condition can be approached if the per cent 
compensation is low and if the terminal 
equipment impedance is not too low. A 
somewhat higher voltage than 2.0 times 
normal can be built economically into the 
non-short-circuiting capacitors for the fault 
condition, because the system which short- 
circuits the capacitors during the fault 
when the voltage is greater than two times 
normal requires a higher per cent compensa- 
tion, that is, a greater capacity impedance 
to obtain identical transmission capability. 

I feel that the question of relative eco- 
nomics is pertinent but was considered out- 
side the scope of my paper and would be too 
long and involved to be discussed here. 
This question is of major importance, and 
it is hoped that in the near future a member 
of the Bonneville Power Administration staff 
will be in a position to present a paper on 
this involved subject which will make eco- 
nomic and cost comparisons of compensated 
and uncompensated systems. 

I agree with Crary in his discussion that 
somewhat different conclusions as to the 
importance of the various factors would be 
obtained if the studies had been based on 
specified system requirements of simul- 
taneous fault clearance and upon immediate 
reinsertion of the series capacitors. In fact, 
I feel that these requirements should be per- 
haps the most important objectives of a 
series-compensated system design, and that 
equipment should be developed to meet 
these requirements. However, in making 
the studies, since we are engineers of an 
operating agency, we considered it necessary 
to assume a practical system which could be 
built and operated using the best existing 
equipment available. When the manufac- 
turers can assure us that equipment has 
been developed which will produce simul- 
taneous clearing of a faulted line and then 
practically immediate reinsertion of the 
series capacitors, we shall be glad to in- 
corporate this equipment into the design 
because of the improved transmission capa- 
bility resulting for the same percentage of 
compensation. 

Three major objectives were in mind 
when this paper was written 


1. To present the new operating problems pro- 
duced by series compensation. 
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2. Toshow that these problems could not be solved 
fully by existing equipment available to the extent 
that something less than maximum transmission 
capability would have to be used until new equip- 
ment could be developed by the manufacturers. 


3. To present sufficient data from studies to show 
that there is a real advantage resulting if this new 
equipment is developed and to present data regard- 
ing a compensated system’s behavior during 
faults, including fault currents, voltages, and phase 
angles, so that the manufacturer’s engineers could 
attack this problem without delay. 


With respect to Crary’s reference to addi- 
tional improvement in capability through 
use of lower reactance and higher inertia 
generators, I agree in principle with the 
statement. It will be observed that a value 
of 33-per-cent transient reactance for gener- 
ators was used in the studies, which is some- 
what lower than for standard generators. 
However, depending on the specific problem, 
there may be some occasions where equiva- 
lent transmission capability can be obtained 
with lower cost by using a higher percentage 
of series compensation with standard gener- 
ators as compared to the cost involved if 
lower reactance generators and lower per- 
centage compensation are utilized. With 
the higher generator reactance of a standard 
generator, somewhat lower circuit-breaker 
duty would be obtained for faults at most 
locations on the system. 


Sensitive Ground Relay 
Protection for Complex 
Distribution Circuits 


Discussion and author's closure of paper 
46-200 by Lloyd F. Hunt, presented at the 
AIEE Pacific Coast meeting, Seattle, Wash., 
August 27-30, 1946, and published in 
AIEE TRANSACTIONS, 1946, November 
section, pages 765-8. 


D. I. Cone (The Pacific Telephone and Tele- 
graph Company, San Francisco, Calif.): 
The persistent and successful labors of Lloyd 
F. Hunt described in this paper and in its 
predecessor! constitute an inspiring example 
of search for the best engineering answer to 
a problem where many variant interests are 
involved. It is a specific example of that 
professional breadth of view which engineers 
should seek to exemplify. 
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M. A. Sawyer (Southern California Tele- 
phone Company, Los Angeles, Calif.): As 
noted in the paper, the ground protection 
system provides not only ameans of promptly 
de-energizing a feeder in case of wire fail- 
ure involving ground contact even where the 
contact resistance is relatively high, but it 
also affords an effective means of minimizing 
the hazard involved in the joint use of poles 
by higher voltage power circuits and com- 
munication facilities. Experience has shown 
that the amount of damage to communica- 
tion plant and the hazard involved in cases 
of contacts by power wires are to a large ex- 
tent a function of the duration of the contact 
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and the amount of fault current. 
higher voltage joint-use is employed it is 
therefore important that these factors be 
made as small as practicable. The ability 
of the relay system, described by Lloyd C. 
Hunt, to limit the ground fault current to a 
low value and at the same time provide for 
the prompt tripping of the faulted circuits 
makes it particularly well-suited for such 
situations. 

General joint use of telephone facilities. 
and 7-kv distribution feeders equipped with 
sensitive ground protection was entered into 
in an industrial area near Los Angeles in 
1937. Approximately 700 jointly used 
poles were involved initially, and the num- 
ber has increased now to about 850. The 
power distribution system consists of radial 
feeders with no looping of feeders, and the 
telephone facilities are almost entirely in 
cable. In 1940, sensitive ground protection 
was installed in a semirural area in Orange 
County which facilitated rather general 
joint use of 11-kv distribution circuits and 
open wire as well as cable telephone facilities. 
Looped and radial feeders, as indicated by 
Figure 2 of the paper, as well as radial feeders: 
from a source station are involved. There 
are at present about 1,600 jointly used poles 
in that area. A small amount of joint use 
with 11- and 16-ky feeders is employed also 
in two other areas. ‘ The present total num- 
ber of jointly used poles with 7-, 11-, and 
16-kv circuits equipped with sensitive 
ground protection is therefore approximately 
2,500. 

During the past eight years, twelve con- 
tacts between supply feeders equipped with 
sensitive ground protection and telephone 
plant occurred, the majority of which were 
involved at crossings rather than in joint 
use sections. In all cases the supply cir- 
cuits were de-energized promptly and the 
telephone protective devices operated prop- 
erly. In general, the amount of damage to 
the telephone plant and the resulting service 
interruptions were rather minor. Expe- 
rience to date therefore indicates that the 
relay system provides a reliable means of 
limiting the adverse effects of accidental 
contacts. 

Considerable effort is being directed to- 
ward the extension of both power and tele- 
phone services into the rural areas where all 
possible economy in line construction must 
be realized. Joint use of poles by power 
and telephone facilities is one means of re- 
ducing the cost to both parties of such con- 
struction provided the necessary safety can 
be obtained. Where power systems having 
multigrounded neutrals are involved, a sat- 
isfactory degree of protection co-ordination 
usually can be obtained with the protection 
normally employed in the power system by 
the application of auxiliary protectors on the 
telephone lines, using the power neutral as 
the grounding medium. Where a power 
circuit having only the usual relay and fuse 
protection does not have a multigrounded 
neutral, joint use is generally undesirable 
because low impedance grounds for the tele- 
phone protectors are not normally available 
in rural areas and protection co-ordination 
cannot be obtained. . However, the sensitive 
ground protection system, described by 


Hunt, should provide a high degree of safety. 


in such situations because it is not essential 
that the impedance to ground of the tele- 
phone protectors be low to insure tripping 
of the faulted circuit in case of contacts. 
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Also, with the high impedance in the small / 


power system grounding banks, the im- 
pedance to ground in the telephone system 
can be relatively high without producing 
voltages on the telephone plant which will 
exceed the safe operating limits of the tele- 
phone protective devices. 

Hunt is to be complimented on the de- 
velopment and application of a relay sys- 
tem which not only offers a practical solu- 
tion to the problem of clearing ground faults 
on complex as well as simple distribution 
circuits, but also affords an effective means 
of providing a high degree of safety where 
jcint use of poles by higher voltage distribu- 
tion circuits and communication facilities 
may be desirable. 


F. A. Cowan (American Telephone and 
Telegraph Company, New York, N. Y.): 
Lloyd F. Hunt’s paper describes a power 
relaying system which is of considerable in- 
terest from the standpoint of limiting the 
adverse effects of a contact between power 
and telephone systems under certain condi- 
tions. 

Experience over many years indicates 
that a factor of primary importance in pro- 
moting a high degree of safety in situations 
where power and telephone systems are in 
proximity is the speed and reliability with 
which the power current is interrupted if a 
contact occurs between an energized power 
wire and a telephone cable or open wire cir- 
cuit. This is true whether the power and 
telephone circuits are on the same pole line 
or are involved in numerous crossings. 

With multigrounded or common neutral 
power circuits, prompt and reliable interrup- 
tion of power current in the event of a con- 
tact is usually relatively easy tosecure. The 
neutral is an extensive well-grounded con- 
ductor which is readily available so that the 
telephone plant can, if desired, be connected 
to it at frequent intervals, directly in the 
case of telephone cable sheaths and through 
protector gaps in the case of telephone open 
wire. Under these conditions, the current 
available for operating power circuit fuses 
or relays in the case of a contact to telephone 
cable is not much less than that available 
in the case of phase-to-neutral short circuit, 
and de-energization is almost always prompt 
and reliable. Where the telephone circuits 
are open wire, similar approximate equiva- 
lence of contact current and phase-to-neutral 
short-circuit current can be obtained if the 
voltage to ground of the power circuit is 
above the operating voltage of the protector 
gaps which, at the present state of the art, 
is about 3 kv. Where joint pole lines are 
used, the connections to neutral usually can 
be made easily by connecting the cable 
sheaths or protector ground leads to vertical 
power ground wires; where separate lines 
are used the same method can be applied if 
joint crossing poles are used extensively. 

However, where the power circuit does not 
have a multigrounded or common neutral, 
situations sometimes arise where the im- 
pedance presented by the telephone plant in 
the event of a contact is high enough to re- 
duce significantly the fault current as com- 
pared to that in the event* of a phase-to- 
neutral short circuit. For example, in some 
rural areas where well-grounded power sec- 
ondary neutrals are not available, reliance 
must be placed on made grounds for ground- 
ing telephone cable sheaths and protectors 
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and the resistance of these grounds under ad- 
verse conditions may be relatively high. In 


occasional cases of this sort, the current avail-- 


able in the event of a contact will be so 
limited as to cause relatively slow de-ener- 
gization of power relaying and fusing sys- 
tems of the conventional types. 

As a result, any development such as that 
described by Hunt which tends to reduce 
the magnitude of ground fault current nec- 
essary for reliable and prompt de-energiza- 
tion of power circuits without multigrounded 
or common neutrals, tends also to facilitate 
the provision of a high degree of safety where 
joint use or numerous crossings with such 
power circuits exist. The telephone en- 
gineers will, therefore, I am sure, welcome 
the use of Hunt’s scheme in those cases 
where its application is advantageous from 
the power standpoint. 


Lloyd F. Hunt: The discussions presented 
by F. A. Cowan, M. A. Sawyer, and D. I. 
Cone are appreciated very much. They 
point out the value of mutual study on prob- 
lems that are confronted by both types of 
utilities to render good service to the com- 
mon users. It can be understood from their 
discussion that the small added cost for 
sensitive ground protection on high voltage 
joint use of pole lines is more than justified 
and is very much to the advantage of the 
power company if required-to take alternate 
methods of serving, such as underground or 
entirely new right-of-ways. 


An Electronic Frequency 
Meter and Speed Regulator 


Discussion and author's closure of paper 
46-188 by Ellis Levin, presented at the 
AIEE Pacific Coast meeting, Seattle, Wash., 
August 27-30, 1946, and published in 
AIEE TRANSACTIONS, 1946, December 
section, pages 779-86. 


Godfrey T. Coate (nonmember; Massachu- 
setts Institute of Technology, Cambridge, 
Mass.): Ellis Levin’s paper describes an 
ingenious way of employing electronic cir- 
cuits to make an unusual speed-measuring 
device. Without the aid of phototubes and 
amplifier tubes it certainly would be difficult, 
if not entirely impossible, to measure a high 
speed of rotation with such convenience and 
accuracy and without placing a mechanical 
load on the rotating shaft. I have read the 
paper with interest and should like to com- 
ment on two details of the circuits described. 

In the derivation of equation 5 of the 
paper (the relation between frequency and 
the resistance Rx), reference is made to the 
circuit of Figure 3, and an approximation is 
required in obtaining the final equation. 
This approximation may be avoided if the 
derivation is made for the circuit used in the 
actual instrument. For this circuit, shown 
in Figure 4, the voltage across Rg is 2fCIRR», 
(see equation 1) exactly as in the circuit of 
Figure 3, but the voltage across Rx is /Rx 
instead of the expression given in equation 
2. Adjustment of Rx so that these two 
voltages have equal magnitudes then yields 
2fCIRR,z=IRx, and from this expression 
equation 5 may be obtained. 
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The feed-back circuit used in the 6L6 am- 
plifier of Figure 8 is interesting in that it 
seems to be very different from ordinary 
negative feedback. The 6L6 tubes operate 
from a 60-cycle-per-second plate voltage 
supply and receive a 60-cycle-per-second 
signal. The output of the stage is the dif- 
ference of the average components of the 
two tube currents, and this difference is 
roughly proportional to the amplitude of the 
input signal. The feed-back voltage is not 
porportional to the output, but rather to the 
sum of the two tube currents, and its wave 
form is probably a series of half-sine-wave 
positive pulses. I never have seen an analy- 
sis of this type of feedback and should like 
to know more about its effect upon the amp- 
lification and stability of the circuit. 


Ellis Levin: Unfortunately, the circuit of 
Figure 4 of the paper does not yield the ex- 
act linear equation of balance that G. T. 
Coate suggests, although it may appear to do- 
so at first glance. Perhaps Coate reasoned 
as follows: Consider Figure 4 of the 
paper, but with half of the switching circuit 
removed; that is, eliminate for the time 
being V2, Rye, C2, Ve, and V7, as shown in 
Figure 1 of this closure. Then in this sim- 
plified circuit the resistor Rg conducts only 
capacitor discharging pulses, while the cur- 
rent in Rx is composed of capacitor charg- 
ing pulses plus capacitor discharging pulses 
plus a steady component. In Rx the 
charging and discharging pulses flow in op- 
posite directions, and therefore it might 
appear that these two transients cancel one: 
another, leaving only the steady component 
and making the voltage across Rx indepen- 
dent of frequency. Also it might appear at 
first glance that the current in Rz is exactly 
proportional to frequency, so that the setting 
of Rx required to balance the output voltage 
to zero would be exactly proportional to 
frequency. Actually this is not strictly 
correct, for two reasons. First of all, the: 
two transients in Rx have unequal magni- 
tudes and therefore do not exactly cancel’ 
one another. Secondly, as a result of the 
location of Rx, the voltage across Rz is not 
strictly independent of the setting of Rx. 

A closer inspection of the circuit will show 
that the voltage across Rg (in Figure 1 of 
this closure) is not 2fCI RR» but rather 


Vep=fCl(Rr+Rx)Re (1): 


and the voltage across Rx is not Rx but. 
rather 


IR 
Vex= Se +fCI(Rr+Rx)Rx—-fCIxX 


RpRx 
+Rx)———— (2 
ne eee a 


Equating these two voltages of equations 
1 and 2 of this closure and solving for f 
yields 
2C(Re+Rz) RpRx 
Rr+Rp+Rxr 


H 
= (Rp a) 


(3) 


From equation 3, f is not exactly linear with 
Rx. If we plot f versus Rx for frequencies 
from zero to 833 cycles per second (which 
corresponds to a turbine speed of 100,000 
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Figure 1. Circuit of Figure 4 of the paper 
with half of the switching circuit removed 


rpm, as the input trigger amplifier halves 
the turbine frequency) and draw a straight 
line between the two end points, then the 
maximum deviation of the curve from the 
straight line will occur at approximately the 
mid-frequency, and will be equal to about 
5 per cent of this frequency or 2.5 per cent 
of full scale. 

Equation 3 of this closure was derived for 
the simplified circuit of Figure 1 of this 
closure. If we add the other half of the 
switching circuit to obtain Figure 4 of the 
paper we cannot say that the equation of 
balance for Figure 4 is exactly the same as 
equation 3 of the closure because the con- 
figuration of Figure 4 provides a larger num- 
ber of paths for the capacitor charging and 
discharging currents. An exact solution of 
Figure 4 involves at least six different branch 
currents at each switching instant, and be- 
comes rather long and cumbersome. The 
actual calibration curve of Figure 4, deter- 
mined experimentally, is very similar to that 
given by equation 3 of the closure. Its 
maximum departure from linearity is about 
five per cent of full scale. However it is ac- 
curate to better than one-half per cent at 
any frequency from 83.3 to 833 cycles per 
second corresponding to turbine speeds of 
10,000 to 100,000 rpm., By altering the 
circuit constants, the same accttracy can be 
achieved for other frequency ranges. 


Specific Engineering 
Problems in Rural 
Electrification and 
Electroagriculture 


Discussion and author's closure of- paper 
46-184 by M. M. Samuels, presented at 
the AIEE Pacific Coast meeting, Seattle, 
Wash., August 27-30, 1946, and pub- 
lished in AIEE TRANSACTIONS, 1946, 
pages 1065-73. 


Hamilton Treadway (Rural Electrification 
Administration, Ashton, Md.): The lack 
of poles is among the problems pressing the 
industry at this time. The development of 
new methods of treatment is desirable. 
Effective treatments which can be applied 
quickly are needed to speed the delivery of 
poles. For those new treatments which 
have been introduced survivor life data are 
needed. This is a field in which practical 
methods of predetermining the average life 
are almost wholly lacking and performance 
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characteristics of new treatments must be 
secured principally through field trials. 
The development of some practical testing 
procedures which will permit a reasonably 
accurate prediction of pole life will stimulate 
the development of new treatments and 
techniques. 

Has there been any experimental work 
on the use of silicone resins in the treatment 
of poles and crossarms? If effective as a 
pole treatment, how do costs compare with 
existing methods? Would the use of sili- 
cones improve the insulation characteris- 
tics? 

Another approach to the pole problem 
lies in a study of the average life of treated 
and untreated poles, comparing them on a 
basis of pole strength remaining at the end 
of 10, 15, and 20 years. A study of this 
nature will show whether it is more eco- 
nomical to invest in wood or in treatment. 
Are any data available on this subject? 

The author suggests an _ interesting 
problem in proposing a statistical study of 
load diversity. Hamilton!? and others*4 
have shown that the load duration curve 
can be represented mathematically by a 
probability curve. In general, the charac- 
teristics of these curves are determined by 
the load factor and the ratio of the maxi- 
mum demand to the minimum demand. 
The evaluation of these factors for the 
various types of rural loads will make pos- 
sible an analysis of the economics of many 
factors affecting the design of lines and 
equipment. 

The development of an inexpensive load 
factor meter with an attachment to record 
the minimum demand is a possibility. The 
maximum demand and the diversity factor 
can be determined if the load factor and 
kilowatt-hours are known. 

The economics of voltage regulation is 
given also to statistical study. If the 
ordinates of a voltmeter chart are rearranged 
in descending order, they also approximate 
a probability curve. Here again the average 
voltage and the maximum and minimum 
values determine the characteristics of the 
curve. Could a simple instrument be de- 
veloped to record these values? This is 
a different approach to the problem of volt- 
age regulation and economics and would 
entail new methods of analysis. The effect 
of voltage regulation is an important factor 
in the economical operation of equipment, 
such as transformers, and the approach 
suggested here may simplify the evaluation 
of the economics of voltage regulation. 

New industries have developed in the 
rural areas as power facilities have been 
extended. Much of the development of 
rural lines has been conservative, and 
capacity is usually lacking to serve these 
industries. Here again enough is not known 
about load characteristics. Extensive field 
tests are necessary to determine such factors 
as duty cycle, voltage and load swings, light 
flicker, as well as load factor, diversity 
factor, power factor, and minimum and 
maximum demands. Once assembled, these 
data will be useful in the design and opera- 
tion of the power facilities and in improving 
the operating characteristics of the con- 
sumer’s equipment and processing methods. 

The improvement of the transformer is 
not static. In addition to reducing losses 
and weight an increase in the insulation 
level is desirable. The use of class C in- 
sulation with the new silicone binders is 
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suggested. These insulations offer the 
possibility of higher operating tempera- 
tures. This may be the key to the problem 
of reducing core losses. By operating the 
core at a higher temperature it is possible 
to take advantage of Maclaren’s effect.® 
This can be accomplished by the insertion 
of heat barriers. At present, further in- 
crease in operating temperatures may be 
limited by sludging of the oil. The de- 
velopment of a new cooling medium is 
necessary. The possibility of highspressure 
gas is suggested. The difficulties en- 
countered in its application while still 
unsolved are not insurmountable. High 
pressure gas cooling also holds out the 
possibility of some further reduction in 
weight. 

What is the possibility of reducing losses 
by using powdered core materials? Can 
the permeability of such materials be in- 
creased to a point where they will compare 
favorably with other core materials for 
power transformers? 

The progress of our civilization has been 
made possible by the free exchange of 
technical information and ideas. The 


author has suggested a multitude of engi- 


neering problems which requires the appli- 
cation of our best efforts. It is to be hoped 
that free discussion of these problems will 
bring out many new ideas to improve both 
rural electrification and electroagriculture. 
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J. R. Werth (Department of Agriculture, 
Washington, D. C.): The author stresses 
the importance of continuity of service to 
the rural user. Demand charges promote 
a single source of wholesale supply and 
hence are detrimental to continuity. A plea 
is made for studies tending to eliminate 
demand charges. 

This elimination should not be difficult to 
justify. Frequently the farmer co-opera- 
tives furnish the substations. Two or more 
sources of supply inevitably will reduce 
interruptions and will promote continuity. 
Regardless of its prior justification, today 
a demand charge is morally equivalent to 
a cover charge in a night club. You pay 
something for nothing. Would not any 
self-respecting game hen of American or of 
Indian descent be outraged if the egg buyer 
paid the farmer’s wife a demand charge for 
readiness to lay and also an energy charge 
for eggs? Admit that in the remote past 
eggs and kilowatt-hours could not be stored 
readily. The modern locker plant and pond- 
age back of the hydro plant tied into an 
electric grid now do store eggs and kilowatt- 
hours. Therefore, I present this plea that 
in the interest of continuity demand charges 
be declared out. 
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Why not (as John Carmody said when 
cyclometer dials were suggested for rural 
kilowatt-hour meters in 1937)? 

Where? First, in most advantageous lo- 
cations (as inventer, W. L. R. Emmet, in- 
variably recommended for innovations). 

When? Now, in 1947! 


O. W. Gatchell (Frank Horton and Com- 
pany, Lamar, Mo.): This discussion of 
Samuel’s long-awaited paper is directed 
towards a simplification of the engineering 


design problem in the rural electrification 
field. 


1. Use right-of-way easements that provide for 
possible future underground transmission or buried 
,meutral construction, in acquiring present dis- 
tribution right-of-way. This will simplify the 
future designer’s problem. 


2. A “‘superman”’ rural breaker, even with a high 
electrical intelligence quotient of 140 plus, is no 
substitute for an axe. A definite tree-trimming 
maintenance program simplifies the breaker’s job 
and means that sectionalizing equipment design 
can be brought down to earth. 


3. Samuels mentions 7,200-volt circuits. Why not 
standardize now on 7,620/13,150 volt rating? 
That voltage is as high as that which can be used 
_ below the code 15 kv ceiling, where ground clear- 
ances change. Voltage of 7,620 instead of 7,200 
means 12 per cent more line capacity for the same 
drop; distribution transformers are identical in 
cost., Where else can the designer give the farmer 
12 per cent more capacity for negligible outlay? 
All that is needed is a program to educate the power 
transformer manufacturer. 


4. An inviting panorama of greatly increased 
rural use of electricity is unrolled in the author’s 
paper. However, nothing is said about locating 
the transformer at the center of all of this load, 
between kitchen and barn. Farmstead location of 
the transformer will simplify present overhead and 
future underground secondary installation; it 
even could help simplify application of primary 
underground lead-in from the overhead line along 
the road, if such a development should prove to be 
the first practical use of single phase rural primary 
underground. 


Max W. Rothpletz (Rural Electrification 
Administration, Washington, D. C.): In 
Table I of this discussion are some figures 
which portray the conditions existing in 
two rural distribution systems picked at 
random and analyzed on the basis of known 
data and conservative estimates. 

These figures further emphasize the need 
for lower core losses in rural distribution 
transformers. 

The most economical transformer design 
is one which provides the required quality 
of service for the lowest combined fixed 
and variable charges. Quality of service 
includes consideration of such items as 
regulation, telephone influence factor of 
the exciting current, and exciting current 
itself. On rural circuits the first two items 
should be maintained as low as possible, 
but the exciting current may be increased 
somewhat if necessary to gain some other 
desirable feature. In accordance with the 
definition in the Federal Power Commission 
glossary, fixed charges include interest, 
depreciation, property taxes, and property 
insurance. All other charges are variable 
charges. 

Because only minor increases in trans- 
former efficiencies can be anticipated, 
transformer losses must remain at about 
the present values, but the ratio of core to 
copper losses can be selected so that the 
total energy losses over a period of time are 
lower. 
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- using the load factor. 


‘Table | 
Type of Loss System A System B 
Distribution transformers 
Core losses, per cent... .64.3....... 60.3 
Copper losses, per cent.. 9.2....... 9.2 
Subtotal, per cent.......... TCAIG AR ae 69.5 
Substation transformers 
Core losses, per cent.... 6.4....... Nie) 
Copper losses, per cent.. 6.1....... 5.2 
Subtotal, per cent.......... Lov .k ie. 1272 
Meter iron losses, per cent....... APs Dyn clpentore 3.3 
Line and miscellaneous 
Losses sper CeMts. aermiiaree svete a OS: Neca 15.0 
Total PeriCentes maruerereenes sia TOOL O Mana cs 100.0 
Total losses in per cent of 
purchased power............... DAS interes o 21.3, 
Miles of lines Yon chide Sete canes bZOR ees 1,025 
Number of consumers.......... L300); esis 2,400 


However, it may not be practical to design 
for the lowest energy losses because the cost 
of equipment may be increased to the extent 
that fixed charges are increased more than 
the variable charges are reduced. A 
formula has been derived to show the rela- 
tionship between core and copper losses 
and the additional money which may be 
spent on equipment to obtain the desired 
characteristics. 

Since copper losses vary as the square of 
the transformer load, the total energy losses 
depend on the load curve. If instantaneous 
values of copper losses are calculated for a 
particular load curve, a loss curve may be 
drawn from which a loss factor showing the 
ratio of average losses to peak losses may be 
derived. Then if 


L is the loss factor in per cent 
R is the energy cost in cents per kilowatt-hour 


' F is the fixed charges in per cent 


C is the decrease in core losses in watts 
W is the number of watts of increased copper losses 
at peak load 


the permissible additional investment in 
equipment, P, is given by 


LW R 
Pa(o As 76 (2) ollars 


For demonstration purposes an assumed 
transformer load curve was analyzed and 
found to have a loss factor, L, of 10.9 
per cent. Assuming, for simplicity pur- 
poses, that R = $0.009 and F = ten 
per cent, an additional transformer invest- 
ment of $0.70 would be permissible if the 
core losses could be decreased one watt 


- with an increase of one watt of copper losses 


at peak load. If the design required that 
the copper losses be increased two watts 
at peak load the permissible additional 
investment would be $0.61. 

When a transformer load curve is not 
available for determining the loss factor, 
the minimum permissible additional invest- 
ment can be calculated by the same formula 
The load factor of 
the transformer used in the aforementioned 
example was found to be 23.4 per cent. 
Using the same assumptions as mentioned 
previously, a minimum additional invest- 
ment of $0.60 would be permissible if the 
core losses were decreased by one watt 
with an increase of one watt of copper losses 
at peak load. If copper losses were in- 
creased two watts for one watt decrease 
in core losses the minimum permissible 
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additional investment would be $0.42. 

In selecting a transformer size for an 
individual load, it is important to make 
sure that it will not be too large for a long 
time to come, not only because of the first 
cost but also because of the core losses. 

For example, a one kva transformer is 
estimated to cost $34.00. A l!/, kva 
conventional transformer costs approxi- 
mately $39.00. If the load is not expected 
to increase over and above one kva, the 
11/2 kva size would represent an unnecessary 
investment of $5.00. Furthermore, the 
losses of a one kva transformer are about 
10 watts core and about 50 watts copper; 
at 1 kva load the losses of a 11/2 kva unit 
are about 21 watts core and 20.5 watts 
copper. Based on the same assumption 
as in the previous example, using the one 
kva transformer the saving in losses would 
be equivalent to saving a further additional 
investment of $6.13. If the savings in 
losses had been calculated on the basis of 
the load factor of 23.4 per cent a minimum 
savings in investment of $3.24 would have 
been indicated. | 


M. M. Samuels: The discussions were 
somewhat disappointing because of the lack 
of more constructive ideas. Rothpletz’s 
elaboration on the core loss problem is 
very much to the point. A suggestion 
may be added for the rate man. At present 
the core losses are billed wholesale under 
the most expensive demand block and the 
most expensive energy block. Should not 
the core losses be deducted from the total 
demand for billing purposes and should not 
the energy be billed at the lowest rate per 
kilowatt-hour? 

Treadway raises the question whether 
or not anyone has experimented with the 
use of silicone resins for the treatment of 
poles and crossarms. An inquiry among 
specialists in this field did not reveal any 
such experiments so far. Those who had 
any experience with attempts to make de- 
mand diversity studies will all agree that 
Treadway’s proposed method will not solve 
the problem. Such a study, to be of any 
value at all, would call for an investment of 
great sums in recording meters. It would 
have to be carried out over long periods and 
diversified in difficult climates. After 
spending all that money on survey and 
analysis, the conclusions, if any, would be 
very likely obsolete by the time the work 
would be finished. Treadway’s other sug- 
gestions are recommended for consideration 
by manufacturers. No doubt manufactur- 
ers already have studied these features. 

Gatchell suggests that rural circuits be 
standardized at 7,620/13,150 volts. When 
big time construction of rural circuits 
began, it was found that the price of equip- 
ment, particularly transformers, jumped 
considerably at the 12,500/7,200-volt level. 
At that time no one predicted that the load 
would grow as it actually has grown. This 
voltage was then the most economical. In 
fact, many engineers were of the opinion 
that it was too high a voltage and suggested 
continuing the use of 2,800 volts which was 
then the most common voltage of rural 
circuits. Now, it would be difficult to 
change the voltage of hundreds of thousands 
of miles of line. The problem of improving 
the rural circuit is being studied everywhere 


now, and the studies will result undoubtedly 
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in great improvement everywhere. 
sideration is being given to additional 
sources of power at various places on a 
rural system, backbone lines of higher 
voltages, series capacitors for voltage regu- 
lation, and other methods. 

As the cost of overhead construction 
increases, the difference in cost between 
overhead and underground may become 
less pronounced. Cable manufacturers are 
engaged now in elaborate studies of possible 
underground primaries for rural circuits. 
Gatchell’s other suggestions deserve serious 
consideration. 


Silicone-Resin- Treated 


Magnet Coils 


Discussion and authors’ closure of paper 
46-104 by Graham Lee Moses and Julius J. 
Torok, presented at the AIEE summer con- 
vention, Detroit, Mich., June 24-28, 1946, 
and published in AIEE TRANSACTIONS, 
1946, July section, pages 412-16. 


B. W. Erikson (General Electric Company, 
Schenectady, N. Y.): The authors have 
introduced what they call the K factor. 
We agree that this is a very useful method 
of evaluating coil deterioration under cer- 
tain conditions. However, we would like 
to point out that a consideration of this K 
factor may be misleading when considering 
designs involving different types of insu- 
lation, For instance, we have found that 
on conventional class A insulated coil 
structures at normal operating levels there 
is often no appreciable change in the K fac- 
tor even when the coil has fallen apart com- 
pletely as a result of prolonged operation at 
high temperature. 

However, and this is significant, all good 
insulation systems insulated with silicone, 
or possibly with high temperature syn- 
thetics, show a marked change in the K 
factor with temperature-time aging. This 
may be taken to indicate that where the coil 
impregnant contributes materially to the 
original excellent heat transfer rate of the 
system an ultimate large change in the K 
factor should be expected. Much work re- 
mains to be done in exploring and evaluating 
this relationship. 

With reference to the section entitled 
“Effect of Operating Temperature on De- 
sign,’ the authors refer to Figure 8 and 
indicate that this shows ampere turns at 
various levels of coil temperature rise. It 
seems to me that this is too general and 
perhaps not directly applicable to a large 
variety of d-c contactor coil designs similar 
in nature to those coils referred to in this 
paper. 

To illustrate, I made a comparison some 
years ago between the ampere turn gain or 
loss occasioned by changing a design from 
either enamel wire insulation or enamel- 
cotton insulation to either glass or asbestos 
insulation. It became evident from this 
survey that there is no gain whatever in the 
finer wire size. Comparing asbestos and 
double glass with enamel there was found 
to be no ampere turn gain on designs using 
wires smaller than approximately 0.075- 
inch diameter. 


1184 


Con- - 


In making this same comparison with 
enamel-cotton insulated wires there was 
found to be no appreciable gain below about 
0.040-inch diameter. Included in this com- 
parison was the fact that the class B designs 
were operated at a temperature 20 degrees 
higher than the class A. This confirms the 
authors’ statement that there is little if any 
gain in the use of conventional class B de- 
signs as compared with class A unless the 
temperature level can be increased materi- 
ally above the 145-degree-centigrade total 
of class B. 

Where these facts are applied to con- 
ventional d-c contactor and relay designs, 
it is difficult to see where any gain in ampere 
turns or size of coil is to be made. Common 
125- and 250-volt d-c coils such as those 
discussed in this paper, use wire sizes rang- 
ing from approximately 0.007 up to and in- 
cluding 0.014-inch in diameter. Comparing 
the space requirements of these small di- 
ameter wires between those insulated with 
conventional enamel and those insulated 
with either single or double glass, we find 
that 0.010-inch-diameter wire if insulated 
with single glass requires 168 per cent of the 
space taken by enamel, and 0.014-inch- 
diameter wire if insulated with single glass 
requires 145 per cent of the enamel wire 
space. On this basis the silicone coils would 


1. Produce for the same ampere turns approxi- 
mately 50 per cent more watts. 


2. Operate at a temperature approximately 50 
per cent higher merely to break even. 


If I interpret this correctly, it would mean 
that silicone designs would have to operate 
in the neighborhood of a 125-degrees-centi- 
grade rise (this would be the class-A 85- 
degree rise plus 50 per cent equals 125 degrees 
centigrade) so as to compare in performance 
with conventional class A. 

Any higher operating limit would produce 
a gain in ampere turns. I believe that this 
particular point, even though contained be- 
tween the lines in the paper, needs some 
additional emphasis and further consider- 
ation by design engineers. 


Carl J. Fechheimer (consulting engineer, 
Milwaukee, Wis.): There are a few points 
to which I would call attention. 

In regard to the dissipation of heat, it is 
of interest what part of the temperature 
drop is inside the coil and what part is at the 
surface. Also, what are the maximum in- 
ternal temperatures? 

It generally is recognized that there is a 
limit of stability when coils are operated at 
high temperatures when the current is kept 
constant. For as the temperature rises, the 
electrical resistance increases, and therefore 
the J?R loss increases. This in turn raises 
the temperature further, and at some critical 
value the temperature will rise without 
limit. As the heat is dissipated from the 
surface by radiation and natural convection, 
both of which increase more rapidly than 
the temperature, these effects offset some- 
what the effect caused by increase in resist- 
ance and raise the stability point. As 2- 
dimensional heat flow and heat storage 
must be considered, the problem becomes 
very complex. Have the authors investi- 
gated the thermal stability of the coils, 
either experimentally or theoretically? 

The mounting resistance with tempera- 
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ture also means that before the stability 
point is reached, the most economical point 
of operation is passed from the standpoint 
of the materials and from that of the power 
consumed. Have the authors made an in- 
vestigation of the most economical point? 
If the coils are operated in shunt with the 
supply line, the ampere turns decrease as the 
temperature increases. Then the J?R de- 
creases with mounting temperature, and 
the question of stability does not enter. Or 
do the authors propose to increase the ap- 
plied voltage so as to maintain constant 
ampere turns? If not, if the pull of the 
magnet is proportional to the square of the 
current, the pull of a shunt magnet coil is 
approximately only 36 per cent at 200 de- 


grees centigrade of that which it issat2oum 


degrees centigrade. Is that not a serious 
decrease? 


1 


L. A. Doggett (Pennsylvania State College, 


State College, Pa.): Improvement of mag- — 


net coil design is important because of the 
millions of such coils in industrial use. To 
meet specifications with an ever decreasing 
amount of active material has been the long 
standing objective of the design engineer. 
The new silicone insulations provide a long 
step in this direction. 

The reduction in copper weight as the 
temperature rise is allowed to increase is 
shown in Figures 9 and 10. Not all of this 
gain, however, may be chargeable directly 
to the real advantages in the use of silicone 
insulations. If it is assumed that tem- 
perature rises of 160 degrees centigrade may 
be used safely with silicone insulation, then 
to provide the ampere turns specified in 
these coils the length of the coil may be re- 
duced about 19 per cent keeping the outside 
diameter at three inches. Similarly if the 
coil length be kept at 31/4 inches, the coil 
diameter may be reduced about 15 per cent. 
The weights in these two cases are reduced 
correspondingly some 19 and 38 per cent. 
Coincidental with these size reductions is an 
increase in the ratio of total coil surface to 
coil volume of 9 and 23 per cent. For many 
years transformer designers have been fa- 
miliar with the general fact that the smaller 
the transformer volume the greater is the 
ratio of surface to volume. For example, a 
cube with a 2-foot side has a surface-to- 
volume ratio of three to one, whereas a cube 
with a 1-foot side has a surface-to-volume 
ratio of six to one. 

Summarizing, it may be said that by 
using silicone insulations, coils may be made 
smaller, and because they are smaller they 
can be worked harder. 


J. M. Fluke (Anderson Fluke Engineering 
Company, Springdale, Conn.): The authors 
are to be complimented for this paper and the 
extensive amount of test work which has gone 
into the data presented. Without question 
the silicone-glass insulating materials repre- 
sent a very marked improvement over ma- 
terials previously available. The United 
States Navy Bureau of Ships has made an ef- 
fort to exploit the use of these new materials 
as fast as they have become available and to 
carry their application to the maximum 
extent possible for the immediate purpose of 
learning more about their properties and for 
the ultimate purpose of increased reliability 
and weight and space saving. With the 
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co-operation of industry there are on order 
equipments and development programs 
covering nearly every type of wound elec- 
trical apparatus ranging from small motors 
through generators as large as 1,250 kva at 
450 volts alternating current, transformers, 
and welding sets. In addition, the use of 
silicone-glass materials in producing highly 
are resistant and stable sheet and molded 
insulating material is receiving concen- 
trated attention. 

Present tentative proposals provide for 
operating temperatures of silicone-glass in- 
sulated electrical machinery as high as 200 
degrees centigrade total temperature. 
Weight savings on transformers run as high 
as 30 per cent with savings approaching 
this value on rotating apparatus. 

It is apparent then that this new insu- 
Jation offers appreciable advantage to the 
electrical plant in naval vessels in view of 
the ever increasing necessity of weight re- 
duction. In addition, as these materials 
improve in quality as a result of the con- 
tinued effort toward improvement of their 
characteristics and methods of application, 
materially increased reliability of the appa- 
ratus in which they are used will be realized. 
In fact it is safe to say that the improvement 
in this respect is sufficient to warrant in- 
tensive interest if no weight or space saving 
were involved at all. 

In specific comment on this paper, several 
points are worthy of additional mention. 
‘Under the tentative temperature limits now 
being used, a 40-degree-centigrade allow- 
ance is made for hot spot temperature when 
measurements of temperature of a silicone- 
glass insulated coil are made by thermom- 
eter, and a 20-degree-centigrade differential 
is made when resistance determination of 
temperature is made. It is felt that these 
figures require additional investigation, 
It is quite probable that for many appli- 
cations they are too large. In particular it 
is suspected that this is true for magnet 
coils of normal size. This statement is 
based on measurements made some time ago 
with thermocouples placed in coils operated 
at class A insulation temperature where the 
maximum observed temperature differ- 
ential through the coil did not exceed several 
degrees centigrade. A much larger allow- 
ance previously made for this condition 
could be reduced through this knowledge 
which in turn effected some saving of weight 
and material so necessary during wartime 
construction. It is recommended therefore 
that future life tests of silicone-glass insu- 
lated devices incorporate suitably placed 
thermocouples for obtaining more data in 
this respect. This information will be par- 
ticularly pertinent to the “Conclusions and 
Recommendations” given by the authors in 
their paper. 

Tt is noted, but not conclusively, that a 
suitable means of preventing the oxidizing 
of copper may be a necessity in the ultimate 
satisfactory application of the silicone ma- 
terials. Several premature failures of 
equipment have been traced to the possi- 
bility of failure because of the reduction of 
copper cross section from oxidation. Ad- 
ditional test work is necessary to establish 
this statement definitely. However, the 
continued development of silicones may 
allow even higher operating temperatures. 
To meet this possibility there is need for 
further investigation of this condition and 
the development of suitable means for its 
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prevention by plating, preferably, as the 
authors suggest. 

In conclusion, it is considered that the 
availability of silicone-glass insulation is one 
of the most significant insulation develop- 
ments since the art began. Its widespread 
use in the not too distant future is a cer- 
tainty. The versatile silicones are only in 
their comparative infancy. So far they 
have been employed successfully as var- 
nishes, fluids, and resins for producing all 
types of electrical insulation, Combined 
with glass cloth or fibers, they produce 
highly stable molded and sheet insulation. 
The silicones also have performed excellently 
as lubricants at elevated temperatures. 
Their full application possibilities still are to 
be realized. 


Graham Lee Moses and Julius J. Torok: 
The coils reported were shunt windings. 
Therefore no checks were made to determine 
“run-away” temperature conditions such 
as Carl J. Fechheimer suggests. It would 
be desirable to make such tests on series 
coils with silicone insulation. 

No determination was made of tem- 
perature distribution on the coils reported. 
However, on similar coils it has been found 
that the average surface temperature rise is 
approximately 60 per cent of the internal 
rise by resistance and that the hot spot is 
within ten per cent of the average rise by 
resistance. 

The change in the K factor is a useful 
means for observing aging where it occurs. 
It is recognized that this change in K does 
not occur necessarily on all types of coils, 
particularly on coils which have little or no 
varnish fill. As indicated by B. W. Erikson, 
much work remains to be done in exploring 
and evaluating this relationship. It is 
hoped that other investigators will study 
this problem. 

The curve in Figure 8 shows the effect of 
operating a specific design of coil (the one 
used for these tests) on various voltages 
which produce different temperature rises. 
It shows the resultant hot ampere turns 
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after temperature stability is reached. To 
supplement this a curve has been prepared 
showing actual values of temperature rise 
and ampere turns as a function of operating 
voltage for three different designs for the 
same spool (differing only in wire size). 
This curve shows that a coil wound with 
number 25 wire rates 52.5 volts at 85 de- 
grees centigrade rise (by resistance) and 
produces 2,270 ampere turns (hot). The 
corresponding design of coil with number 
24 wire would have a temperature rise by 
resistance of 121 degrees centigrade when 
operated at the same voltage and would 
produce 2,580 ampere turns (hot). Thus 
the increase in net ampere turns (hot) is 
13.8 per cent. The increase in cold ampere 
turns is 26 per cent before the coils heat up 
to operating temperature. A design of coil 
with number 23 wire would operate at 170 
degrees centigrade rise (by resistance) at the 
same voltage (52.5) and would produce 
2,910 ampere turns (hot). This is an in- 
crease of 28 per cent over the coil with num- 
ber 25 wire. 

The lack of a silicone wire enamel is a 
distinct handicap in the development and 
application of silicone insulated magnet 
coils especially for finer wire sizes. It is 
recognized that glass wire covering has a 
poor space factor. The paper states that on 
finer wire sizes no gain may be possible. 
However, generalizations should be avoided 
and specific designs should be considered 
before deciding whether or not high tem- 
perature insulation offers advantages. It 
has been found possible to obtain an appre- 
ciable increase in ampere-turn rating with 
class H insulation on coils which use wire 
sizes of number 30 (0.0100 inch diameter) 
or even finer. 

As stated by L. A. Doggett, the increase 
in ratio of surface to volume is a distinct 
advantage in heat dissipation. This was 
not included in the calculations made for 
this paper as it was assumed that all the heat 
was dissipated from the barrel surface. 
Therefore, in the size and weight advantage 
to be derived from high temperature, sili- 
cone insulation may be even greater than 
indicated by the curves shown in Figures 9 
and 10. 


Operating Experience With 
Distance Ground Relays 


Discussion and author's closure of paper 
46-83 by W. A. Wolfe, presented at the 
AIEE summer convention, Detroit, Mich., 
June 24-28, 1946, and published in AIEE 
TRANSACTIONS, 1946, July section, pages 
458-62. This paper also was presented at the 
South West District meeting, San Antonio, 
Tex., April 16-18, 1946. 


Eric T. B. Gross (Illinois Institute of Tech- 
nology, Chicago, Ill.): Though both re- 
actance type relays and their proper connec- 
tions for ground fault distance protection 
have been available for about 20 years, dis- 
tance relaying has been applied in the past 
nearly exclusively for between phase faults, 
involving more than one conductor of the 
3-phase system. W. A. Wolfe therefore is 
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covering new ground, and he deserves com- 
mendation for his courage to try a new thing 
and congratulations on his success. It will 
be to the advantage of the art if engineers 
learn from this paper how easily satisfactory 
results can be achieved; after all, with the 
majority of faults being single line-to-ground 
faults (84 per cent in this case), it is evident 
that proper protection will provide great 
improvements. 

Wolfe’s analysis of the reasons for use of 
the distance ground relays are truly sound, 
and it is gratifying to see that the applica- 
tion of resonant grounding through ground 
fault neutralizers duly was considered. A 
voltage of 60 kv is definitely one at which 
ground fault neturalizers, preferably de- 
signed for continuous operation, could be 
applied very successfully. 

_The installation described in the paper, 
designed more than seven years ago, con- 
sists of three distance phase and three dis- 
tance groundrelays. It is possible to reduce 
the number of distance elements by proper 
control of the current and voltage connec- 
tions of the relay scheme as described in 
references 3 and 4 of the paper. With the 
knowledge of our present day developments 
in the field of relaying, it should be easy to 
design a distance relay scheme, including 
ground fault relaying, which does the job 
with less than six distance elements and 
without increase in tripping time. 


R. E. Cordray (General Electric Company, 
Philadelphia, Pa.): We believe that W. A. 
Wolfe has done the industry a great service 
in presenting his operating experience with 
ground distance relays, and we are particu- 
larly pleased to learn that he has ten ter- 
minals of GC X relays. I was pleased to be 
a member of the relay subcommittee which 
recommended that this paper be presented 
at the national meeting after it had been pre- 
sented at the South West District meeting 
because I think that the subject matter war- 
rants it. 

We do not understand why ground dis- 
tance relays have not been more popular. 
They have been in the catalogues of manu- 
facturers for almost a decade, yet their use 
has been limited. The scheme as it stands 
now is as simple as phase relaying with the 
exception of the blocking units for prevent- 
ing false operation on 2-phase-to-ground and 
phase-to-phase faults. Another exception 
of still less importance is providing for mu- 
tual compensation when it is required by 
parallel lines. The scheme should be kept 
simple, at least until ground distance relays 
become the accepted practice. This may be 
the answer to Doctor Gross’s question about 
using one relay and switchingit. We realize 
some possible excuse for expecting ground re- 
lays to be relatively simple and inexpensive 
as a result of the common use of a single over- 
current relay for ground protection. This 
has led relay engineers to believe that one 
relay should take care of all ground faults. 
When a directional ground relay was re- 
quired, however, three potential trans- 
formers generally were required and the cost 
of the third potential transformer makes it 
about equal to the phase relaying cost. 

Another possible influence in the use of 
these ground relays was the idea that ground 
faults are not as severe as phase faults and 
do not cause as much burning of the conduc- 
tor by the arc nor lead to system instability. 
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Accordingly it was permissible to take rela- 


tively long time delays for clearing. How- | 


ever, as one of the discussers said, they have 
found that faults will burn through two and 
three strands of 7-strand conductor and 
make it too weak mechanically to be trusted. 
Such burning would not be experienced with 
high speed clearing of ground faults. 

As the author states, ground faults are in 
the majority running from 80 to 90 per cent 
of the total faults, and therefore it seems un- 
reasonable that the cost of ground relaying 
should be expected to be only 10 to 20 per 
cent of the total relaying cost. 


S. L. Goldsborough (Westinghouse Electric 
Corporation, Newark, N. J.): It is inter- 
esting to learn of W. A. Wolfe’s experience 
with distance ground relays. His satisfac- 
tory results indicate that the applications 
were nade carefully and that the limitations 
of distance ground relays were not exceeded. 

Present day distance ground relays are 
subject to certain characteristics which have 
prevented wide application. These charac- 
teristics come about from the necessity of 
using a reactance distance element and the 
nature of ground faults; To measure dis- 
tance on ground faults adequately, the re- 
actance element is operated with a mixture 
of line current and residual current. In 
order to prevent response of the reactance 
element to load currents when the apparent 
reactance is small or negative, it is necessary 
to use a supervising impedance element. 
This impedance element must be set for the 
longest distance possible in order to allow 
the reactance element to function on faults 
involving high resistance, and yet not itself 
respond toload current. In other words the 
reach of the reactance element is limited by 
the reach of an impedance element. Where 
load currents are relatively high as compared 
to minimum fault current, this is a definite 
limitation. 


A further limitation comes about from the . 


action of the reactance element on 2-phase- 
to-ground faults. On this type of fault two 
relays receive fault current; one relay ex- 
tends its reach and the other one restricts its 
reach. Since it is not possible to predict 
safely which relay will restrict its reach, it is 
necessary to arrange the impedance fault 
detector so that if more than one impedance 
element operates all three relays are blocked 
from tripping. This feature gives rise to 
the second limitation because it often hap- 
pens that a singlé-phase-to-ground fault 
causes fault current to flow on all three 
phases, thus operating all three impedance 
supervising elements which block tripping. 
Therefore the reach of the reactance ele- 
ment is limited not only by load current, but 
by actual fault current. 

Evidently the foregoing limitations were 
not exceeded in the applications made by 
Wolfe, but in any general application of dis- 
tance ground relays these characteristics 
must be borne in mind. 


Ben C. Hicks (Shawinigan Water and Power 
Company, Montreal, Quebec, Canada): 
About 20 years ago the Shawinigan Water 
and Power Company started to use imped- 
ance relays for single wire-to-ground faults 
on transmission lines. For this purpose 
phase-to-ground voltage has been used with 
either phase current or neutral current, de- 
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pending on which is likely to give best re- 
sults as indicated by calculations. This 
method of protecting against ground faults 
was adopted as a practical expedient and has 
proved to be reasonably satisfactory. The 
limitations of the method are recognized and 
admitted, however. 

About three years ago serious considera- 
tion was given to converting a number of 


existing ground protections to the compen- ~ 


sated form discussed by W. A. Wolfe. 
Authority was obtained to proceed with the 
conversion on two lines but because of pres- 
sure of other work the change has not been 
carried out yet. We therefore are interested 
very much in the results obtained by Wolfe. 

In his paper Wolfe states that the second 
term in equation 3 represents a voltage in 
phase with the fault current. Presumably 
this statement is intended merely as an ap- 
proximation and I would like to ask if the 
cases of overreaching that occurred are con- 
sidered to be caused by errors arising from 
the approximation. 


W.A. Wolfe: As Eric T. B. Gross suggests 
the use of two distance relays to do the work 
of six certainly would be attractive, especi- 
ally on less important lines. It is difficult 
to see how the number of relays could be re- 
duced without some increase in tripping 
time since the auxiliary switching relays for 
current and voltage first would have to 
recognize the fault and establish the proper 
connections to the distance elements before 
they could act to trip the breaker. 

W. H. Cordray’s discussion was welcome 
as coming from one of the manufacturers of 
distance ground relays, and it was gratifying 
to know that he agreed with the statements 
inthe paper. On our system the use of high 
speed distance relays has resulted in very 
noticeable decrease in conductor and insula- 
tor damage from power arcs. 

It is unfortunate that discussions were not 
received from some of the other users of dis- 
tance ground relays, of which there are a few 


if not many. A letter from one such user 


indicates that their first three years experi- 
ence with five sets of HX distance ground 
relays resulted in only 50 per cent correct 
operations. The author cannot help but 
believe that there was something wrong with 
the application or installation in this case. 

S. L. Goldsborough presents an interest- 
ing discussion on the limitations of distance 
ground relays, most of which were men- 
tioned in the paper. We donot consider the 
use of a reactance element instead of an im- 
pedance element a disadvantage except for 
the added complication in testing procedure 
when the phase relays are impedance and the 
ground relays reactance. When both phase 
and ground relays are the same, there is no 
disadvantage in this respect. Distance 


ground relays should not be applied in re-’ 


gions were high ground resistances prevail. 
In our territory we would expect no diffi- 
culty even on lines without overhead ground 
wires. On the type of relays having non- 
directional impedance starting units, the 
danger of blocking tripping by fault cur- 
rents flowing in the unfaulted phases is al- 
ways a danger and must be checked by care- 
ful calculations before the relays can be 
applied safely. On the type of relays in 
which the impedance starting unit has an 
inherent directional characteristic, this 
danger does not exist as far as we know. 
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Ben C. Hicks asks a question in regard to 
equation 3. The second term is an approxi- 
mation but, for all practical purposes, a 
close approximation. This term has the 
effect of pure resistance if (Iggr + Iayr) is 
in phase with (Irelay). In the usual case, 
all the impedances involved in equation 2 
will have nearly the same phase angle unless 
the line resistances are very large. Also, 
since Iggr, Ivgr, and Togy are usually 
nearly in phase for this type of fault, this will 
be nearly true. Probably variations in this 
term and the difficulty in determining ex- 
actly the amount of zero phase sequence 
compensation to apply, as expressed in the 
second term of equation 2, were the cause of 
the overreaching which we experienced. As 
stated in the paper, however, it was only 
necessary to decrease the distance setting of 
the relay to 85 per cent of the line length to 
prevent overreaching. 

An error appears in equation 2 as pub- 
lished in AIEE Transactions. The second 
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Improvements in Performance 
of Hydroelectric 


Generating Units on the 
2,000,000-Horsepower 
Saguenay System 


Discussion and author's closure of paper 
46-144 by F. L. Lawton, presented at the 
AIEE summer convention, Detroit, Mich., 
June 24-28, 1946, and published in AIEE 
TRANSACTIONS, 1946, pages 900-10. 


J. F. Roberts (nonmember; Allis-Chalmers 
Manufacturing Company, Milwaukee, 
Wis.): F. L. Lawton has presented a very 
interesting and instructive paper. The 
combined Isle Maligne and Shipshaw plants 
form one of the largest concentrations of 
hydroelectric power at the present time. 
The speed of construction on the final Ship- 
shaw plant, which placed 12 100,000-horse- 
power generating units into service, was a 
record as regards construction time. 

The remarkably high efficiency of 94.4 
and 94.5 on two of the eight Allis-Chalmers 
turbines in Shipshaw 2 plant we attribute 
not only to the smoothness of the welded 
plate-steel spiral casings, but also to the ex- 
cellent water passages which were provided 
by the construction forces of the Aluminum 
Company. The penstock connection to the 
turbine comes in horizontally without any 
bends or elbows to cause disturbances. 
This is a powerful factor in increasing the 
efficiency of the turbines. The elbow draft 
tubes have a vertical length below the run- 
ners somewhat greater than is usual prac- 
tice. This was possible because the rock 
foundations were somewhat lower than 
previously anticipated, and they were able 
to take advantage of this and build a more 
efficient type of draft tube without appreci- 
able additional expense. These factors, we 
believe, contributed toward the high 
efficiency obtained. 
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Lawton’s data showing the amount of 
metal removed from the various runners at 
the Isle Maligne plant also form a very in- 
teresting contribution. The amount of cast 
steel lost per year per runner runs from one- 
third to one-fifth of that lost by the cast-iron 
runners. This confirms other data and 
proves conclusively the superior performance 
of cast steel over cast iron. 

It generally is admitted now that runners 
having the physical dimensions of Isle 
Maligne runners and operating under heads 
of 110 to 120 feet should not be made of cast 
iron. During the past few years a consider- 
able number of large cast-iron runners have 
had to be replaced principally because of 
cracks that have developed where the blades 
join the upper crown. Cast iron lacks the 
ductility and toughness to resist the re- 
peated bending action which occurs in run- 
ners of this size. During the original con- 
struction of the Isle Maligne plant it was 
necessary to economize wherever possible, 
and the fact that these cast-iron runners 
might have a shorter life than more expen- 
sive cast-steel runners was discussed openly. 
The maintenance men at the Isle Maligne 
plant have done a wonderful job in being 
able to keep these cast-iron runners in 
operation, as several of these runners have 
cracked near the crown, and if they had not 
been repaired properly these cracks shortly 
would have extended clear through the 
blades, with the total loss of the runner. 

With our present knowledge of the short- 
comings of cast iron, we doubt if any manu- 
facturer or builder of large hydroelectric 
plants would consider installing a cast-iron 
runner at the present time. Lawton is to be 
complimented on an excellent paper which 
contains very valuable and interesting data. 


H. R. Sills (Canadian General Electric 
Company, Peterborough, Ontario, Canada): 
F. L. Lawton has given some interesting 
data with regard to loss of capacity resulting 
from fouling of the machines. The curves 
shown in Figure 10 of the advanced copy 
do not conform in shape with loss curves or 
normal heating curves. In such heating 
curves, the temperature rise usually varies 
as the square of the load above a certain 
minimum determined by the no-load tem- 
peratures. The curves in this chart seem to 
vary as the square root of load, and if 
extrapolated to zero load would have a 
negative temperature rise. 

It is apparent that there must have been 
error in making up this chart, which is to be 
regretted. There is need of published data 
on the effects of dirt in machine cooling 
passages. 

It seems inevitable that there will be a 
significant proportion of machines built 
where the service conditions do not justify 
the installation of an enclosed ventilating 
circuit with air coolers, and in these the 
problem of maintaining the cooling efficiency 
with contaminated air still will be a serious 
one. 

' In respect to the machine in station 2 
mentioned in the third last paragraph of the 
paper from which the large amount of dirt 
was taken from the inside of the rotor, it 
should be said that this was not the normal 
type of dirt which accumulates in service 
but consisted of cement dust and lint picked 
up during the construction of the power 
house. At this time this machine was 
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arranged for open ventilation to provide a 
modicum of heat before there were any end 
sections in the power house. 

The machines in station 2 had self-lubri- 
cated bearings and therefore were not 
plagued with oil vapor leakage, which almost 
invariably occurs on the older machines 
with an oil-circulating system. It is proba- 
ble too that because of the prevailing condi- 
tions, the normal quota of honey bees and 
such viscous insects did not get into the 
machine to plug the ducts. Anyone who 
has driven far on a summer night will 


‘appreciate the adhesive qualities of certain 


insects. 

Thus, while the cooling passages of the 
machine in station 2 were surprisingly clean 
(considering conditions), and the cooling 
performance was unimpaired, it hardly 
would be correct to say that it was a fair 
test. The general supersedure of the oil- 
circulating systems in machines by self- 
oiling systems will go a long way toward 
mitigating the cleaning problem. If the 
type of ventilation used at station 2 is as 
successful in separating out flies as it was 
dust and lint, some further improvement 
may be expected by this means. 


R. A. Hopkins and H. J. Petersen (non- 
member; Tennessee Valley Authority, Knox- 
ville, Tenn.): It is noted that the original 
cast-iron runners at Isle Maligne were re- 
paired by electric welding. 1t will be inter- 
esting to know what preparations were 
necessary and what methods were used in 
welding this cast iron. If stainless-steel rod 
is used for repairing cavitated areas, either 
on the original cast-iron runners or the later 
cast-steel runners, it will be helpful to know 
the analysis of the rod. 

It appears that the specific speeds of the 
Isle Maligne and the Shipshaw 1 units bear 
about the same relation to the experience 
curve of limiting specific speeds, yet the Isle 
Maligne units cavitated much more than the 
Shipshaw lunits. The author may have an 
explanation for this. 

It is interesting to note that experience 
with open ventilation of the generators at 
Isle Maligne and at Shipshaw 1 indicated 
the use of closed ventilation at Shipshaw 2. 
As a parallel case, the eight generators of the 
original Muscle Shoals plant, built by the 
Army in 1925 and now operated by the 
Tennessee Valley Authority, have open 
ventilation. When a rotor of one of these 
machines is removed for other reasons, the 
stator is cleaned by air blast and scraping of 
the air passages, much as described by the 
author. A canvas hood is placed over the 
stator and’ exhausted upstream by a large 
vent fan to avoid contaminating other 
machines. 

The 43 new units installed by the Tennes- 
see Valley Authority at this and other 
plants have closed ventilation. Electric 
heaters are provided in the generator rooms 
to avoid opening the generators even during 
cold weather. Cleaning of these closed 
machines is required only occasionally and 
is done by a vacuum process at almost 
negligible expense as compared with the 
cleaning of open machines. 


E. B. Strowger (nonmember; Buffalo Niag- 
ara Electric Corporation, Buffalo, N. Y.): 
The author has pointed out a number 
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of improvements which have been made in 
the hydroelectric generating units of the 
Saguenay system, including both electric 
and hydraulic equipment. The writer is 
interested particularly in the turbine 
efficiency curves shown in Figure 16 of the 
paper, which shows the efficiencies of five 
large Allis-Chalmers turbines considered as 
outstanding water wheels in North America. 
The writer has participated in the Gibson 
tests of these units and wishes to make the 
following remarks in connection therewith. 

The office of N. R. Gibson has made 
several hundred turbine tests throughout 
the world and based upon the results ob- 
tained, it seems that besides the considera- 
tion of runner design there are two factors 
which are believed to have an important 
bearing on the efficiencies of hydraulic tur- 
bines. The evidence is not always con- 
sistent but there is enough of it to attract 
attention, and the exceptions possibly may 
be explained in other ways or may be only 
sufficient to prove the rule. These two fac- 
tors are 


1. Constant diameter bends in the penstock near 
the entrance to the turbine. 


2. Valves of a type such as butterfly valves which 
tend to disturb the flow of the water as it approaches 
the turbines, 


These adverse conditions are mitigated 
by making a bend in the penstock, converg- 
ing so as to accelerate the flow around the 
bend and by using a valve like a gate valve 
which, when open, leaves the waterway un- 
obstructed. 

Referring to Figure 16 of the paper, the 
Shipshaw turbine unit 9, has a straight 
water passage leading to it with no lower 
penstock bends and no valve. It has a Y 
at some distance upstream, but the flow in 
the Y is accelerated. The Niagara unit 21 
has no bend near the turbine and the pen- 
stock valve is a Johnson valve with con- 
centric water passages-and accelerating flow. 
Unit L7 at Grand Coulee has two lower pen- 
stock bends, one vertical and one horizontal, 
both of which are close to the turbine 
although the flow is accelerated. The 
Osage unit involves the common design of 
penstock with reversed curve through the 
dam, and Boulder unit A5 has a butterfly 
valve located immediately ahead of the 
turbine. 

There also should be considered in an 
analysis of this kind the factors of head and 
quantity of flow. Based upon many years 
of experience in testing work, a head of 
about 200 feet, associated with a turbine de- 
signed to discharge a relatively large quan- 
tity of water, seems to produce ideal hydrau- 
lic conditions for maximum turbine effi- 
ciency. Generally, as indicated by Figure16 
of the paper, as the head departs in either 
direction from this value, maximum turbine 
efficiency seems to decrease. 


F. L. Lawton: The discussion by J. F. 
Roberts adds to the author’s presentation of 
the essential details of the Shipshaw 2 water 
wheels bystressing those factors contributing 
to the high efficiencies obtained. The com- 
ments on the relative merits of cast iron and 
steel for large moderate-head runners, both 
as regards resistance to pitting and resistance 
to cracking of the vanes near the crown 
plate, set forth the identity of viewpoint of 
manufacturers and most operators. The 
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greater ability of cast-steel runners to re- 
sist pitting and especially cracking, and ease 
of effecting satisfactory repairs, are resulting 
in most new runners being cast steel. 

H. R. Sills’s remarks on the effect of dirton 
the cooling system and performance of hy- 
droelectric generators are welcomed. It is 
appreciated that the curves of Figure 10 
appearing in the advance copy of the paper 
are somewhat in error. A re-examination of 
the original data shows these should be re- 
drawn as in Figure 10 of the published paper. 
While the change alters the quantitative 
values somewhat, the basic assertion of Sills’s 
discussion is supported. It should be noted 
that the original tests were designed to show 
relative temperature rises under similar con- 
ditions rather than absolute values. 

R. A. Hopkins has inquired as to neces- 
sary preparations and technique used in 
welding the original cast-iron runners at 
Isle Maligne. 

In affecting repairs to pitted areas, initial 
practice was as follows: 


1. The pitted or spongy metal was chipped out to 
sound cast iron, using pneumatic chipping hammers. 


2. Thechipped area was drilled 3/4 to 1 inch deep 
and tapped for 5/8-inch by l-inch cap screws on 
approximately 4-inch centers. These cap screws 
were tightened, cut partly through under the head, 
and tightened again until the heads broke off. 


3. A priming coat of low-carbon steel was laid 
down by the electric-arc process on the chipped area 
and carefully peened as applied. That is, care 
was taken to limit the area welded prior to peening, 
which was thorough rather than heavy. 


4. The cavity created by chipping out the spongy 
metal was built up by depositing a low-carbon steel 
closely to the original contours. Each layer was 
peened prior to deposition of the succeeding layer. 


5. A finish coat of high-carbon steel was laid down 
in two layers, carefully peened, and ground to the 
original contours as closely as practical. 


Early experiments with a stainless-steel 
finish coat on areas subject to pitting were 
not too encouraging, but developments in 
welding rods and in application technique 
have progressed to the point where current 
practice in welding cast-iron runners is 


1. The pitted or spongy metal is chipped out to 
sound cast iron, using pneumatic chipping hammers. 


2. The chipped-out area is drilled, tapped, and 
studded as previously described, latest practice 
tending to somewhat less studding. 


3. A priming coat of low-carbon steel is laid down 
on the chipped area and peened. Somewhat better 
bond is secured with currently-used rods than was 
formerly possible. 


4, The cavity resulting from the chipping opera- 
tion is built up by deposition of successive layers of 
low-carbon steel laid down by the electric arc, suc- 
cessive layers being peened. 


5. A finish coat consisting of two layers of 18-8 
stainless steel is laid down with the electric arc, 
each layer peened, and the finish layer ground to 
contour. The average analysis of the deposited 
metal in the finish coat is 0.07 for carbon, 19.70 for 
chrome, 9.50 for nickel, and 0.80 for columbium. 
Reverse-polarity rods with an extruded coating are 
used. 


Pitted areas on cast-steel runners have 
been repaired in much the same manner as 
for the cast-iron runners, but without stud- 
ding and using a reverse-polarity extruded- 
coating mild-steel electrode. 

Cracking in the vanes of the Isle Maligne 
cast-iron runners followed quite a consistent 
pattern. Cracks almost invariably started 
at the discharge edge of the vanes or buckets 
and ran outwards towards the inlet edges, 
sometimes as far as 36 inches. Beginning at 
a point 2 to 4 inches down from the crown 
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plate, the cracks would terminate in the 
crown plate. 

The method of repair originally was as. 
follows: : 


1. A V-shaped cut was chipped out along the crack 
on the face of the vane, using pneumatic chipping 
hammers. 


2. Holes were drilled into the two faces of the V- 
shaped cut, on 13/4 to 2-inch centers, and tapped 
for 5/8- or 3/4-inch diameter steel cap screws. 
These were screwed tight, cut partly through, and 
the heads broken off by tightening still further. 


3. A low-carbon steel electrode was used for the 
deposition of a priming coat on the surfaces of the 
V-shaped cut. The priming coat was peened 
lightly and the space gradually built up somewhat 
beyond the original contour using a medium-carbon 
electrode, peening successive layers. Initially a 
coated English rod was used, but later experience 
indicated comparable results could be obtained with 
Canadian rods at lower cost. ; 


4. The rough surface of the weld was ground off 
to contour. 


This technique has been employed suc- 
cessfully for replacement of an entire vane 
in one of the 128-inch-diameter 67-specific- 
speed Isle Maligne runners. In this case a 
double V-shaped cut (from both faces) was 
employed. The replacement vane was cast 
steel. The repaired runner has given 18 
years service without any trouble insofar as 
the new vane is concerned. 

However, it is extremely difficult to es- 
tablish a bond between the parent cast-iron 


’ metal and the weld deposit, which will trans- 


mit permanently the heavy bending stresses 
from the shroud ring and vanes to the crown 
plate. Consequently, our present practice is 
to bridge the crack by steel plates secured to 
the crown plate or upper portion of the vane, 
and to the vane below the crack by heavy 
studs with countersunk heads welded in 
place. The steel plates also are welded to 
the cast-iron surfaces around their entire 
periphery. 

Some cracking of cast-steel runner vanes, 
similar to that described for the cast-iron 
runners, has been encountered at Isle 
Maligne. Originally the cracks were chipped 
out, leaving a V-shaped cut. This was 


studded in similar fashion to the cast-iron . 


runners, and the space gradually built up 
with successive weld layers, using a reverse- 
polarity extruded-coated mild-steel rod cor- 
responding to American Welding Society’s 
classification E6010. However, such re- 
pairs were not too permanent, “‘lifting’’ 
occurring at the bond, so that present prac- 
tice is to keep the working area warm at all 
times, depositing weld metal in layers, and 
carefully peening each layer. ‘ 
Hopkins’ query as to the reason for the 
greater pitting experienced with the Isle 
Maligne runners as compared with the Ship- 
shaw 1 runners is interesting. Both designs 
bear roughly the same relation to the experi- 
ence curve of limiting specific speeds. Both 
have about the same relative position to the 
experience curve for limiting values of the 
cavitation factor, sigma. However, the Isle 
Maligne units were designed with a specific 
speed as high as was considered practical 
then for high initial economy, whereas the 
Shipshaw 1 units were designed for operating 
economy. The higher head at Shipshaw 1 is 
conducive to better efficiency and, as a 
corollary, less pitting. Operating condi- 
tions influence the rate of pitting, as indi- 
cated in the paper, especially when units are 
operated for long periods at gate openings 
over best gate. Another significant factor is 
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believed to reside in the shape of the water 
Passages through the runner, but its relative 
importance is unknown. 

The use of the expression ‘‘pitted’’ to de- 
note areas damaged as a result of cavitation 
is desirable in the author’s opinion. ‘Cavi- 
tation’’ properly describes the formation, in 
the mass of water moving through the water 
wheel passages, of cavities or voids filled 
with air and water vapor. 

The reference by Hopkins to the Ten- 
nessee Valley Authority practice in ventilat- 
ing and cleaning generators is most useful, 
especially the comment on use of electric 
heaters in the generator rooms to avoid 
opening the generator ventilating systems 
during cold weather. 

E. B. Strowger’s discussion is particularly 
interesting in view of the extensive back- 
ground of water wheel efficiency testing be- 
hind it. There is little doubt that smooth 
water passages from forebay to tailrace, with 
properly-designed bends, are necessary for 
attainment of high efficiencies. The de- 

_ scription of the water passages leading to 
the water wheels on which Figure 16 of the 
paper is based is helpful to a full understand- 
ing of the relative efficiencies. The signifi- 
cance of the head and quantity of water on 
efficiency of large water wheels, as noted by 
Strowger, should not be overlooked. 


Comparisons of Railway 
Motive Power for 
Operations in the Pacific 
Northwest 


Discussion and author's closure of paper 

46-186 by T. M. C. Martin, presented at the 

AIEE Pacific Coast meeting, Seattle, Wash., 

August 27-30, 1946, and published in 

ne TRANSACTIONS, 1946, pages 1054- 
5: 


Walter S. Gordon, Jr. (consulting electrical 
engineer, Tacoma, Wash.): T. M. C. 
Martin’s paper is a well-prepared brief on a 
difficult subject. Greater detail would 
have obscured the picture he has presented 
so clearly. Such a simplified approach is 
required emphatically to gain the hearing 
and serious consideration of railroad officials 
skilled in railroading with many years of ex- 
perience in the utilization of steam motive 
power. Practical operating officials on rail- 
roads, not electrical engineers, must be con- 
vinced of the economic and operating advan- 
tages of electrical operation. 

During past years many electrical engi- 
neers and othersinterested in electric traction 
appeared to be more interested in presenting 
the merits of their one particular system of 
electrification than they were in presenting 
the over-all advantages of all systems of elec- 
trification. It is not to be wondered that, 
as a result of this technical conflict between 
electrical ideologies, top railroad personnel 
charged with making decisions regarding the 
installation of electric traction hesitated and 
waited for the smoke of battle to clear. Un- 
der similar conflicting circumstances our 
American industry most certainly would not 
have become as highly electrified as it is 
today. It is indeed fortunate that each in- 
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dividual plant or mill did not have to arrive 
independently at the solution of such prob- 
lems as the correct transmission and distri- 
bution voltage, whether to use direct or 
alternating current, and if alternating cur- 
rent, the phase and frequency. And then 
face the delays and expense of securing 
motors, transformers, control, and switch- 
gear specially designed and constructed for 
each individual installation! 

Most railway electrifications have been 
conceived brilliantly and executed well in a 
daring and competent manner. The princi- 
pals deserve the highest praise for their able 
work, which required much technical pio- 
neering to overcome many technical difficul- 
ties during design, construction, and the 
initial phases of operation. But too many 
other electrification installations, despite 
ample economic justification, never reached 
or passed the planning stage. 

In the past, much emphasis was placed on 
the details of selecting an electrification 
system that was technically correct for a 
specific section of railroad under certain 
assumed traffic and operating conditions. 
Later and unforeseen changes in traffic and 
operating methods voided many of the 
assumptions considered vitally important in 
the original selection. For example, strong 
argument now could be advanced for instal- 
ling alternating current on what is now the 
longest d-c electrified American railroad, and 
likewise for installing direct current on what 
is now the longest a-c electrified American 
railroad! However, the superior operating 
and economic performance of both these out- 
standing’ electrifications cannot be denied 
now. Fifty years of electric traction have 
proved its inherent merits. 

As the representative electric locomotive 
for this study, Martin’s selection of the mo- 
tor-generator type appears most reasonable 
and should meet with a minimum of dissent. 
Considering the service requirements on 
Pacific Northwest railroads, this type of 
electric locomotive has the strong advan- 
tages of being usable interchangeably in 
both freight and passenger service, of 20 
years successful operating experience in this 
area, of making available at the rail the full 
horsepower capacity over almost the entire 
range of operating speeds (from 17 miles per 
hour on mountain grades to 60 miles per 
hour on light ascending grades) and of train- 
weight regenerative braking over the same 
wide range in operating speeds. However, 
this does not imply that the motor-generator 
electric locomotive should be selected for all 
future electrifications, wherever situated. 
For other regions with different physical, 
operating, and traffic conditions, it is pos- 
sible that one of the other types of electric 
locomotives such as the a-c series motor or 
the phase-converter would be used; it is 
also possible that one of the many other 
arrangements of steam locomotives likewise 
might be selected as the representative type 
for that form of motive power. However, 
at present the motor-generator locomotive 
comes closest to being a universal a-c electric 
locomotive. It is significant that the mo- 
tor-generator locomotive is now satisfac- 
torily in use on an eastern railroad which has 
high-speed passenger and freight traffic on 
level and light-gradient routes, and which 
for 37 years has operated a-c series motor 
locomotives; also that four motor-generator 
locomotives have been ordered recently by a 
southeastern coal-carrying road which has a 
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heavy-tonnage freight traffic on steep moun- 
tain grades, and which for more than 20 
years successfully operated a-c phase-con- 
verter electric locomotives. Thus the 
author’s selection appears well documented 
by recent practice elsewhere in this country 
as well as by the 20 years of operating suc- 
cess achieved on an electrified railroad in the 
Pacific Northwest. 

The author’s selected type of a-c power 
distribution system already has been in- 
stalled on by far the most miles of track and 
route in this country. Operating today 
from the 12-kv 25-cycle single-phase a-c 
catenary system in the east, south, and west 
are electric locomotives which have traction 
motors of three widely different types and 
characteristics. These types are the single- 
phase a-c series commutator motor, the 3- 
phase dual speed a-c motor supplied from a 
locomotive-borne phase-converter, and the 
d-c series commutator motor supplied from 
a locomotive-borne synchronous motor- 
generator. Such a distribution system 
therefore provides a maximum of flexibility 
for selecting a type of motive power to suit 
any railroad’s profiles, traffic, or operating 
conditions and methods. This system has a 
large capacity, although the necessity of 
supplying 15,000 kw to any point on the 12- 
kv trolley, as mentioned in the paper, might 
be questioned as somewhat high. Power in 
the order of 7,500 kw at present, and of 10,- 
000 kw for the future, appears to be suffi- 
cient. 

Martin’s observations regarding a choice 
of frequency were most interesting. As he 
suggested, American practice would be bet- 
ter today if 15 or 20 cycles, instead of 25 
cycles, had been established long ago. It 
is probably impracticable to change now to 
one of these lower and more desirable fre- 
quencies despite the many recognized ad- 
vantages. However, to the discusser it does 
appear reasonable and practicable now to 
adopt 24 cycles as a national standard trac- 
tion frequency for use on all future electrifi- 
cations; this would mean a deviation of 
only four per cent from the present accepted 
standard. As mentioned in the paper, the 
use of 24 instead of 25 cycles would result in 
considerable savings in the costs of fre- 
quency changers; the maximum speed 
which could be used for these motor-genera- 
tor sets then becomes 720 rpm instead of the 
present 300 rpm in converting from 60 cycles. 
Locomotives and equipment designed for 24 
cycles would operate equally well on 25 
cycles, and it is believed that no serious diffi- 
culties would be encountered in actually 
operating existing 25-cycle locomotives from 
a 24-cycle trolley system. This proposed 
4-per-cent deviation in frequency is less than 
half the present 10-per-cent deviation in fre- 
quency permitted, with satisfactory perform- 
ance guaranteed, by present commercial 
standards for industrial motors. In the 
interest of economy on future electrifications, 
this slight change in traction frequency 
should be adopted now by all manufacturers 
of traction equipment. 

The author has leaned backward to attain 
objectivity and insure equity to steam and 
Diesel motive power. Since railroad operat- 
ing officials that are now steam-minded or 
already favorably impressed by the many 
advantages of Diesel-electric traction have to 
be convinced that in many instances elec- 
trification economically will solve their 
operating problems, such an attitude is 
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reasonable in suchastudy. It is better to 
claim too little than too much. However, it 
should be noted that in the comparative cost 
of facilities (Table XI of the paper) and the 
operating and fixed charges (Table XII) for 
steam operation, the costs of fuel and water 
stations and similar facilities have not been 
included; and in the timetable comparisons 
of maximum performance (Table VII) no 
allowances were made for inevitable delays 
caused by stops for water and fuel when 
steam locomotives are used. Locomotive 
depreciation rates appear to favor steam 
locomotives unduly. For coal, a value of 
$2.00 per ton at the locomotive appears 
quite low as this price must include the cost 
of the fuel at the mine, the cost of transpor- 
tation from mine to fueling stations, and the 
cost of storage, handling, loss, and waste. 
For example, the cost of coal purchased by 
a large eastern seaboard utility was an aver- 
age of $5.89 per ton in 1944 and $6.12 per ton 
in 1945. 

A value of four mills per kilowatt-hour for 
hydro-generated electric energy at the fre- 
quency-converter terminals, mentioned in 
Tables XII and XIII of the paper, may seem 
unrealistic to many power and railroad per- 
sonnel familiar with the much higher energy 
rates that railroads generally are paying 
now. In some instances these present high 
rates are relatively far out of line with rates 
for industrialenergy. This seems especially 
true in the case of electrifications where the 
railroad’s own commercial frequency trans- 
mission and transformer facilities are made 
available to the power suppliers for use in 
selling commercial power and light to other 
customers. The eastern utility mentioned 
previously generates about 80 per cent of its 
total electric production from coal, which in 
1945 cost $6.12 per ton, and receives an aver- 
age of nine mills per kilowatt-hour for indus- 
trial sales and less than eight mills per kilo- 
watt-hour for energy sold to electrified rail- 
roads and street railways. This railway 
load, which constitutes 20 per cent of the 
utility’s total energy sales, is considered 
profitable. A western utility, with lower- 
cost hydro-generated power, receives an 
average of six mills per kilowatt-hour for 
industrial sales and much more than that 
for railway sales, although on a relative 
basis a railway rate of about five mills would 
be in order. This is approximately the rate 
quoted by a western utility more than 30 
years ago, and since that time, industrial 
rates have been halved at least. The 4- 
mill rate mentioned by the author, which 
appears extremely low now, may prove to be 
an attractive source of income for some utili- 
ties. In any event, this 4-mill rate for rail- 
way electrification energy soon may be an 
established fact here in the Pacific North- 
west. 

Finally, as a matter of national policy, 
utilization of our hydro-generated electricity 
instead of consuming our apparently dwin- 
dling liquid fuel resources sooh may be recog- 
nized generally as desirable and necessary. 
At the present time such utilization should 
be encouraged at least wherever it is eco- 
nomically sound and technically feasible. 
Oil replaced at home by water power should 
be much more valuable than oil rights in dis- 
tant foreign lands. Therefore the lower rate 
of return on the incremental investment re- 
quired for electrical as compared with Diesel 
operation (Figure 7 of the paper) could be 
compensated justifiably by making available 
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to railroad managements long term loans 
repayable upon the basis of extent of use as 
measured by energy consumed (which would 
vary with traffic or ability to pay) instead of 
upon the basis of a fixed annual sum repay- 
able without regard to the extent of use. A 
practicable basis for repayment is vitally 
important to railroads if they are to be able 
to afford the higher initial cost of electrifica- 
tion. When traffic is heaviest the railroads 
need electrification and have the money to 
pay for it, but they are usually then too busy 
to install it; also, labor and materials are 
then sometimes difficult to secure because of 
a national crisis, as during a war. During 
depressions traffic is lower, the economic 
need for electrification decreases, and net 
revenues are low, so that private funds be- 
come difficult to secure. Therefore elec- 
trification should be expected to pay off the 
investment on the basis of the average traffic 
over a reasonable period of years, at least a 
decade or longer. 
The discusser in 1932! wrote that 


‘European railways are apparently well satisfied 
that the operating economies, increased speed, 
cleanliness, increased track capacity, and use of 
natural resources such as water power or low 
grades of coal, are advantages that justify further 
extension of railway electrification even during a 
severe economic crisis, The execution of such 
projects during times of depression has been of 
material assistance in alleviating unemployment 
in several of the countries. Perhaps America 
could profitably follow such an example.” 


Is it now too much to expect that the more 
progressive of our railroad managements, 
the electric and railroad equipment manu- 
facturers, the interested power utilities, and 
government transportation agencies will at 
last get together and co-operate on a sound 
long-range program of expediting the elec- 
trification of all railroad lines which will 
justify the investment? Specific and de- 
tailed analyses then will reveal the railroad 
lines which should be electrified. 
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H. F. Brown, (New York New Haven and 
Hartford Railroad, New Haven, Conn.): T. 
M. C. Martin, in his paper, has presented a 
very clear comparison of the three out- 
standing types of motive power available 
today for trunk-line railroad operation. The 
railroads of the Pacific Northwest, with 
their heavy mountain grades, present a 
problem for which the electric locomotive is 
one of the proper and logical economic solu- 
tions: ; 

It is the opinion of this commentator that 
Martin’s analysis and conclusions as to the 
type of distribution of the electric power 
supply, that is, 12 kv, 25 cycles, single- 
phase alternating current is sound, and that 
the choice of the motor-generator type of 
locomotive with d-c motors is also sound be- 
cause of the necessity for lower speeds with 
maximum tractive effort on long grades, 
the possibility of regeneration especially for 
braking, and the possibility of power-factor 
correction with the synchronous motor-gen- 
erator sets. 

The electrification of these railroads pre- 
sents an investment problem that the pur- 
chase of self-contained types of motive 
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power do not, namely, the possibility of 
financing the necessary capital investment 
through equipment trusts. However, it is 
not outside the range of possibilities that 


where electrification can be applied with — : 


superior economies in a territory where 
cheap electric power from natural resources 
can be secured, some similar means can be 
developed for financing the power distribu- 
tion system. 

The power engineer cannot but be im- 
pressed by the various power conversion 
problems which are presented in the elec- 
trification of these railroads. First, the 
generation at 3 phase, 60 cycles alternating 
current; then the conversion to 25 cycles, 
single-phase alternating current for the 
railroad contact system; and finally the con- 
version on the locomotive to direct current 
for the most favorable motor design. If the 
railroad load is a legitimate field for the 
power development companies and adminis- 
trations, then their plans for the develop- 
ment of the natural resources should include 
provisions for the direct generation of 25- 


cycle power for such purposes, thereby say-— 


ing additional investment in conversion 
equipment and the attendant losses in 
power. Twenty-five-cycle power can be 
utilized for certain commercial consumption 
just as economically and efficiently as 60- 
cycle power; for example, aluminum pro- 
duction, and it seems rather shortsighted to 
put all the investment into 60-cycle genera- 
tion if the electrification of railroads is a 
sizable part of the ultimate load the power 
development hopes to assume. 


Charles Kerr, Jr. (nonmember; Westing- 
house Electric Corporation, East Pitts- 
burgh, Pa.): T. M. C. Martin’s paper, 
while somewhat provocative, presents a very 
intelligent discussion of railroad electrifica- 
tion. Few with operating experience on 
modern electrified railroads will dispute the 
claim that electric operation offers many 
outstanding advantages over any other 
known type of motive power. The only 
deterrent to extensive electrification has 
been first cost, and if the differential in this 
item between electrification and other types 
could be reduced materially or eliminated, 
the field of railroad electrification would be 
virtually unlimited. Reduction in capital 
investment is the paramount assignment for 
all parties interested in the cause of railroad 
electrification. 

Without desiring in any way to initiate a 
“battle of the systems,’’ Martin’s selection 
of electric system and locomotives for uni- 
versal application is open to debate. The 
25-cycle a-c system, employing motor-gen- 
erator locomotives, was introduced by West- 
inghouse, and we would be the last to deny 
its many virtues or its complete adequacy 
under the operating conditions encountered 
in the Pacific Northwest. However, certain 
recent analyses of systems of electrification 
for quite similar applications to those antici- 
pated by Martin have demonstrated that 


the a-c system with motor-generator loco-— 
motives well may involve the largest capital - 


expenditure. The motor-generator locomo- 
tive was introduced in 1926, and many ad- 
vances in the art have taken place since that 
time. - 
There are several systems of electrification 
which, when properly engineered, would 
handle adequately traffic in the Pacific 
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Northwest. Therefore, no system is the 
only answer from the standpoint of ade- 
quacy to handle the service. Furthermore, 
in general, the operating expenses between 
the various systems differ only to a minor 
degree. Thus, the ultimate selection can be 
made essentially in favor of that system 
which requires the minimum capital invest- 
ment when properly engineered to meet the 
over-all service conditions of this territory. 

It may be of interest to point out that the 
25-cycle a-c system, employing commutator 
motor locomotives, has been used most ex- 
tensively of all types. This system has 
handled the most dense traffic in America 
for many years. Its operating flexibility 
never has been matched. The same type of 
locomotive, operating from a 15-cycle sys- 
tem, could provide this same flexibility, and, 
in addition, meet the heavy-grade require- 
ments of the Western roads in an equally 
satisfactory manner. There is also consid- 
erable evidence that this system would re- 
quire a definitely lower first cost. With 
future technical developments not too far 
removed, other systems might fulfill well 
western operating requirements with advan- 
tage. : 

It is my belief that Martin’s aim of exten- 
sive railroad electrification in areas of as- 
sured low cost power can be furthered best 
by selecting that system which meets the re- 
quirements of this territory with the abso- 
lute minimum of initial investment. I 
question seriously whether the system pro- 
posed in his paper accomplishes this purpose. 

Electrification projects involve the inter- 
ested railroads, power companies, and manu- 
facturers. It might be well for these groups 
to find some means of reaching a common 
standard which would provide the most eco- 
nomical over-all system for the Pacific 
Northwest, and such action might prove to 
be a considerable factor in extending elec- 
trification in this region. The land trans- 
portation committee of the AIEE might 
initiate this co-operative effort. 


T. M. C. Martin: I am interested very 
much in Charles Kerr’s discussion. I agree 
completely with his observation that the 
best system is the one that provides the 
lowest over-all costs—lowest for the railroad 
and lowest for the power supplier. 

I am unable to perceive that 15 cycles 
offers very startling economies at this late 
date, but be that as it may, I am convinced 
that the use of a-c series motors in this part 
of the country is not only prejudicial to the 
best interests of power suppliers but it offers 
largely illusory benefits to railroads. The 
chief claim presented for their use by Kerr 
seems to be lower first cost. Suppose we 
examine locomotive costs on the basis of 
their cost per pound and their cost in terms 
of dollars invested per thousand pounds of 
continuous tractive effort. All we have to 
go on are facts in the form of recent prices 
for representative locomotives taken from 
each class. 

From Table I, and keeping in mind the 
fact that continuous tractive effort is the 
only real measure of performance that mat- 
ters to western railroad managements, it is 
very difficult to follow Kerr’s lower first cost 
contentions on behalf of a-c commutator 
motor locomotives. 

If this is true it is even more difficult to 
perceive a justification for their use in terms 


1946, VoLUME 65 


Table | 
15-Cycle 25-Cycle 
24-Ky 12-Kyv 
Trolley A-C A-C Motor- 
Commutator Generator 
Locomotive Locomotive 
Manufacturer’s recent 
asking pricegmins. 0... $475,000 . . $500,000 
Total weight of loco- 
motive, pounds....... 600,000 . 720,000 
Price per pound........ $0.79.. $0.69 
Maximum continuous 
tractive effort in 
POUNES TS -2's)-n eae 99,000 . 119,000 
Price per 1,000 pounds 
of maximum contin- 
uous tractive effort... $4,798 $4,202 


of annual operating costs. Most authorities 
agree that their maintenance will, be more 
costly, and there can be little doubt but their 
power supply will be more expensive for at 
least two very simple reasons: 


1. Their single-phase power factor will be poor, 
probably no better than 80.0 percent at the best. 


2. Their ability to assume short-time overloads 
and their relatively higher minimum speeds for 
maximum power output cannot fail to produce a 
lower working electric load factor. This latter 
point is an especially difficult one to sidestep be- 
cause western electrification is at best a fairly low 
load factor proposition. 


Performance Criteria for 
Current-Limiting 
Power Fuses—l, Il 


Discussions and authors’ closure of papers 
46-170 and 46-171 by C. L. Schuck and E. 
W. Boehne, presented at the AIEE summer 
convention, Detroit, Mich., June 24-28, 
1946, and published in AIEE TRANSAC- 
TIONS, 1946, pages 1028-45. 


E. A. Williams, Jr. (General Electric Com- 
pany, Philadelphia, Pa.): The testing of a 
line of fuses to establish interrupting ability 
over a wide range of currents has been, in 
the past, a long and arduous task because 
of the effect of circuit variables upon in- 
terrupting performance, and because of the 
large number of ratings involved. To 
accomplish the desired results with any 
degree of certainty by cut and try methods 
is almost impossible, as the operation of 
most fuses is quite critical under certain 
combinations of circuit conditions. 

The papers by E. W. Boehne and C. L. 
Schuck recognize and discuss the factors 
controlling fuse performance, establish a 
definite mathematical method of predeter- 
mining areas of critical performance, and 
present adequate test data to substantiate 
the accuracy of their theoretical approach 
to the problem. 

The value of the papers'is threefold: 


1. The basic data presented contribute to a better 
understanding of the phenomenon of circuit inter- 
ruption in general. 


2. The methods of procedure described provide 
the fuse designer with a useful tool to produce better 
fuses at lower cost. 


3. The user may apply fuses with greater assur- 
ance of reliable performance under any fault condi- 
tion within the rating of the fuse. 
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H. H. Fahnoe (Westinghouse Electric 
Corporation, East Pittsburgh, Pa.): C. L. 
Schuck and E. W. Boehne in their papers 
have given the fuse designer a valuable re- 
view of the many factors that must be con- 
sidered in developing a current-limiting type 
of fuse. The data presented are also of in- 
terest to the engineer making application of 
these fuses at important locations on central 
station and high-power industrial systems 
because they provide assurance that this 
type of fuse is capable of interrupting all 
magnitudes of short-circuit currents ex- 
perienced on his system. 

Part I outlines certain laboratory test 
requirements and procedures. Surely, the 
broader aspects of these criteria were 
recognized during the development of the 
fuse described in reference 2 of part I by 
Prince and Williams. However, Prince and 
Williams did not include any information on 
test procedures in their paper. In reference 
10 of part I, Rawlins and Fahnoe described 
in detail the test methods followed in the 
development of a current-limiting fuse. It 
is interesting to note that part I of these 
papers substantiates the test procedures 
and the need for extensive high-power 
laboratory testing as set forth by Rawlins 
and Fahnoe. 

It has been recognized for many years 
that the high-power testing laboratory offers 
the only completely satisfactory means of 
proving the interrupting ratings of power 
fuses. In the early days, the fuse designer 
was forced to rely on the incomplete tests 
which he could obtain on commercial power 
systems. With the advent of the high- 
power laboratory, where all factors affecting 
the test circuit can be controlled and 
measured, the development of the highly 
efficient modern circuit interrupter became 
possible. 

This is particularly true in the case of the 
current-limiting fuse. In a faulted circuit 
containing this type of fuse, the fuse is the 
controlling element in the circuit becattse of 
the high arc voltage associated with its 
operation. Consequently, the effect of 
parallel loading, recovery voltage rate, 
power factor, and the like are of less impor- 
tance than with other types of circuit inter- 
rupters. More particularly, as stated’ by 
Rawlins and Fahnoe, it is necessary with 
current-limiting fuses to test ‘‘all ratings of 
fuses...at rated voltage with all conditions 
of asymmetry on currents of varying mag- 
nitudes from minimum melting current up 
to the interrupting rating of the fuse.” 
Thus the tremendous number of tests re- 
quired to explore the performance of a line 
of fuses adequately practically eliminates 
the possibility of field testing. Because of 
the completeness of the laboratory tests, the 
need for field testing is obviated. 

It is gratifying to note that the conclu- 
sions regarding the testing of current- 
limiting fuses stated in part I of these papers 
agree remarkably well with those set forth 
in the Rawlins and Fahnoe paper, and in no 
respect are the conclusions contradictory. 
Such agreement between independent ob- 
servets helps immeasurably to verify con- 
clusions, thereby establishing the funda- 
mentals of the art. 


J. W. Gibson (The General Electric Com- 
pany, Ltd., Birmingham, England): The 
design of the current-limiting fuse has been 


1191 


pba ed RADIAN Figure 1. Heating 
8°09 function curves, sup- 
Poe plementing Figure 8 
y" 0. : 


of part Il, which will 
be useful for fuses of 


©, + 0.3 RADIANS low current ratings, 


and fuses of moder- 


AIK AN 


ate current ratings un- 
der high fault current 
conditions 


6, = 0.1 


Sq WN 
\) 
NL AAW 


=~ 
a 
IN WN 


INTRA. ENING LT 


PME TTT TUTTI ENNIS ETT 


UM EEE TEIN PENTA 
a 


quency. The curves 
are a plot of equation 
92 of part Il with 


4; 
7, 
10 
; ff Z A The H functions are 
> i y ay a computed from the 
cot {\/ _|7 relation 
2 (SOAs 
fr oe — P2 
a7, 7 |  aeea 
| eo Ge es The melting time in 
2 EE 6) Pag L Z| seconds is equal to the 
heal AO 2a melting angle in radi 
\ a 
iss a Se ee ans divided by Qr 
.0o7 -—__#__/F Sw | =a s : 
Sel Gosia acme = rar times the circuit fre- 


iT 02)..08° 04: 05 06 7 .08 
©, IN RADIANS 


facilitated greatly by analytical and experi- 
mental investigations of its current-breaking 
performance during the past 10 or 15 years, 
and the present papers mark a considerable 
step forward in this direction. It is becom- 
ing possible to design the fuse for any re- 
quired interrupting performance, largely 
avoiding the method of trial and error, and 
in addition to predict its discrimination per- 
formance when used in series with circuit 
breakers or with other fuses. 

I agree with the authors that arc energy is 
the most generally useful criterion of the 
severity of atest. Itshould be remembered 
however that other factors may supervene to 
cause failure. For example, if the rate of 
rise of fault current is high, the excessive 
mechanical pressure set up may cause failure 
through bursting of the cartridge before the 
fuse has accepted a value of arc energy with 
which it can deal successfully if the rate of 
rise is less. 

Figure 4 of part I illustrates well that the 
current-limiting fuse is more sensitive to 
changes in circuit voltage than to changes in 
short-circuit current; this property is the re- 
verse of that found with most other inter- 
rupters. 

The curves of Figure 5 of part II show a 
diminution of arc energy when the arc 
voltage falls below about half of the crest 
value of the applied voltage. I should be 
glad of the authors’ view as to the possi- 
bility of a powder-filled fuse operating suc- 
cessfully in this zone; I should have ex- 
pected that the fuse would be unable to 
interrupt either at the first, or at subsequent 
current zeros, resulting in failure. 

Will the authors give their experimental 
value for their constant F, (equation 7 of 
part II) for silver? In my experience, the 
value increases slightly with increase in the 
current density in the element at the 
initiation of arcing, because the melting 
process tends to proceed further before a 
break in the element is initiated. The 
curves of Figure 8 of part II, derived from 
equation 16, will render it easy to determine 
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minor corrections to 
align with equation 5 


accurately the pre-arcing time for various 
starting angles. It would be useful, how- 
ever, if the author would extend them down- 
wards to cover the case of fuses of very low 
current rating, where the melting time is 
only a very few degrees and equation 22 
applies. 

The conclusions drawn in the papers re- 
garding the effect on severity of fault angles 
and of available (‘‘prospective’”’ in British 
terminology) current line up well with find- 
ings in England. Thus, for certain British 
Standard specifications in preparation, it is 
proposed that breaking tests shall be made, 
not only at rated megavolt-amperes, but at a 
less value of megavolt-amperes near which 
the peak value of arc energy may be ex- 
pected to occur, the criterion being that the 
prospective current shall be so chosen for 
the test that the current at the initiation of 
arcing is between 70 and 100 per cent of the 
peak symmetrical value of the prospective 
current. Further,certain stipulations proba- 
bly will be made regarding fault angles. 
In a British Standard for high voltage fuses, 
a proposal is that arcing in current-limiting 
fuses shall commence on a rising voltage be- 
tween 50 and 100 per cent of peak value. 
For lower voltage (up to 660 volts) fuses, 
with current ratings up to 1,200 amperes, a 
proposed stipulation relates to the time of 
current initiation, and not to arcing initia- 
tion; the circuit is to be closed on a rising 
voltage between 35 and 65 per cent of peak 
value. In the case of fuses of low current 
rating, this will result in arcing commencing 
on arising voltage. For larger fuses, arcing 
will commence on a falling voltage, as it is 
believed from test experience that this is 
likely to result in the most severe condition. 
The reason is that a current zero (following a 
minor current loop) is reached shortly after 
arcing commences, and as a result the arc 
paths have not had sufficient time to de- 
ionize themselves. This factor, together 
with the relatively low current density in the 
arc (arising from the use of numerous ele- 
ments in parallel) results in a second loop of 
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current, with consequent increase in arc 
energy before arc extinction occurs. I 
should like to know whether the authors 
have experienced this phenomenon. The 
point also may be of importance in connec- 
tion with fuses used in circuits, for example, 
furnace circuits having frequencies of the 
order of 1,000 cycles per second. My ex- 
perience with such frequencies agrees with 
the analytical conclusions of the authors 
that increase in frequency results in reduced 
severity, but it is possible that above certain 
frequencies continued arcing may occur 
on account of high restriking rates at the 
zero pause. In other words, zero-pause 
phenomena, of a type not normally associ-. 
ated with current-limiting fuses, may as- 
sume importance. I should like to have 
the authors’ views on this subject also. 
Figure 10 of part II shows in an effective 
manner that arc energy diminishes as the 
fault current increases above a certain 
value. It would be useful if the authors 
would give similar curves for varying arc 
voltage because it appears certain that the 
characteristic just mentioned would not 
apply to the lower values of are voltage. 


E. W. Boehne and C. L. Schuck: The 
authors greatly appreciate the interest 
shown in these papers, particularly because 
those who have submitted discussions have 
been connected closely with power fuse 
development. 

E. A. Williams, Jr., describes the vast 
number of fault conditions encompassed by 
a single number expressing the interrupting 
rating. The fuse designer, confronted as he 
is with the variables of the circuit on the 
one hand, and with the variables involved 
in the fuse design on the other, seeks a pro- 
cedure that will give him maximum in- 
formation with a minimum number of tests. 
His interest therefore centers in the critical 
circuit and design factors, which he per- 
ceives by the joint exercise of a subjective 
analytical approach and an objective corre- 
lation of test results. 

In H. H. Fahnoe’s discussion, he men- 
tions certain references made to test pro- 
cedure in earlier papers. The subject of 
fuse test severity is certainly not new, and, 
if there is interest in earlier contributions to 
our present knowledge, surely the work of 
Gibson,’ Metcalf,? Grant!*, and others 
should be noted, together with that of 
Lohausen® and Lapple’ (German), and 
Grillet!® (French). (All references are in 
part I of the paper.) All of these predate 
the brief reference to test procedure made 
in the Rawlins and Fahnoe paper.!® In that 
paper, the importance of causing melting to 
occur near voltage peak was reiterated,’ 
but this factor must be considered jointly 
with the very important severity factor of 
the magnitude of current at melting. Fig- 
ure 5 of part I shows the effect of fault 
starting angle on this factor. For fuses of 
low current ratings, it so happens that maxi- 
mum current, voltage, and severity all ob- 
tain for a fault starting angle slightly before 
90 degrees. For fuses of high current rat- 
ings, maximum melting currents are ob- 
tained if melting takes place at or even 
after voltage maximum. Thus, if the fault 
starting angle were chosen only to give maxi- 
mum melting current, or to bring about 
melting at voltage peak, the interruption 
would be made easier, because arcing 
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for high values of 
short-circuit current. 
Such characteristics 
are useful in the ade- 
quate testing of fuses 
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would take place during a time when 
generated voltage was decreasing (see Fig- 
ure 6B of part I). Evidently a more 
accurate and quantitative statement was 
needed on this question, and these pa- 
pers give this in the form that melting 
should occur in the region 70 to 80 degrees 
after voltage zero. On this basis, the fault 
starting angle, rather than being zero, 
should be related to the current rating of the 
fuse. For the 20,000-ampere circuit of 
Figure 5, melting takes place at approxi- 
mately 75 degrees if the circuit is closed at 
the values given in the following table: 
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It follows from this table that fuses having 
current ratings in excess of 200 amperes on 
this circuit would find the most difficult 
conditions when 4 is negative, that is, under 
conditions of an initial minor loop, melting 
occurring well into the next loop of current. 
In some cases of high current fuses, fusion 
late in the initial half cycle will not be fol- 
lowed by interruption at the subsequent 
voltage zero, and an additional loop of cur- 
rent will result. This adds to the duty and 
requires special consideration, as Gibson 
points out. 

The papers also include a consideration of 
each of several additional factors which are 
properly a part of the subject of power fuse 
performance because both designer and user 
must know their effects. Questions arise 
on the effect of frequency, power factor, 
polyphase versus single phase, and a-c 
versus d-c testing, and it was believed that a 
clear statement embodying our present 
knowledge on each was desirable. 
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Gibson has made several thought-provok- 
ing comments, which indicate the thorough- 
ness with which these questions have been 
considered in England. It is significant 
that certain conclusions reached there on 
test severity, dictated by a careful analysis 
of test data, and which agree so closely with 
our analysis and experience, probably will 
be included in the British Standard speci- 
fications. 

He inquires as to the constancy of the 
coefficient Fm in equation 7, part II. A 
progressive decrease in this coefficient with 
increasing element diameter has been found 
empirically. For a 200-ampere fuse (em- 
ploying large-diameter elements), the value 
of the coefficient is 0.0188, that is, 12 per 
cent below its value of 0.021 for low current 
ratings employing small-diameter elements 
(the element metal being silver). The value 
0.021 is also that calculated on the basis of 
a heat input sufficient to raise the tempera- 
ture of the silver to its melting point, and to 
convert it to a liquid at that temperature, 
no heat being lost. The decrease in Fy 


suggests a mechanism initially resembling 
skin effect, with current concentrating in the 
outer portions of the element cross section. 
It is shown in the following text that such a 
nonuniform current density alone can 
shorten the melting time and imake Fy, 
appear smaller. There also may be a local 
shattering effeét, as the current transfers to 
the lower-resistance colder core of the 
element after the outer portion has been 
converted to liquid only partially. 

It is not believed that this effect is caused 
by a variation in current density, as current 
density itself is a function of the total ele- 
ment cross section, although we do note a 
similar trend in average current density 
accompanying the phenomenon. A plaus- 
ible explanation of this phenomenon lies in 
the following analysis. : 

If m similar conductors in parallel divide a 
given current equally and all fuse simul- 
taneously, the total if is given by the rela- 
tion 


Dt= Fnd'n* 


where Fy, is a constant (0.021 for silver) and 
d the wire diameter in mils. It is a signifi- 
cant fact, however, that should this current 
be allowed to fuse one conductor at a time 
in a continuous process until all 7 conduc- 
tors are blown, the above relation then 
would be replaced with 


D17t = F,d*n 


Here the 1 is not squared. Now consider 
the n similar conductors in parallel within 
the fuse to be divided into two random 
parts, rand g, such that (r + gq) =”. Now 
should r and gq be fused in sequence, it 
follows that 


Dit = F,,d*(r?+q?) 
or 
Dit = Fy,d4(n? —2rq) 


Weare interested now in the per unit reduc- 
tion in Fi, as expressed by the ratio 


n? —2r 
Fal : ‘) 
nN 


It is this fraction that we describe as an 
apparent reduction in Fy. For example, 
when is 48 and we allow 7 to be progres- 
sively 0, 1, 2, 3, 4, .... and so on, the pre- 
ceding fraction becomes 1.0, 0.96, 0.92, 
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0.883, 0.848, ... and so on. Accordingly, 
the new Ff, would take on apparent values 
of 0.0210, 0.0201, 0.0193, 0.0185, 0.0178, ... 
and so on. 

This process within a fuse can be viewed 
as two separate phenomena, both of which 
we believe play a part in the observed reduc- 
tion of Fp. The first may be that 
assumed previously, namely, the nonsimul- 
taneous melting of the fuse wires. This is 
evidenced by the fact that Fi, is observed to 
decrease as 7 increases. The second is skin 
effect in each and every conductor. The 
preceding numerical results would be dupli- 
cated if we considered each wire to be di- 
vided into 48 rings of equal area. If the 
outside 3 rings were assumed to fuse first, 
followed by the fusing of the inner 45 rings, 
then F,, would become the 0.0185 men- 
tioned before. The actual skin effect phe- 
nomenon is, of course, not as discontinuous 
as suggested here, but a smooth variation 
which is only approximated in this analysis. 
That skin effect may play a part in the re- 
duction of Fj, is evidenced by the fact that 
Fn, decreases as the wire diameter increases, 
wire diameter also increasing as increases 
in practical fuse designs. 

We agree with Gibson’s conclusions con- 
cerning the expected performance of any 
powder-filled fuse which attempted to 
operate on the steep left-hand side of the 
energy characteristics of Figure 5, part IT. 
As indicated in Figure 4 preceding, there is 
little current-limiting action in this region, 
and current zeros occur when the initial 
recovery voltage e2 is near the peak of the 
generated voltage. In general, interrupters 
which operate in this region must be 
equipped to insulate the are gap efficiently 
in order to cope with these peak recovery 
voltages: and their attendant rates of rise. 
The short arc gap of a powder-filled fuse, 
which would be necessary to develop the 
low arc voltage, would be unable, we believe, 
to prevent the continued re-establishment of 
current. Fuses which utilize this energy to 
generate gases of high dielectric strength 
(expulsion fuses) can and do operate in this 
region, as indicated in Figure 4, part IT. 
Such fuses are characteristically sensitive to 
the rate of rise of the recovery voltage. 

The heating curves of Figure 8, part II, as 
Gibson points out, do not extend low enough 
to be useful for fuses of low current ratings, 
or for moderate current ratings at high 
values of short-circuit current. Accord- 
ingly, the curves of Figure 1 are included in 
this closure. These curves are a plot of the 
approximate equation 22 of part II and are 
expressed in radians instead of degrees. 
The upper portions of the curves of Figure 1 
are corrected by about one per cent to align 
with the lower portions of the curves of 
Figure 8 of part II, which in turn are a plot 
of the exact equation 5 of part II. In this 
manner much of the error of the approximate 
equation 22 is eliminated in the curves. 

In compliance with the last paragraph of 
Gibson’s discussion, we submit Figure 2 in 
this closure which describes the effect of arc 
voltage magnitude upon the characteristics 
shown in Figure 10, part II. Retaining a 
rectangular arc voltage and holding the 
closing angle fixed at 60 degrees, equations 3, 
5, and 6, together with the heating function 
curves of Figure 8, part II, and Figure 1 of 
this closure, were employed to compute the 
characteristic curves of Figure 2. As the 
arc voltage is decreased from 1.2 times the 
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generated voltage crest, the arc energy 
rises. The peak liberated energy for a 
rectangular are voltage equal to the crest 
of the generated voltage (eg = 1.0) is 
slightly more than double the peak energy 
for an arc voltage crest of 1.2 times the 
generated crest (eg=1.2), and occurs at a 
current about 10 times as high as the peak 
energy current for the higher arc voltage. 

This trend makes it imperative for the 
fuse designer to observe closely the charac- 
teristic arc voltage of his fuse in order to 
determine more accurately the current and 
closing angle which will produce the peak 
arc energy. His problems are complicated 
further if the arc voltage magnitude changes 
appreciably as the fault current is increased. 
The limited information given in Figure 10, 
part II, and Figure 2 of this closure should 
be considered only as sample characteristics, 
and do not express all the characteristics re- 
quired to formulate a complete specification 
for the testing of fuses. 

As the rectangular arc voltage decreases 
below the crest of the generated voltage, the 
are energy increases rapidly as indicated in 
Figure 2 of this closure. Moreover, for arc 
voltages in this region the arc energy in- 
creases continuously with the megavolt- 
amperes (except for a very few cases having 
low closing angles and are voltages in the 
region €¢g=0.96 to 1.0). It follows that any 
fuse which progressively produces lower arc 
voltages as the rate of rise of fault current is 
increased eventually will experience an up- 
turn in arc energy as the megavolt-amperes 
are increased further. This will lead to 
eventual failure and hence dictate the ulti- 
mate interrupting capacity of the fuse. 
Such a trend is indicated in Figure 3 of this 
closure, discussed in the following text. The 
performance of the fuse at extremely high 
currents also is influenced considerably by 
the rate of rise of the arc voltage, a slow rate 
of rise augmenting the increase in arc energy. 

Applications in circuits of various fre- 
quencies have demonstrated easier per- 
formance in the higher frequency circuits 
(reference 11 of part I). We have no ex- 
perience with this fuse in circuits of very 
high frequencies (above 400 cycles), so are 
unable to answer Gibson’s question on this 
point. We recommend that adequate tests 
be made to confirm any analytical predic- 
tion in this high frequency region. 

Gibson suggests that a high rate of rise of 
fault current may induce breaking of the 
fuse tube. In our experience, the rate of 
rise of fault current affects only the melting 
time and the peak current, any tendency to 
break the fuse tube arising from energy 
associated with the are current and voltage. 
We believe a more plausible explanation of 
the tendency for tubes to break at high fault 
currents is an inherent lowering of the are 
voltage in a given fuse design as the fault 
current is increased. An examination of 
Figure 2 of this closure will reveal how a 
small decrease in the effective arc voltage 
will increase the are energy considerably, 
especially for heavy currents. This effect 
was pointed out previously together with the 
teridency for the rate of rise of each arc 
voltage to be slower for high fault currents, 
which also tends to increase the are ehergy. 
These two effects, both of which accompany 
high fault currents and give rise to increased 
energy, provide a rational explanation which 
merits further empirical study. 

The arc energy can be recorded readily by 
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use of an oscillograph watt element. Such 
records taken of five similar fuse samples 
tested at various available currents are 
shown in Figure 3 of this closure. The 
energy represented by the ‘unshaded areas 
decreases with increasing available current 
beyond a maximum at 2,000 amperes, as 
would be expected from the trend of the 
curves of Figure 10, part II, which are on the 
basis that arc voltage is constant and essen- 
tially flat-topped. That it diminishes is 
indicated by the secondary energy areas 
(shaded). The resulting total energy thus 
increases at very high available currents as 
suggested in Figure 2 of this closure. The 
graphical study of this phenomenon (Figures 
3 and 7 of part II) reveals the mechanism by 
which the double-humped energy curves are 
created as the arc voltage falls below the 
generated crest. 


Factors Affecting Insulation 
Resistance of Large 


D-C Machines 


Discussion and authors’ closure of paper 
46-157 by J. S. Johnson and Conrad Weil, 
presented at the AIEE summer convention, 
Detroit, Mich., June 24-28, 1946, and pub- 
lished in AIEE TRANSACTIONS, 1946, 
November section, pages 705-10. 


R. W. Wieseman (General Electric Com- 
pany, Schenectady, N. Y.): In the paper 
which Johnson and Weil presented at the 
summer convention, Figure 1 showed a 
comparison of the authors’ linear approxi- 
mation of the slot area of d-c machines 


Ls horsepower 
> revolutions per minute 
and the slot area formula 


kilowatts’/ 
“ revolutions per minute’/? 


given in reference 1 of this discussion. 
In this figure the authors’ value of the ap- 
proximate slot area varied as much as one- 
eighth to two times the actual value, 
whereas mine varied as much as one-eighth 
to eight times the actual value. In my dis- 
cussion of this paper at Detroit it was pointed 
out that in our study of this problem we 
have not found a single d-c machine whose 
slot area computed from 


kilowatts'/2 
“ revolutions per minute’/2 


deviated so much from the actual area as 
the original Figure 1 of the paper indicated. 
Instead of one-eighth to eight times the 
actual value it was only about one-half to 
11/,. 

Figure 1 of the paper has been revised so 
that the authors’ approximate value of the 
slot area varies as much as 0.2 to 3.8 times 
the actual value, whereas mine varies as 
much as 0.2 to 4.5 times the actual value., 

The ratio of the computed to the actual 
slot area of a large number of d-c machines 
(up to 6,000 kw) arranged on a linear scale 
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in increasing order is shown in Figure 1 of 
this discussion. The full line curve 


kilowatts’/s 
Qa : 
revolutions per minute’/2 


varies from 0.6 to 1.45 times the actual 
value. The dotted curve 


horsepower 
1,500 : ; 
revolutions per minute 


varies from 0.6 to 4.24 times the actual 
value, and this variation is nearly the 
same as that in the authors’ Figure 1. 

With a ratio of the computed to the 
actual slot area as much as 0.2 to 3.8, 
the authors’ simplified formula will indicate 
an insulation resistance of some machines 
of 5 to 0.26 of the actual resistance. The 
authors -apparently recognized this by 
advocating a minimum insulation resistance 
of two megohms when their calculated value 
falls below two megohms. A single mini- 
mum value of two megohms for all large 
machines is open to question. For a new 
machine I think it is too low. 

In deriving an approximate formula for 
the insulation resistance of d-c machines, 
Johnson and Weil assumed that a number 
of quantities and ratios are constant. 
These assumptions and their variations 
are listed in Table I. 

Although the authors’ approximate 
formula based on the forementioned as- 
sumptions contains coefficients which were 
obtained from actual machines, it neverthe- 
less will vary from five to one-fourth of the 
actual value. Thus I conclude that an ex- 
pression for the insulation resistance of d-c 
machines based on the authors’ simplified 
formula for slot area will not reflect the 
true proportions of some machines. 
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H. C. Marcroft (Pennsylvania Water and 
Power Company, Baltimore, Md.): This 
paper by Johnson and Weil is a timely 
contribution to the subject of electric 
machine resistance measurement, adding 
new facts concerning d-c machine insulation 
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resistance to the information and test 
procedures already being used effectively 
for testing insulation of a-c machines. 

The work done on a-c machines in trying 
to bring some order out of the mass of 
seemingly umrelated resistance readings 
demonstrated the need for consideration of 
absorbed moisture in the windings. To 
study the other variables the humidity 
problem was minimized by the practice of 
taking resistance measurements only on 
warm machines when they were shut down 
following a load period, because it was 
found that there was little meaning to re- 
sistance measurements taken on cold ma- 
chines which had been absorbing moisture. 
This is of course of no value to the motor 
manufacturer. 

The authors have seized a fine oppor- 
tunity for evaluating humidity effects by 
their use of the many identical new ma- 
chines coming from the production line. 
Humidity as well as temperature is a test 
variable which the authors have done well 
in emphasizing again, and it is hoped that 
the correction factors which have been 
applied so well to new machines may be 
adapted to machines in service also. , 

Moisture in insulation may be detected 
also by the dielectric absorption method 
using the ratio of resistance at 10-minutes 
time to the resistance at 1-minute time as 
the relative measure of moisture absorbed. 
This procedure does not establish any mini- 
mum value of resistance but evaluates the 
insulation in terms of polarization index. 
Values of polarization index have been 
established for large a-c machines, but it 
remains for this to be done for d-c machines. 
Experience shows that these values will be 
lower for d-c machines because of the 
greater number of creepage paths and less 
volume of insulation in these machines. 

The linear formula for minimum re- 
sistance before proof voltage tests, which 
Johnson and Weil have suggested, is a 
definite contribution to the electric ma- 
chine industry. 


Caspar Goffman (Westinghouse Electric 
Corporation, East Pittsburgh, Pa.): I 
would like to comment, from a statistical 
point of view, on the validity of the re- 
sistivity corrections made in this paper. 

The correction formulas used by the 
authors may be compared with formulas 
obtained by the method of least squares. 
I have made such comparisons, and in each 
case the corrections made by the authors 
compare favorably with corrections made 
using the more technical method. | 

For example, consider the reduction of 
resistivity to vapor pressures of 0.1 inch 


4 


months prior to test. 
in the paper is given by 


p=cp, p27} (1) 


where 


The equation used 


p is the resistivity 

pi and p2 are vapor pressures at two months 
prior to test and at the time of test, 
respectively 

c is a constant 


The best linear fit and the best power 
law fits to the data are, respectively, 


p= —5.2p:—-4.4p.+-4.67 (2) 


p =0.104p,~ 9-748 p,- 1-07 (3) 


Equation 1 is a much closer fit to the 
data than equation 2 and is very nearly as 
good a fit as equation 3, the difference 
between equation 1 and equation 3 being 
well within usual limits of chance variation. 
In view of the fact that equation 1 is simple 
and that its difference with equation 3 
may be attributed to change, it seems to 
be preferable to equation 3. 

The justification of using any corrections 
at all lies in the fact that the standard 
deviation of corrected resistivities is about 
one-fourth of the standard deviation of 
corrected resistivities. 


J. S. Johnson and Conrad Weil: The 
authors wish to point out a correction 
to Figure 1 of the paper as originally 
submitted. The curve on this figure show- 
ing the comparison of the correlation of the 
Wieseman size correction originally showed 
a one-eighth to eight extreme variation 
for the central 99 per cent of the machines 
checked. This value should be one-third 
to three. 

Based on this corrected data as now 
shown in Figure 1, Wieseman’s size correc- 
tion shows approximately the same vari- 
ability as the size correction derived by the 
authors. It should be pointed out that the 
authors’ linear approximation compares 
favorably with both Wieseman’s and the 
authors’ theoretical corrections. The linear 
correction definitely has the advantage of 
simplicity. 

The discrepancy ie the authors’ 
linear correction and the Wieseman size 
correction as shown in the curve of Wiese- 
man’s discussion could be explained by the 
choice of ratings used in checking the 
formula. Wieseman does not state how 
many machines were involved in his com- 
parison nor the range in speed and horse- 
power of the designs checked. The authors’ 


of mercury at the time of test and two comparison included 200 representative 
Table | 
Assumption Variation 
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designs in the range of 100 to 7,000 horse- 
power. In the 100- to 1,000-horsepower 
range, low, medium, and high speed ma- 
chines were checked for each standard 
frame size. In the 1,000- to 7,000-horse- 
power range, machines on which actual 
insulation resistance data were available 
were used for checking machine size cor- 
rections. The largest machines checked 
were 7,000-horsepower 35-rpm designs. 
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The paper points out that physical size 
of the machine is only one of a number of 
factors which affect machine insulation 
resistance. Our experience has been that 
ambient humidity conditions exercise an 
important influence on commutator type 
machines. The discussion of °Marcroft 
also makes this point. 

Marcroft mentions the use of the ratio 
of insulation resistance as measured after 
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ten and one minutes of voltage application 
as a relative measure of moisture content. 
The authors have made similar checks on 
large a-c machines and agree with Mar- 
croft’s views on the subject. Similar 
checks have not been made on d-c machines. 
The effect of the large exposed creepage 
areas on the dielectric absorption charac- 
teristics in general is such as to reduce this 
ratio. 
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Report of the Board of Directors 


HE BOARD OF DIRECTORS of the 

American Institute of Electrical Engi- 
neers presents herewith to the membership 
its 62nd annual report, for the fiscal year 
ending April 30, 1946. Itincludes a general 
balance sheet and other statements, show- 
ing the financial condition of the Institute 
at the close of the fiscal year, and a brief 
summary of the principal activities of the 
Institute during the year, more detailed 
information having been published from 
month to month in Electrical Engineering. 


BOARD OF DIRECTORS’ MEETING 


Five meetings of the board of directors 
were held during the year, four in New 
York, N. Y., and one in Cleveland, Ohio. 
Four meetings of the executive committee 
were held. 

Information regarding many of the more 
important activities of the Institute which 
have been under consideration by the board 
of directors and AIEE committees is pub- 
lished each month in the section of Electrical 
Engineering devoted to Institute activities. 


PLACES VISITED BY PRESIDENT WICKENDEN 
California 
Los Angeles Section; San Diego Section 


San Francisco Section 
University of California Branch, Berkeley 


Canada 
Montreal Section; Toronto Section 
Vancouver Section 


Colorado 
Denver Section 
University of Colorado Branch, Boulder 


Connecticut 
Connecticut Section, New Haven 
University of Connecticut Branch, Storrs 


District of Columbia 

Wasbington Section 

Florida 

Florida Section, Miami 

University of Florida Branch, Gainesville 


Georgia 
Georgia Section, Atlanta , 


Idaho 

University of Idaho Branch, Moscow 

Illinois 

Chicago Section; Illinois Valley Section, Peoria 
Indiana 


Central Indiana Section, Indianapolis 
Fort Wayne Section 


Massachusetts 

Joint meeting in Boston of Boston, Lynn, Providence, 
and Worcester Sections 

Northeastern University Branch, Boston 

Pittsfield Section; Springfield Section 


Michigan 


Michigan Section, Detroit 
Summer Convention, Detroit 


Missouri 
Kansas City Section 
St. Louis Section 


New York ‘ 

New York Section, Nutley, N. J. 

North Eastern District Meeting, Buffalo 
Winter Convention, New York 


North Carolina 

North Carolina Section, Raleigh 
Southern District Meeting, Asheville 
Ohio 

Cincinnati Section; Cleveland Section 
Dayton Section 
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Oregon 
Portland Section 


Pennsylvania 
Philadelphia Section 
Pittsburgh Section 


South Carolina 
South Carolina Section, Columbia 


Texas 
South West District Meeting, San Antonio 


Utah 

Utah Section, Salt Lake City 
Virginia 

Virginia Section, Richmond 
Washington 

Seattle Section 


Spokane Section 
State College of Washington Branch, Pullman 


ANNUAL MEETING 


On account of the cancellation of the 
regular summer convention, the annual 
meeting of the AIEE was held in the Engi- 
neering Societies Building, New York, June 
27, 1945. The annual report of the board 
of directors for the fiscal year which ended 
April 30, 1945, was presented in abstract 
by the secretary, and the treasurer’s re- 
port was presented by W. I. Slichter. Re- 
ports of the committee of tellers on votes 
for officers for the year to begin on August 
1, 1945, and for the proposed amendments 
to the constitution were presented. 

President-Elect Wickenden responded to 
his introduction with a brief address. 
Awards of Institute prizes were reported 
and presentations made to the winners. 
The election of Doctor C. E. Skinner as an 
honorary member was announced. The 
Lamme Medal was presented to Doctor S. 
H. Mortensen. The meeting was concluded 
with a brief review of Institute activities 
during the year by C. A. Powel, president. 


WINTER CONVENTION 


The 34th winter convention was held in 
New York, January 21-25, 1946, with a 
registration of 2,624, an all-time record. 
The program included 17 technical ses- 
sions, 8 conferences, and 3 symposiums, at 
which 78 technical and 24 conference pa- 
pers were presented, a conference on Insti- 
tute activities, a general session, and a joint 
evening session with the Institute of Radio 
Engineers. Other events were a dinner- 
dance; smoker; women’s luncheon, bridge, 
and fashion show; and inspection trips. 

In the general session, the Edison Medal 
was presented to Philip Sporn, executive 
vice-president, American Gas and Electric 
Service Corporation, New York, and an 
address on “Development of Atomic 
Energy” was delivered by Doctor J. R. 
Dunning, director of the division of war re- 
search, Columbia University, New York, 


and technical adviser, The Kellex Corpora- , 


tion. 

The joint session with the IRE on 
Wednesday evening was devoted to the pres- 
entation of the Hoover Medal to Doctor 
W. H. Harrison, vice-president, American 
Telephone and Telegraph Company, New 
York, and an address on “‘Some Electrical 
Engineering and General Aspects of the 
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Atomic Bomb Project” by Major General 
Leslie R. Groves. 


DISTRICT MEETINGS 


South West District Meeting. This 
meeting was held in San Antonio, Tex., 
April 16-18, 1946, with a registration of 
366. The principal sessions included 5 
technical, one on electrical problems in 
Mexico, one general, one for student pa- 
pers, and one for a general discussion of 
Institute activities. Other events were a 
banquet, smoker, inspection trip to Ran- 
dolph Field, luncheon meeting of the Dis- 
trict executive committee, and luncheon 
meeting of the Student Branch counselors. 


North Eastern District Meeting. Held 
in Buffalo, N. Y., April 24-26, 1946, this 
meeting had been postponed, on account of 
wartime travel congestion, from the spring 
of 1945. The registration was about 400. 
The chief activities were 8 technical ses- 
sions, a conference on quality control, a 
general luncheon, a banquet, a dinner and 
smoker, a student technical session, a Dis- 
trict executive committee luncheon, a 
Branch counselors’ and chairmen’s lunch- 
eon, inspection trips, a women’s luncheon, 
and a visit to Niagara Falls and dinner for 
women. 


COMMITTEE ON COLLECTIVE BARGAINING 
AND RELATED MATTERS 

The committee’s tentative report was 
published in the July 1945 issue of Electrical 
Engineering, and this report was given pub- 
licity by several of the other engineering 
societies by publication, or by mailings, to 
members. Also, in December 1945, the 
AIEE Sections committee mailed copies of 
the report to all AIEE Section chairmen 
suggesting discussions of it at Section meet- 
ings. The chairman and the secretary of 
the committee on collective bargaining and 
related matters have talked on this subject 
at several AIEE Section meetings. In all 
of these efforts at giving publicity to the 
tentative report, members have been urged 
to read the report and to send in comments 
and criticisms. To date less than 50 such 
comments have been received by the com- 
mittee. 

The interest in the subject, particularly 
on the part of younger engineers, continues 
at high level, but manifests itself in the form 
of inquiries pertaining to specific cases of 
attempts to place engineers in bargaining 
groups not of their own choosing, rather 
than in comments on the committee’s tenta- 
tive report. 

The preparation of a manual on the sub- 
ject of collective bargaining, as it relates to 
professional employees, has been followed 
actively by the committee and its consult- 
ant, Doctor Waldo Fisher, during the past 
year. Several chapters have been written 
and have been reviewed by the committee. 
To carry out this work, two two-day meet- 
ings of the committee with its consultant 
were held, one in September 1945 and the 
other in January 1946. Another such two- 
day meeting is scheduled for May or June 
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1946. It is expected that the drafting of 
the manual will be completed during the 
fall of 1946. 

The AIEE committee on collective bar- 
gaining and related matters is collaborating 
with the committee on collective bargaining 
under the committee on the economic 
status of the engineer (Engineers Joint 
Council), and it is expected that the final 
wording and arrangement of the manual 
will have the approval of the committee on 
the economic status of the engineer. Such 
approval, it is hoped, will lead to joint 
publication of the manual by the several 
engineering societies participating in the 
work of the committee on the economic 
status of the engineer. 

The committee has under consideration 
the mailing of a questionnaire to all mem- 
bers to obtain their views on the matter of 
collective bargaining by professional em- 
ployees, and on federal legislation affecting 
such collective bargaining. The committee 
is hopeful that such a questionnaire might 
be handled through the committee on the 
economic status of the engineer, and go to 
the combined membership of the engineer- 
ing societies participating in the work of the 
latter committee. 


COMMITTEE ON REGISTRATION OF 
ENGINEERS 


On August 28, 1945, the conference com- 
mittee on Model Law met to consider re- 
visions of definitions. A report on the ac- 
tions of the meeting was published in 
Electrical Engineering for May 1946, in con- 
nection with the complete text of the Model 
Law. 

This revision was discussed by the 
American Society of Civil Engineers’ com- 
mittee on registration of engineers at its 
meeting in January 1945, at which time the 
revision of the second paragraph of Section 
13 was recommended as quoted. 

The AIEE was invited to endorse the new 
draft. At the January 25th meeting of the 
AIEE board of directors, the following reso- 
lution was presented and adopted. 


RESOLVED, that the AIEE recognizes the registra- 
tion of engineers as a continuing practice and the 
Model Law for the registration of professional engi- 
neers and land surveyors, as adopted in 1943 and 
amended in 1945, as the widely accepted basis of its 
administration, and that the Institute endorses these 
procedures as well established. 


In view of this more positive action and 
changed position of AIEE, it was recom- 
mended that a new standing committee be 
appointed replacing the present committee 
on registration of engineers and that it have 
a scope of responsibility covering , matters 
related to registration, to be reported at a 
subsequent meeting. (This recommenda- 
tion was adopted.) The drafting of scope 
was referred to the committee on planning 
and co-ordination. 

Notification of AIEE endorsement has 
been sent to the ASCE sponsors of the 
Model Law and to the conference commit- 
tee of the various societies. 

The present Model Law is the result of 
compromise and is subject to revisions when 
needed and’ proposed by the conference 
committee for endorsement by constituent 
societies. In order for the new standing 
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committee to be thoroughly representative 
of AIEE thought, it will be necessary for 
Sections to follow developments in their 
localities and inform the standing commit- 
tee of local conditions and the considered 
reactions of their members, together with 
suggestions for desired alterations in Model 
Law. 


General Committees 


SECTIONS COMMITTEE 


7. Section Programs. The Sections 
generally have been following a program of 
expanding their activities to meet the in- 
creased scope and growing demands of the 
electrical industry and to provide for the 
diversification of interest of the Section 
members. With the end of the war, it has 
been possible to give increased attention to 
student activities, social activities, more 
fellowship at meetings, inspection trips, and 
the broader subject of civic responsibilities 
of engineers. During the past year, Section 
officers have been generally more conscious 
of the importance of balanced Section 
operation, which provides activities to re- 
tain the older members as well as attract 
new members. In giving more time to 
creative work and the co-ordination of the 
activities of their Sections, many Chairmen 
have followed the suggestion of delegating 
to committees much of the operating work 
of running the Section. The increase in 
operating committees in the Section has 
resulted in more members working actively 
for the Section, which in turn has created 
additional interest. 


2. Sections Committee Organization. Be- 
cause of the volume of the Sections com- 
mittee work, the committee again was 
organized at the beginning of the year into 
two groups. The planning group, consist- 
ing of six members, initiates and develops 
all plans of the committee. The promo- 
tional group consists of ten members lo- 
cated geographically on a District basis, 
making it possible to handle much of the 
promotional work individually with the 
Sections. Most of the material used by the 
promotional group is sent to each member, 
who in turn supplements it with his per- 
sonal knowledge of local conditions, before 
contacting the Sections in his District. 
Close contact is maintained between the 
promotional group member and the vice- 
president of the District. 


3. Conferences on Section Operation and 
Management Held in Connection With District 
Meetings. Due to the cancellation of the 
summer technical meeting in 1945, the 
usual delegates meetings were not held. A 
program for conferences on Section opera- 
tion and management was developed by the 
Sections committee to be held at the indi- 
vidual District meetings early in the fall of 
that year. These meetings were presided 
over by the vice-president of each District. 
A detailed outline of the suggested con- 
ference was prepared by the Sections com- 
mittee for the information and guidance of 
the vice-presidents. No conference was 
held in District 3—New York, and_ District 
10—Canada. The Sections of the Cana- 
dian District divided their attendance be- 
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tween. the meetings held in District 1 and 
District 9. These meetings were very 
successful as a substitute program for the 
regular delegates meetings and provided 
the Section officers with much information, 
enthusiasm, and inspiration for the conduct 
of the affairs of the Sections. The promo- 
tional group representatives of the Sections 
committee received special travel allowance 
to attend their respective meetings in each 
District. 

These meetings were so well received by 
Section officers that the Section representa- 
tives recommended, at the Sections com- 
mittee meeting in New York, January 22, 
1946, that these District conferences on 
Section operation and management be con- 
tinued as a supplement to the regular dele- 
gates mectings, which will be held at the 
summer convention. 


4. Technical Groups. The develop- 
ment of technical groups is a very impor- 
tant part of the plan to retain the diversified 
interest of the older members as well as 
attract new members. The Sections com- 
mittee sent a copy of the folder “Technical 
Groups” to each Section chairman at the 
beginning of the year and, through its pro- 
motional group, has been making individual 
contacts with those Sections where there is a 
possibility of the successful operation of 
these technical groups. The promotional 
group also has been supplying individual 
Sections with reports of examples of suc- 
cessful operation of these technical groups. 
The value of such groups operated within 
the Section is becoming more generally 
recognized throughout the country. There 
were 51 groups in active operation at the 
end of the 1944-45 operating year. Re- 
ports received from the Sections indicate 
23 new technical groups have been formed 
to date this year. Many other groups are 
in process of being formed. The Sections 
have been asked to explore thoroughly 
their area to make certain that they 
have the entire field of electrical engi- 
neering covered by suitable technical 
groups. 


5. Subsections. Subsection operation 
is a valuable means of accomplishing the 
important objective of the Institute, by 
providing additional meeting places at 
which papers on electrical engineering sub- 
jects may be presented and discussed. 
With all the territory in the continental 
United States allocated to the Sections, the 
next logical step forward in the develop- 
ment of Section activities was to form Sub- 
sections or additional centers of electrical 
engineering influence. Many opportuni- 
ties exist for members in the remote areas 
of a Section territory to participate in Sec- 
tion activities through the development of 
Subsections in these area. A copy of the 
folder “‘Subsections” was sent to each Sec- 
tion chairman at the beginning of the year, 
and the promotional group of the Sections 
committee has encouraged the Sections to 
consider the opportunities which exist for 
the formation of additional Subsections. 
Examples of successful operation of Sub- 
sections were sent to the individual Sec- 
tions by the promotional group. Sub- 
section operation is becoming more popu- 
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lar each year as its advantages are more 
widely recognized. Ten additional Sub- 
sections have started operation during the 
year, and there are now 25 Subsections in 
active operation. Many additional loca- 
tions for Subsections are being considered 
by the Sections. 


6. Local Councils of Engineering and 
Technical Socteties. Participation of AIEE 
Sections in the work of the local council in 
their community provides a means by 
which the Section members can engage in 
civic, legislative, and other similar broad 
activities. of the engineering profession 
without the necessity of joining additional 
societies. Interest in these local councils 
during the past year has been very great 
throughout the country. There are now 43 
councils in active operation, about half of 
which have been formed since 1940. Sev- 
éral additional councils are in process of 
being formed.'! In most cases not only the 
local AIEE Section has been very active in 
forming these councils, but also the mem- 
bers of the local AIEE Sections have been 
very active in the work of these councils. 
This activity has been encouraged during 
the past year by the Sections committee. 
On February 8, 1946, a letter was sent to all 
Section chairmen on the subject of these 
local councils. The promotional group has 
distributed to the Sections examples of the 
successful operation and organization of 
these local councils in various parts of the 
country. This Sections committee activity 
was designed to encourage AIEE Sections 
to become active in the formation of local 
councils in their areas where these councils 
do not exist and to encourage the Sections 
to become more active in local councils 
now in operation. 

The Institute has representatives on a 
committee of the Engineers Joint Council 
for the organization of the engineering pro- 
fession. This committee has approved for 
distribution to the local sections of the 
various societies, a report on the organiza- 
tion of local councils which closely parallels 
the information previously sent out by the 
Sections committee. The Sections of the 
co-operating societies have been requested 
to furnish certain information concerning 
local councils now in operation. This in- 
formation is to be used by the committee 
to develop plans for regional and national 
organizations for the engineering profes- 
sion. 


7. Section Finance. In co-operation 
with the finance committee of the Institute, 
plans were formulated to provide for certain 
increases in appropriations to those Sec- 
tions operating Subsections and technical 
groups. ‘The plan for these additional ap- 
propriations was approved in principle by 
the executive committee of the Board of 
Directors and referred to the finance com- 
mittee. The proposed increases will cover 
the cost of the expanded activities of the 
Sections, and it is hoped that final approval 
will be obtained to place them in effect for 
the 1946-47 operating year. 


8. Student Activities. In co-operation 
with the committee on Student Branches, 
the Sections committee has developed a 
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plan of co-operation between the AIEE 
Sections and the Student Branches. This 


plan was distributed simultaneously on ' 


April 1, 1946, to the officers of each Section 
and Branch, Student Branch counselors, 
vice-presidents and District secretaries. 
Under postwar conditions, the Student 
Branches are resuming normal activities. 
It is essential that the AIEE Student 
Branches develop, as early as possible, the 
interest of those students who select elec- 
trical engineering. The Sections can assist 
materially in this important activity. Such 
help from the Sections gains increased im- 
portance now because of the maturity of 
those returning to electrical engineering 
studies after service in the Armed Forces. 


9. Educational Courses. In co-opera- 
tion with the committee on education, the 
Sections committee released a letter to all 
Sections calling attention to the opportuni- 
ties for additional Sections of the Institute 
to perform a worth-while service by offer- 
ing educational courses to their members 
and others. The letter explains how these 
courses are conducted and lists several 
suggestions on possible courses which could 
be offered at the beginning of the 1946-47 
operating year. 


10. Changes in Section Territory. The 
following changes in Section territory were 
made during the year: 

The Mexico Section was transferred from 
District 3 to District 7. This transfer was 
made with the approval of the vice-presi- 
dents of the two Districts concerned. The 
negotiations for. the approval of the Mexico 
Section were handled by the Sections com- 
mittee. This transfer places the Mexico 
Section in direct contact with the adjoining 
territory, which has resulted in increased 
interest of the Mexico Section in the affairs 
of the Institute. 

The formation of the Illinois Valley 
Section was approved by the Board of 
Directors at its meeting on May 29, 1945. 
The territory of this Section comprises 22 
counties in the State of Illinois, which were 
previously a part of the Urbana Section. 
This new Section was formed with the ap- 
proval of the Urbana Section and the vice- 
president of District 5. 

The formation of the Beaumont Section 
was approved by the Board of Directors on 
June 27. This Section comprises 13 coun- 
ties in the State of Texas, which were for- 
merly the territory of the Houston Section. 
This new Section was formed with the ap- 
proval of the Houston Section and the vice- 
president of District 7. 


77. Annual Report of Section Chairmen. 
An annual report of Section chairmen was 
prepared by the Sections committee and 
distributed to all Sections at the close of the 
1943-44 operating year and the 1944-45 
operating year. This report provides a 
simple analysis of major activities and the 
organization of all Sections and contains 
much information of value to new Section 
officers in laying out their Section program 
for the year. This report also is sent to all 
vice-presidents, District secretaries, and the 
chairmen of all national committees. Due 
to the wide acceptance of this report, it is 
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planned to continue this feature at the close 
of the present operating year. 


12. Section Operating Committees. On 
November 28, 1945, a letter was sent to all 
Sections suggesting the formation of addi- 
tional Section operating committees in 
order to handle properly the increased ac- 
tivity within the Sections. The annual re- 
port of Section chairmen showed 348 com- 


' mittees reported for 1943-44, as compared 


with 410 committees reported for 1944-45. 
A list of suggested committees was given in 
this letter to the Sections. It was pointed 
out that spreading the work of the Section 
by the use of additional committees pro- 
vides an opportunity for more members to 
participate actively in the work of the Sec- 
tion. 


73. Section News Items for Electrical Engt- 
neering. A letter has been released to all 
Sections requesting news items for publica- 
tion in Electrical Engineering and again re- 
questing articles on subjects presented at 
Section meetings for possible publication in 
the general interest section of Electrical 
Engineering. ‘This activity has the approval 
of the publication committee and was pre- 
pared with the co-operation of the editor of 
Electrical Engineering. 


74. Co-operation With Other National 
Committees. In addition to close co- 
operation with the vice-presidents, certain 
features of the Sections committee program 
were co-ordinated with the Institute finance 
committee, membership committee, com- 
mittee on Student Branches, and the com- 
mittee on education. 

Each of the Institute technical commit- 
tees also was approached in an effort to ob- 
tain the co-operation of these committees 
in the development and operation of tech- 
nical groups within the Sections. Several 
technical committees have participated 
actively in this program during the year, 
and it is believed that this work will serve 
as a pattern in the future for greater co- 
operation within the Institute. 


75. Delegates Meetings at Summer Con- 
vention. The Sections committee has 
prepared a comprehensive program for the 
Institute officers, Section delegates, and 
members at the summer convention at 
Detroit. Three parallel conferences on 
Section operation and management will be 
conducted on June 24th, with the delegates , 
divided into groups representing the larger, 
intermediate, and smaller Sections. The 
conference of officers, delegates, and mem- 
bers will be held on June 25th. On June 
26th a conference on Section activities in 
connection with local councils of engineer- 
ing and technical societies will be held, and 
on June 27th a conference on Section— 
Branch co-operation is scheduled as a joint 
activity of the Sections committee and the 
committee on Student Branches. 


16. Committee Meetings. Due to the 
nature of the Sections committee work, the 
activities of the committee were carried 
on by means of correspondence. One 
meeting was held by the committee on 
January 22, 1946, in New York during the 
winter convention, with an attendance of 
51. At this meeting the entire Sections 
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Table I. Section and Branch Statistics 
For Fiscal Year Ending April 30 
1941 1942 1943 1944 1945 1946 

Sections 

Number of Sections............-+- PODS Ase) alilAoe lh to Wie aati AS Seat Weeds Ueceaton 75 
Number of meetings held.......... Otis eteres GAT taeiter BOG Mamas Ese Beno SSA nse 1,210 
Total attendance. ........60se5-2: 925 5A sie eee TS 2D aan anew GG, Lilelinerters SS 20M et ne 96 -540n0 hore 113,531 
Branches 

Number of Branches.......-.+.+++ U2 ress VANE wn coe 125 mea W25rrvdes 12S iron tors 125 
Number of meetings held.......... AAG 3 aera. OS oro om DAD matvalele PEt fase: BAT ane civic 716 
‘Total attendance. .. 15. .00c0. dees LV AeA, eer ncm B71 SDs eters 385227 mclartys DATOS) « oics% 17 tS2 meet 22,844 


committee program was reviewed, and 
plans for the remaining portion of the year 
were discussed. Minutes of this meeting 
were sent to all who attended and in addi- 
tion were sent to all vice-presidents, Dis- 
trict secretaries, and Section chairmen. 


COMMITTEE ON STUDENT BRANCHES 


The committee on student branches 
during the current year has exerted its 
efforts primarily toward the conversion of 
Student Branches from uncertain wartime 
operation to a stable, yet flexible, program 
of peacetime operation. 

A major step has been taken in the rein- 
auguration of District student conferences 
in connection with District meetings. 
Successful conferences in somewhat modi- 
fied form have been held at the South West 
District meeting, San Antonio, April 16-18, 
and at the North Eastern District meeting, 
Buffalo, April 24-26. A more compre- 
hensive conference has been planned and 
seems definitely destined for success at the 
Southern District meeting, Asheville, May 
14-16. 

For some time, a subcommittee on joint 
Student Branches, with J. F. Calvert as 
chairman, and comprising M. S. Coover, 
M. M. Cory, and J. E. Hobson, studied the 
possibilities of the operation of joint AIEE- 
IRE Student Branches, and at a meeting of 
the committee on Student Branches held in 
New York at the time of the winter conven- 
tion, January 22, 1946, made the following 
recommendations, which were accepted 
by the committee on Student Branches and 
approved by the board of directors of the 
AIEE: 


1. It is recommended that insofar as the establish- 
ment of joint AIEE-IRE Student Branches is con- 
cerned, that such branches not only should be per- 
mitted, but also should be encouraged, in accordance 
with the principles stated in the recommendations 
of the committee on planning and co-ordination. 
This should not be considered to oppose similar joint 
action with other technical societies. 


2. It is recommended further that the board of 
directors of the AIEE be requested to take appropriate 
action in co-operation with the proper representatives 
of the IRE, and at the earliest opportunity, to arrange 
all details essential to the successful operation of these 
proposed joint Student Branches. 


This means that Student members in 
either AIEE or IRE automatically share 
equal rights in joint Student Branches, in 
addition to the advantages offered by their 
particular society, and are eligible for ad- 
mission to a regular membership grade in 
either participating society without en- 
trance fee. It is hoped that such joint 
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Student Branches eventually will include 
Student members of other societies of similar 
type and policy. The plan proposes, in 
general, an engineering council at the Stu- 
dent member and Student Branch level. 

It is not intended that the identity of 
AIEE Student Branches be lost, for there 
will be many subjects and meetings of 
prime interest to AIEE Student members 
and of little or no interest to IRE members. 
Such meetings, as well as AIEE Student 
District conferences, and joint activities 
with AIEE Sections and Districts, will 
maintain the identity and independence 
of AIEE Student Branches, even while co- 
operating within their schools in joint 
Student Branches as recommended. 

Arrangements also have been made to 
distribute in reprint form the excellent 
series of three articles on ““The Unwritten 
Laws of Engineering’ by W. J. King, 
formerly of the General Electric Company, 
and now with Battelle Institute. 

After acceptance of these recommenda- 
tions by the board of directors, this same 
subcommittee was requested to study and 
develop policies, programs, and practices, 
using Student Branches in the Chicago area 
as pilot projects, and to report their findings 
and recommendations to the committee on 
Student Branches at its annual meeting in 
connection with the summer convention in 
Detroit, June 24-28, 1946. 


FINANCE COMMITTEE 


Institute revenue has been sustained at a 
high level for the fiscal year as a conse- 
quence of growth in membership and a 
steady demand for Institute publications. 
Attention is directed to the detailed finan- 
cial statements on pages 18, 19, and 20, 
and especially to Exhibit B in which report 
is made on cash receipts and disburse- 
ments, and the excess of income over ex- 
penditures is shown. 

The budget presented to and approved 
by the board of directors provided for the 
effective continuance of all Institute activi- 
ties and proper participation by the Insti- 
tute in matters of common interest with 
other technical societies and associations. 
All expenditures have been in accordance 
with the intent of the budget items, some 
upward revisions of detailed figures having 
to be made to meet rising costs, especially 
iu connection with items concerned with 
the publication of Electrical Engineering. 

An amount of $1,762.38 was placed in 
the Member-for-Life fund, and the excess 
of income over expenditures has permitted 
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the transfer of approximately $120,000 to 
the reserve capital fund. In addition, the 
Institute received last fall a bequest of 
$10,652 from the late W. S. Barstow with- 
out restrictions as to its use. This amount 
also was transferred to the reserve capital 
fund, and all such amounts invested in 
appropriate securities. 

As of May 1, 1946, 1,800 members were 
on inactive status in accordance with the 
established policy to grant dues concessions 
on requests to those serving in the Armed 
Forces and merchant marine. The fore- 
going figure compares with 2,259 members 
in such status as of May 1, 1945. _ 

Asummary of the securities owned by the 
Institute as of April 30 is presented in 
Schedule 1. A substantial portion of the 
reserve capital fund is in United States 
Government bonds, and the market value of 
other securities will be noted to be favorable. 
The finance committee avails itself continu- 
ously of the advice of investment counsel in 
connection with the purchase and other 
negotiations concerned with securities, and 
all items in the present portfolio fund have 
been approved from the standpoints of 
appropriateness and diversification. 

Institute expenditures are budgeted to 
come within anticipated income, and the 
present sound financial condition reflects 
the conservative policy that has been fol- 
lowed over the years. The steady growth 
of the reserve capital fund is indicative of 
the ability of the Institute to render the 
character of service to the membership that 
may be indicated to be desirable and gives 
assurance with regard to the availability of 
funds to continue at proper level essential 
activities at such times as income might be 
temporarily affected by unforeseeable in- 
fluences or economic conditions. 


TECHNICAL PROGRAM COMMITTEE 


Reconversion Programs. With all In- 
stitute and District meetings, except the 
winter meeting, canceled in 1945 and with 
various strike situations in 1946 the ar- 
rangement of adequate technical programs 
during the reconversion period has been 
difficult. To substitute for the canceled 
1945 meetings, spring, summer, and fall 
technical paper programs, with preprints 
of the papers available, were announced 
nationally and offered for discussion by 
mail. A comparison of the number of 
papers offered on the three programs by 
mail with the number of papers for the 
three corresponding meetings of the pre- 
vious 12-month period is of interest. The 
results shown in Table II represent a 49.1 
per cent decrease in the number of papers 
offered, notwithstanding the special efforts 
that were made to announce the substitute 
plans in advance and solicit papers to keep 
pace with the many developments. The 
comparison serves to illustrate the value of 
technical meetings as a stimulus for the 
production of technical papers on new de- 
velopments to keep the membership in- 
formed of advances in the profession. 

The 1946 winter convention was an 
outstanding success with a registered at- 
tendance of 2,624, which exceeded all pre- 
vious records. Among the high lights of 
this convention was an address on the de- 
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velopment of atomic energy by Doctor Jets 
Dunning at the general session, followed by 
an address in the evening on ‘Some 
Electrical Engineering and General Aspects 
of the Atomic Bomb Project” by Major 
General Leslie R. Groves, and a sym- 
posium on nuclear energy which brought 
together the views of well-known people in 
the fields of physics and research. The 
number of papers presented for the year 
and the number recommended for the 
Transactions are shown in Table III. 


Analysis of Subject Matter. The papers 
for the year have been analyzed on a per- 
centage basis and classified into six broad 
fields of electrical engineering. In Table 
IV, the classification is compared with an 
occupational analysis of the membership 
made in 1940. When it is considered that 
those engaged in electrical manufacturing 
and educational work have considerable 
interest in all of these fields, the comparison 
indicates a reasonably close correlation be- 
tween the percentage of papers presented in 
the first three fields and the percentage of 
the membership occupied in those fields. 
With the abandonment of wartime restric- 
tions, it is apparent that material in the 
industrial and communication fields has 
come to the fore. The 20.3 per cent papers 
in the industrial and railroad fields repre- 
sents a fairly uniform distribution of sub- 
ject matter into subjects such as electric 
welding, industrial distribution, quality 
control and statistical methods, induction 
and dielectric heating, industrial control, 
and railways. In the field of communica- 
tion, seven of the papers were on the subject 
of radar. As might be expected with the 
end of the war, the number of air transporta- 
tion papers has decreased from a high of 
37.5 per cent for the previous year to 13.1 
per cent for the past year. The program for 
the forthcoming summer convention will 
bring forth additional papers in the fields 
of communication, industrial control, and 
servomechanisms, which heretofore have 
been highly restricted. 


Exploratory Work. The committee has 
worked in close co-operation with the com- 
mittee on planning and co-ordination in 
connection with the study of the organiza- 
tion of the engineering profession and the 
technical activities of the Institute. The 
technical committee chairmen have ana- 
lyzed the methods of operation of some 44 
other engineering societies, as a background 
for further consideration in organizing the 
technical activities. With a membership of 
24,526 on January 1, 1946, and an increase 
of 1.33 per cent since January 1, it is not 
unreasonable to expect an average mem- 
bership for the next five years of 28,000 
members and an average number of papers 
per year of approximately 270. The in- 
crease in membership and the average 
number of papers during two 5-year periods 
is shown in Table V. Steps already have 
been taken to provide for this expansion 
and to keep the membership fully informed 
of new- developments in the field of elec- 
trical engineering. 

The committee has recommended that 
the chairmen of technical committees re- 
view all contacts with similar committees of 
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Table Il. 


Comparison of Programs by Mail, When Meetings Were Restricted, 


With the Programs for the Three Previous Corresponding Meetings in 1944 


— —==— 


Transactions 


Transactions 
Papers Papers 
Spring technical paper program............ 19 BOstOns says keahhas vacate eA ee 12 
Summer technical paper program.........,. 31 St. Bausch vai own soni eal Bik Nidan 85 
Fall technical paper program..........,.... 30 Tos Angelestiy ih east nen te ECO 
otal eater Petey; cess si bert ne  eee 80 Totals ici. cet a ceicie hee tte iene oe 157 


1 
Per cent decrease 


57-80 


= 49.1 per cent 


other organizations and explore the possibil- 
ities of establishing new contacts in accord- 
ance with Section 86 of the bylaws. Closer 
ties with the District meeting committees 
and Sections have been suggested, with the 
recommendation that technical committees 
give consideration to planning important 
sessions on specific subjects appropriate for 
the localities of District meetings. It was 
further recommended that the Institute 
should adopt the policy of supplementing 
the three national conventions with another 
national convention to be held annually in 
the Midwest in October. 


Table III. Number of Papers Presented 
During the Year Ending April 30, 1946 


= 


Number Number of 
of Transactions 
Papers Papers 
Spring technical paper program. 19 ....... 19 
Summer technical paper pro- 
qd hetls 52, G5 CU DOOUOONGOUd8 ae SIF etc icte 31 
Fall technical paper program... 30 ....... 30 
Winter convention............ TOS Melos erare 68 
San Antonio meeting.......... 7M eer AT 3 
Buffalo meeting: ..2 8.02 os 05s 0s Sores 2 
APS Sew) Orvh oi 153 


* Includes 3 representations from summer and fall 
technical paper programs. 


Discussions are being carried on with the 
publication committee to permit publica- 
tion of papers arising from joint meetings 
with other societies. The technical program 
committee and the publication committee 
are working jointly on an analysis of sug- 
gestions received through the study of the 
Institute’s technical activities which pertain 
to publication policies. 


To provide greater interest for younger 
members, the committee has recommended 
that a study be made with a view toward 
holding commercial exhibits at conventions 
rather than excluding them. The com- 
mittee also recommended to the winter 
convention committee that the next winter 
convention be held in a hotel rather than 
in the Engineering Societies Building. 


PUBLICATION COMMITTEE 


The publication activities during the 
year have been influenced strongly by the 
termination of hostilities in World War II, 
which lifted many wartime controls, and 
by the cancellation of AIEE national and 
District meetings after February 1, 1945, 
which greatly reduced the material avail- 
able for publication. Publication policies 
and procedures remained unchanged as 
papers and discussions resulting from the 
technical paper programs, which replaced 
the usual meetings, were treated in the 
normal manner. 

In accordance with current publication 
policies, the 1945 Transactions volume con- 
tains all approved 1945 technical papers 


Table V. Growth in Membership and 
Expected Average Number of Papers in 
the Next Five Years 


Average 
Approximate Number 
Average of Papers 


Membership Per Year 


5-year period following 1925..... 18,000 ..... 160 
5-year period following 1940..... 20, 00037.) <h¥- 200 
5-year period following 1945.....28,000*..... 270* 


* Forecast. : 


Table IV. Comparison of Classification of Papers in Six Broad Fields With an 
Occupational Analysis of Membership as of 1940 


Occupational Analysis of Membership 


Per Cent 
of Papers (1940 Survey) 
Cen trallstagonsseaer. cies sieve sists ssehots) sein oie 27.4 Lightiand powers/gctrsnier waistineeie siete 25.5 
Comitmunications os. tauereiscietsinte nila iene ole 13:7; Communicationsiatasescen= ominsiee sree OFT 
Industrial and railroad................ 20.3 Industrial and railroad................ 11.4 
Air transportation fave, s.0. 2/615) syoies 5c isvevele ee 13.1 Governthion tacauearc tour epre enaree Sy) 
Electricimachinery): werii-cyseei syste ie 14,4 Elecrtical manufacturing.............. 25.8 
Basic sciences and measurements........ 11.1 Educationalima sata. asteeha nee ereka neat 5.4 
a Consultants and large contractors....... 4.4 
100 per cent Miscellaneous 3.5 emits ee oc crtastue re 11.9 
10 per cent 
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and related discussions. Two semiannual 
“Supplements to Electrical Engineering— 
Transactions Section” were produced, on 
the usual limited-edition advance-order 
basis, containing (1) technical papers that 
could not be accommodated in the monthly 
Transactions sections of Electrical Engineering, 
and (2) all approved discussions. 

Relaxation of strict censorship controls 
was reflected in the increased content de- 
voted to wartime developments. 

The easing of restrictions on paper supply 
permitted a return in January 1946 to the 
larger trim size and to the format that had 
been used in Electrical Engineering in 1943. 
A paper somewhat heavier than that used 
in 1945, but still not so heavy as the prewar 
paper, also was obtained. 

The reduction in material for publication 
caused primarily by the cancellation of 
meetings, but possibly influenced also by 
the letdown following the end of fighting, is 
shown by a comparison of the numbers of 
pages of various classes of material pub- 
lished in the calendar years 1944 and 1945, 
as compared with 1941 as the last prewar 
year: 


MEMBERSHIP COMMITTEE 

It is quite interesting to note at this time 
that the growth in membership for the 
year 1945-46 has exceeded by a consider- 
able margin the gain of any previous year 
in the history of the Institute. The net 
gain is 2,018 which brings the total mem- 
bership to 25,090. The rate of gain in 
1945-46 was 8.7 per cent, and the rate of 
gain for the 1944-45 period was 7.8 per 
cent. In the past two years, the numerical 
net gain has been 3,683. Judging from the 
rate at which new applications and appli- 
cations from former members for reinstate- 
ment or re-election are being received, it 
would appear that the membership for the 
coming year is destined to continue to in- 
crease at a high rate. 

The number of persons who were classi- 
fied as having an “‘inactive status’”’ because 
of military service or for other causes re- 
sulting from World War II was 2,259 at the 
end of the fiscal year 1944-45. This num- 
ber increased to approximately 2,500. 
However, on April 30, 1946, the total had 
dropped to 1,809. This is a favorable trend 
and demonstrates the desire of the persons 


Numbers of Pages of Published Material 


——$—$———— 


Electrical Engineering 


Transactions Only 


General 

Interest Transactions Technical 
Year Articles News Section Papers Discussion Total 
WAG oscnopaogicc Bhan coonnen od Ba racce lar evat rs cots CUDRERGB Gn oee0 5 GUase 6 ado aa PAIN Go boo mgs 2,028 
LOA Aro raetosteiss ss RS oa bootiae PA ape g sopice WE Arc Obits 3.5.0 ADB er erosstereiate slates PM ive tories tic. 1,922 
 DiGo dbiecodos 255 eerie ZZ remelelefeletsier= FS O'esa teteteactorererat WAVES cteoigoc.pe He herp ore BOC 1,486 


It may be noted that the number of pages 
in the “Transactions” section of Electrical 
Engineering in 1945 was maintained by pub- 
lishing therein a greater proportion of the 
year’s total of technical papers than was 
done in 1944. The use of a paper of lighter 
weight and the easing of paper restrictions 
in the latter part of 1945 permitted the 
number of pages in Electrical Engineering to 
be held at a fair level in spite of an increase 
in the number of copies printed, from 
26,250 in December 1944 to 28,750 in 
December 1945. It was possible also to 
restore the 1945 annual report of the AIEE 
board of directors and the annual reference 
index to complete circulation. Only a 
limited distribution had been made in 1944 
in order to conserve paper for text pages. 

Advance pamphlets of approved tech- 
nical papers were produced as required by 
the technical program committee for dis- 
cussion by mail on summer and fall pro- 
grams in 1945, and for regularly scheduled 
meetings beginning with the winter con- 
vention in January 1946. 

The quarterly AIEE “Bulletin” for In- 
stitute members in the armed services was 
continued through the issue of February 
1946. The number of members receiving 
the “Bulletin” decreased rapidly with the 
demobilization of the Armed Forces. 

Revision of the booklet, ‘‘Information for 
Authors,” to which reference was made in 
last year’s report of this committee was de- 
ferred. 


1202 


in this classification to return on their own 
motion to active membership status as 
promptly as possible. The policy of the 
Institute in this connection seems to have 
proved to be quite beneficial. 

Starting in the year 1942, a renewed 
interest in the Institute was manifested by 
persons who had been members formerly. 
During that year, 237 were either reinstated 


or re-elected to membership. In 1943-44 
the number in this group was 301. The 
corresponding numbers for the years 1944— 
45 and 1945-46 are 366 and 401, respec- 
tively. This trend is significant, as is the 
fact that the number in arrears for the 
fiscal year April 30, 1946, is only 954 or 
3.8 per cent of the total membership. It 
will be recalled the corresponding number 
for those in arrears for 1944-45 was 902. 

The number of transfers from the As- 
sociate and Member grades to higher grades 
of membership was 559. This number cor- 
responds with totals of 464 and 420, respec- 
tively, for the years 1944-45 and 1943-44. 

The total losses in membership for the 
year (Deductions, Table VI) was 600, or 
102 lower than in 1944-45. From the same 
table, it will be seen that the total new 
members qualified was 2,217, an increase 
of 216 over the corresponding period in the 
previous year. The membership, not in- 
cluding Student members, is divided as 
follows: 


e <= <== 


Membership Grade Per Cent 
Honorary je <(site atorocs s'6/a'eipin a) sivip o\sle ni wieibioeloy 0.04 
BreM OWS sis.0:50:0 o/s (0% sl evoio) afege\ eel s)is] ssi agetotat la yonereteya 3:93 
Members. co. ok nr Vag cn einhy «or dcnre wales eo 27.47 
Six-YearvAssociatessci cra oleic t's cl aterle <irieteltiehoce 29.29 
ASSOCIATES (6:d0( seni ot oke ja « WiolatayPeinle ciel 9jdbs)s. wistakens 39.27 
100.00 


The Member and Associate Grades have 
increased 0.44 per cent and 0.48 per cent, 
respectively, while the six-year Associate 
grade has decreased 0.90 per cent. 

From Table VII, it will be noted that the 
number of applications from the Student 
members is once more ascending and that 
the applications from all other sources in- 
creased by 274 or 12.7 per cent. The total 
increase in applications was 333 or 13.7 
per cent. No direct comparison between 
this Table and Table VIII can be made, 
since all applications received during the 


Table VI. Membership Statistics for Fiscal Year Ending April 30, 1946 
Honorary 6-Year 
Members Fellows Members Associates Associates Subtotals Totals 

Membership April 30, 1945........ OS: Sie oes OTS gives OS 2OS enti eets 6,963 nena BOS UE sjoraneteyevetele'venel keene 23,072 
Additions 
New members qualified . 0... 5.2). ose die bine 2, Sartre DOD sis ie. efevatotel pret ahtiovs 19532. tos 2,217 
Former members reinstated or 

re-elect@d sii. cie eles «ce sips Coens siete VISE es LS ars stares SOmrcn ae 1 SG eer 401 

Subtotals. :o6 <..%is 6d eseveiesere sctavches ere ol te Saves 3968s Won cs ZAS9S Mecca 2,618 
Pranslers ick iais aisiars states efi SON Dede. teers D0 vivicrsves FOG crocsrerre 925 te celta carte tabstore 1,484 

PT tals tore te tevosctecee ereevarnteserere Sits clot Wek, Suiios Solr ren 1 OOS eres PEE Nimans 4,102 
Deductions 
Died ele wrath Stale Wi ela cite tha seme teeter Spordage ST yachts ADS rcvekie gees On 127 
Resigned 3.,..4¢ hs sinalacin t varclgetistea: cen eit tment eys NO scone OO 36 ater 156 
Dropped ins .).ailectese iisteteselole eters, value aan y een Osis kets LOT Fateh te WSs cos 317 

Subtotals saficger ees cee aerate Genes 19h. ¢ V3 7 oe Zao srtale\s. 600 
Transferss.% wid dee os a bs sce cele Meee Steaks SOP cieickes 378i ees 101 4ee oe 1,484 

"Totals 5.9 sitacsstescee t 'eraveaeuiele lo ena aperanetetoete 19). gets 2080.60. G20i\ teste A237 aaate: 2,084 
Net changes. bette senescence ees a DA oetcrets GBA NSS tdi RL AES Gicis 9025 see 2,018 
Membership April 30, 1946........ TNE AS 8 S88) Norstar 6; 892 ie oralers ig SAS arene CREE RGS dostaum onto 25,090 
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Table 


Vil. Number of Applications 


Received From Student Members and 


From Alli Others 


Year Ending 


increase in renewals is 226, bringing the 
total increase to 474. The Student mem- 
bership now stands at 5,087. 

Table IX is a record of the total member- 
ship of the Institute by years since 1884 and 


stitute headquarters. 


Undoubtedly, - alse 


the present economic situation and prob- 
able future trends in the scientific and in- 
dustrial world are factors which have con- 
tributed to this rather unusual growth. 


April 30 Students — All Others Total is given for information purposes. 
1946 BOB Oe eas Pie ae Pade 2,761 Detect = we Sa se ob ae ee Table IX. Record of AIEE Membership 
ORES Da clk eat BATT. ok <p Beye Mae es aes Pete meceOr ete: Eecirsicad ~ “pc - ——$—— 
‘Sy aee M66 oes ns IESG Dvn Sai 2.374 Engineering as having died during the fiscal Total Total Total 
1943... TS Seite see ANAS A oe eee 2,214 year 1945-46, By this method a ready refer- Year May1 Year Mayi Year May 1 
WDAZ inte s:0.4.0 515 Ore Sena HL VEN Be tenner 2,002 ence is provided. 
The new booklet which was reported last 1884..... 71 1905.... 3,460 1926.,..18,158 
, i i T8S5 iene 2 meet 5501) 1927....18,344 
Table VIII. Number of Student Mem- “27 38 Deine Boch Preparation by, bE 1886 Fhe 250 1907. Ps 1521 1928....18,265 
bers as of April 30 membership committee for use particularly 4gg7. 1° 314 1908... 5,674 1929....18,133 
when contacting prospects for membership 1889..... 333 1909.... 6,400 1930....18,003 
wae in the Institute has been completed. 1890..... 427 1910.... 6,681 1931....18,334 
Year Applications Renewals Total an attractive, brief, concise publication of 1891 ener 5A OTe en 7a dO S2iede «75550 
handy pocket size which already has been _1892..... 615 1912.... 7,459  1933....17,019 
PONG ee sit t 5: vy | oS Ce 5,087 enthusiastically received. trout I eek ee ae “14269 
OGY CR Gaeae 2,326 2,287 2. 4,613 i i ey ee eG yp an 
wet. Tete aaa 2,656 "42898 ae e BAe ee a ine Sake ie 1895..... 944 1915.... 8,054 1936....14,600 
riGY Kye ee ae PAC na oe ee 3,200 Wier: membership, activity waich. shou € Oo 18960)... 1,035 1916.... 8,202 1937....15,308 
1942 We cbt: Dogs ee ets 3,377 _ 5,962 considerable interest to every person in the 1897..... 110735) A9L T2952 85710, 411938). 6,078 
Institute. The growth has exceeded all 1898.....1,098 1918... 9,282 1939... 16,605 
: expectations. It seems to be due to a 189 OF Aaa 1,133 1919....10,352 1940....17,213 
fiscal year are not acted upon before the strong interest on the part of the members _—1900..-. 1,183 1920....11,345 1941... .17,886 
close of that year. generally, the enthusiastic co-operation of ee eS ee ioe Be ae ate i "he 
Table VIII shows a marked renewed the entire membership committee personnel —_ 1903... .2,229 1923....15,298 1944... 21,407 
activity in Student membership. The in- and the ever ready progressive co-opera- 1904... 3,027 1924....16,455  1945....23,072 
crease in new applications is 248 while the tion of the members of the staff at the In- 1925)).:.17,319 | 1946.5).25,020 
Table X. Deaths of AIEE Members Reported in “Electrical Engineering” 
Obituary Notice Obituary Notice 
in in 
Date of Date of Grade at ‘Electrical Date of Date of Grade at ‘Electrical 
Name Election Death Death Engineering” Name Election Death Death Engineering” 
CLOSE ie Coot ..ctsieis sieieels A208 - eae Sept. 4,°45..... IMiritels Oct. 45, p. 373 Horrell Ca Ronan jecacsnieie AST ias ror July: 6 5p A5ize os Misc Aug. 745, p. 306 
J WekVat pos 61s Ean Sac onodoe ANOG sierra anes 45s Mine May ’45, p. 197 Horton, Bryson D eda eras Deci1 45¢4 Orr eres A......Feb. *46, p. (90 
PNT AROR SAAR. dieieisiv.cl sles - ABZ cen Gane) 55445 90\-7- IM eciecs Sept. 745, p. 337 Hutchinson, George E ASA rover Oct] 207 45ar. - Missi Dec. ’45, p. 459 
Ln AIS CER Saeee es qed Jer GIO 46 (Ors Pi eonds Aaletaie ste Jan. °46,p. 41 lisley, Lee Clyde.......... AA aes Nov.1/235)"45).)-)2121 Accepts « Jan. *46,p. 40 
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BOARD OF EXAMINERS 


Statistics relating to the number of cases 
handled are given in Table XI. Members 
of the board have attended the scheduled 
monthly meetings very regularly, and the 
volume of work has justified fully the in- 
creased number of members which was 
arranged early in the season 1945-46. 

The board wishes to reiterate its recom- 
mendation that local Section membership 
and transfer committees shall exercise more 
care in submitting applications, to insure 
that they are in line with constitutional re- 
quirements and particularly that they shall 
contain extensive and detailed experience 
records of the candidates which will reveal 
the degree of responsibility these candidates 
have had in connection with their various 
assignments. 

It has been noted that an excessive 
amount of time has been consumed by the 
members of the board of examiners in 
interpreting the records of the candidates, 
and in too many cases applications have 
had to be returned for additional informa- 
tion, which in its opinion places an undue 
burden on the headquarters office. 


Table XI. _Applications for Admission 
and Transfer* 


—==— —— 


Applications for Admission 


Recommended for grade of Associate....1,464 
Re-elected to the grade of Associate..... 129 
INotaeconimendéd(y. 2s. ieisis)ei0 + < we)te 8 
1,601 
Recommended for grade of Member.... 334 
Re-elected to grade of Member......... 23 
Not recommended s. 0. cio. oie viene -s 65 
422 
Recommended for grade of Fellow...... a 
Re-elected to the grade of Fellow....... 0 
Not recommended ine serteieirs eietlels oir ore 0 
2 
Applications for Transfer 
Recommended for grade of Member.... 450 
Not recommended for grade of Member.. 28 
478 
Recommended for grade of Fellow...... 90 
Not recommended for grade of Fellow... 4 
94 
Students 
Recommended for enrollment as Students...... 1,568 
DL otal Mester. sete cl¥ er terowacha ioe setae aie Oa 4,165 


* This tabulation does not include April 1946 meeting 
figures. 


COMMITTEE ON TRANSFERS 


The members of the committee on trans- 
fers have co-operated actively during the 
year with the many Section officers and 
transfer committees of the Institute, ex- 
plaining the requirements of the several 
grades of membership, and the required 
qualifications for transfer from Associate to 
Member and from Member to Fellow. 

During the present year there have been 
a large number of transfers from the grade 
of Associate to Member and from Member 
to Fellow throughout all parts of the United 
States and Canada served by the AIEE. 
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COMMITTEE ON MEMBERS-FOR-LIFE FUND 


Members-for-life awards, namely, ex- 
penses of District Branch paper prize 
winners to the summer convention, of the 
Institute, will be made this year for the 
first time in connection with the Detroit 
meeting. 

Last November, Secretary Henline in- 
vited the attention of the vice-presidents of 
the even-numbered Districts to the avail- 
ability of these awards as described in 
Electrical Engineering for January 1945, page 
31. 

It will be recalled that this form of award 
financed by the income from the members- 
for-life fund, is on trial for two years—for 
even-numbered Districts this year and for 
odd-numbered Districts next year. The 
interest shown in this form of award this 
year and next year will determine whether 
or not it will be continued. 


COMMITTEE ON CODE OF PRINCIPLES 
OF PROFESSIONAL CONDUCT 


This committee held no formal meetings 
during the year but carried on its activities 
by correspondence. Various members of 
the committee have been active in their geo- 
graphical areas and local engineering socie- 
ties in bringing to the attention of engineers 
and others the Institute’s code of principles 
of professional conduct and in advancing 
the Engineers Council for Professional De- 
velopment canons of ethics for engineers. 

One case of alleged violation of profes- 
sional ethics by an Associate of the Institute 
has been brought to the attention of the 
committee and is still under consideration. 


COMMITTEE ON CONSTITUTION AND 
BYLAWS 


On January 4, 1946, the committee on 
constitution and bylaws made the following 
recommendations to the board of directors: 


1. An amendment to Section 48 of the bylaws 
changing the basis of allotting funds to the Sections 
in order to conform with the action of the board on 
November 2, 1944. 


2. An amendment to Section 65 of the bylaws, 
adding the name of a new committee on industrial 
control devices to the list of technical committees. 


3. Changes in the bylaws transferring the Mexico 
Section from District 3 to District 7. 


4. The word “national’? to be deleted from the 
bylaws whenever it occurs in connection with the 
titles of officers, committees, and meetings. This 
was in line with similar action taken last year in 
eliminating the word “national” from the titles of 
officers, committees, and meetings wherever it oc- 
curred in the constitution. 


On March 13, the committee recom- 
mended an amendment to Section 51 of the 
bylaws to make the definition of a “univer- 
sity or technical school of recognized stand- 
ing”’ consistent with our present-day prac- 
tice of accrediting engineering schools by 
the ECPD. 

Recent action by the board of directors 


- brings two more amendments to the com- 


mittee for consideration. It is hoped that 
these can be presented to the board and 
action taken before the close of this adminis- 
trative year. They are: 


1. To amend the list of standing committees to in- 
clude a committee on registration of engineers to 
succeed the present special committee of that name. 
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2. To amend the bylaws to provide for holding four 
conventions each year instead of the present practice 
of three per year, the new meeting to be known as 
the ‘midwest convention.” 


COMMITTEE ON PLANNING AND 
CO-ORDINATION 


The project of reviewing the technical 
activities of the Institute and the Institute’s 
relations with other organizations, which 
was assigned to the committee, is being car- 
ried out by the technical activities sub- 
committee and the professional activities 
subcommittee. These subcommittees are 
studying the problems to recommend any 
changes in organization or methods that 
may seem desirable to render the structure 
and the procedures of the Institute suffi- 
ciently flexible and adaptable to take ac- 
count of progress in the art and the de- 
velopment of new fields of interest, and to 
respond promptly to changing social, po- 
litical, economic, and other conditions af- 
fecting the welfare of society and of engi- 
neers. 

A conference on Institute activities was 
conducted by the subcommittees on Wednes- 
day, January 23, at the winter conven- 
tion, as a first step toward finding out what 
the members believe the Institute should be 
doing or should do in a different way. The 
technical part of the discussion included 
suggestions for regional meetings on specific 
subjects and reorganizing the technical 
committee structure to form semiautono- 
mous technical divisions to foster and cor- 
relate technical activities in related sub- 
ject fields. During the professional activi- 
ties part of the conference, four proposed 
plans for organizing the engineering pro- 
fession were presented and discussed. Opin- 
ions were expressed on many phases of the 
organization problem including collective 
bargaining and unionization of engineers. 

The technical activities subcommittee is 
also a working group of the technical pro- 
gram committee and thus accomplishes 
many of its projects through this committee. 
This close interrelation results in co-ordi- 
nated consideration of technical activity 
and organization matters. 

The executive committee approved and 
referred to the committee on constitution 
and bylaws the recommendation of the 
subcommittee and the technical program 
committee that an annual Midwest Conven- 
tion be held. Other joint projects are de- 
scribed in the technical program commit- 
tee’s report. 

The professional activities subcommittee 
has arranged for representatives to partici- 
pate in discussions of Institute activities at 
Section meetings in Boston, Lynn, Pittsfield, 
and New York; and at District meetings 
as follows: the North Eastern in Buffalo, 
N. Y., the Southern in Asheville, N. C., 
and the South West in San Antonio, Tex. 

The problem of organizing the engineer- 
ing profession is one of the main interests of 
the subcommittee. A questionnaire has 
been prepared to obtain the opinions of 
members who attend the meetings where 
the matter is discussed. The four proposed 
plans for organization of the engineering 
profession originally presented at the 
winter convention have been revised and 


AIEE TRANSACTIONS . 
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published in Electrical Engineering and are 
now available as a reprint. 

The executive committee approved a 
recommendation originated by the sub- 
committee to replace the special committee 
on registration of engineers by a standing 
committee. A draft of the scope and duties 
for this committee was submitted as re- 
quested by the board of directors. A recom- 
mendation for forming joint Student 
Branches also was approved by the board 
of directors and referred to the committee 
on Student Branches with the suggestion 
that the latter work with representatives of 
other societies in developing a specific plan 
of co-operation. 

A study is under way as to how to relieve 
the president of some of the burden of his 
office. 

The subcommittee is endeavoring to find 
out what the problems and needs of the 
younger engineer-employees are, and what 
the Institute can do to get and keep their 
interest. 


COMMITTEE ON SAFETY 


The committee held one meeting during 
the past year, at the winter convention. 

Through arrangements with the Ameri- 
can Medical Association the paper by Doc- 
tor C. K. Drinker on “‘Use of Drugs in Re- 
suscitation from Electric Shock’? was pub- 
lished in the Journal of the American Medi- 
cal Association, June 30, 1945. This paper 
which had been presented at the commit- 
tee’s meeting in January 1945, also ap- 
peared in Electrical Engineering, August 1945. 

Under the heading “Safety Topics” in 
the January 1946 issue of Electrical Engi- 
neering, the committee directed attention of 
Institute members to the importance of 
safety engineering work in the postwar 
period as set forth in the National Safety 
Council publication, ‘‘Industrial Safety To- 
morrow.” 

At the January 1946 meeting, the com- 
mittee again emphasized the importance of 
promoting safety engineering work in the 
Student Branches and Sections, and formu- 
lated plans for appropriate communications 
to the Student Branch counselors and 
Section officers. 

Report was received from the Institute’s 
representatives on the electrical committee 
of the National Fire Protection Association 
concerning the adoption in Chicago during 
October 1945 of revisions of the National 
Electrical Code, of which the 1946 edition 
is expected to be issued before the end of 
this year. 

The committee contemplates resumption 
of its work with the AIEE committee on 
domestic and commercial applications on 
the study of electrical hazards to farm 
animals, which had been started and had 
to be deferred because of war conditions. 

The attention of the committee was 
directed to the report on fatalities in the 
electric light and power industry during 
the year 1944 as prepared by the Edison 
Electric Institute accident prevention com- 
mittee. Over the past four years, an 
average of 81 per cent of the fatalities in 
that industry have been shown to be due to 
electric shock and burn, and the commit- 

’ tee recognizes the importance ofi steps be- 


1946, VOLUME 65 


ing taken to stress the fundamentals of this 
matter in appropriate ways for the benefit 
of Institute members concerned. 

Plans were completed for a session under 
the auspices of the committee during the 
1946 summer convention, and there was dis- 
cussion of important subjects in the field of 
electrical safety, on which it is planned to 
have papers prepared or other appropriate 
presentations made for discussion at the 
forthcoming national meetings. 

W. T. Rogers was appointed to serve as 
liaison representative of the committee with 
the American Society of Safety Engineers, 
and W. R. Smith will continue to serve in 
such capacity with the accident prevention 
committee of the Edison Electric Institute. 


UNITED STATES NATIONAL COMMITTEE 
OF THE INTERNATIONAL 
ELECTROTECHNICAL COMMISSION 


During the past year, as in the preceding 
war years, the work of the International 
Electrotechnical Commission and_ the 
United States National Committee has re- 
mained virtually in a state of suspension. 

At its annual meeting on November 9, 
1945, the United States National Com- 
mittee re-elected E. C. Crittenden, presi- 
dent; L. F. Adams, vice-president; and 
H. S. Osborne, vice-president and treasurer. 

Looking toward the reactivation of IEC 
work, appointments of several new techni- 
cal advisers were made. Considerable in- 
terest has been expressed in the interna- 
tional work on letter symbols, USNC 25, 
and, upon recommendation of the three new 
technical advisers for USNC 25, the United 
States National Committee took action at 
its meeting to authorize the circulation for 
comment in this country and to other na- 
tional committees of a draft of the IEC 
symbols which had been adopted in 1938, 
together with additions prepared by a sub- 
committee authorized in 1938. The USNC 
has acted as secretariat for this work. 

During the year, the French committee 
requested comments on their proposals for 
standardization of very high voltages. The 
matter was referred to the technical ad- 
viser for the USNC (USNG 8) on the sub- 
ject, and while no report was available, it 
was hoped that an answer to the French 
proposals could be made soon. The United 
Nations Standards Co-ordinating Commit- 
tee was very hopeful that action could be 
taken on this matter, since a number of the 
European countries, particularly France, 
which were faced with rebuilding their 
power systems, were anxious to rebuild the 
systems using standard voltages. 

At the USNC annual meeting, there was 
a discussion of reorganization of interna- 
tional standardization work. The United 
Nations Standards Co-ordinating Commit- 
tee had just concluded meetings in New 
York and had drafted a proposed constitu- 
tion for an international organization. A 
proposal has been made that the IEC 
become affiliated with the new organization 
and operate officially in the future as the 
electrical division of the new organization, 
retaining, however, all its functions and 
procedures. A subcommittee of the execu- 
tive council of the UNSC was appointed to 
study from the point of view of the USNC 
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the proposals for the method of affiliation 
of the IEC with the new organization. 

It is now expected that a meeting of the 
council of the IEC will be held during 1946 
and that the technical work of the commis- | 
sion will be resumed shortly thereafter. 
Many countries, particularly those in 
Europe, are anxious that IEC work be re- 
sumed, in order that some of the problems 
arising from reconstruction work may be 
solved by the IEC. 


Standards 


STANDARDS COMMITTEE 


During the past year, the work of the 
Standards committee continued to be ham- 
pered by the restrictions which still existed 
with regard to traveling and to hotel ac- 
commodations. The curtailment, however, 
has been confined largely to a limitation of 
the number of meetings held, of which 
there were three. The various committees 
carrying on standardization activities have 
continued to make satisfactory progress by 
correspondence, although that procedure 
also has suffered recently through the 
strikes in progress in the larger industrial 
groups. 

The various technical committees which 
now carry on much of the preliminary 
work in the development of new standards 
projects, as well as any required revisions 
of existing standards, have reported a large 
number of new projects in preparation, 
many almost ready for action. Among 
these may be listed the following: test 
code for resistance measurement; test code 
for temperature measurement; standard 
method of calculating the short-circuit 
currents in low-voltage circuits; standards 
for roof, floor, and wall bushings and for 
potheads; and standards for mercury-arc 
rectifiers. Under the auspices of the stand- 
ards co-ordinating committees, the follow- 
ing projects also have been reported as well 
under way: standard barometric pressure 
and air density versus altitude; guiding 
principles for dielectric tests; letter symbols 
for electrical quantities; temperature rises 
for silicone insulation; and standard volt- 
ages from 100 to 15 kv. 

In the field of electric aeronautical equip- 

ment, the standardization carried on by the 
Institute and other interested organizations 
is going forward, although curtailed in 
some of its phases by the changeover from 
wartime activities. 
' The following projects were approved 
and published during the year: AIEE 
Standard 45 “‘Recommended Practice for 
Electric Installations on Shipboard”; Num- 
bers 601 and 602, ‘‘Preferred Standards and 
Standards Specification Data for Large 
3,600-Rpm 3-Phase 60-Cycle Condensing 
Steam Turbine Generators”; Number 503 
“Test Code for Synchronous Machines”; 
ASA Standard C37.4 to (37.9, ‘‘A-C 
Power Circuit Breakers.”’ 

As a result of the many reorganizations 
brought about by the end of the war, it has 
been necessary to make a large number of 
new appointments of AIEE representatives 
serving on various sectional committees of 
ASA. 
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The electrical definitions project, under 
the auspices of sectional committee C42 and 
the sponsorship of the Institute, inactive 
since publication of the first edition of the 
American Standard in 1942, now is being 
reorganized. While the addition of a large 
number of new definitions has been sug- 
gested, the criticisms of existing definitions 
have been few. On completion of the 
main committee personnel, the reorganiza- 
tion of the 18 or more subcommittees will 
be undertaken and all suggestions referred 
to them for inclusion in a new edition. 

The subcommittee on applications of 
statistical methods has pursued an active 
program during the year. The educational 
articles which appear in Electrical Engineer- 
ing will conclude with XII. The subcom- 
mittee then proposed to prepare and pub- 
lish at least six more articles of a more ad- 
vanced character. 

A very successful conference was held 
during the winter convention in New York, 
and similar conferences have been ar- 
ranged for the Buffalo and Detroit meetings. 
At the latter meeting the theme will be the 
management and organizational aspects of 
quality control. It is hoped that a con- 
ference also can be arranged at all of the 
remaining district meetings during 1946. 


Technical Committees 


COMMITTEE ON AIR TRANSPORTATION 


The proceedings of the committee on 
air transportation during the past year were 
greatly handicapped by extensive recon- 
version of industry, shifting of personnel, 
and the ban on meetings and traveling. 
In spite of these obstacles, good progress 
was made in the standardization activities 
assigned to the committee. 

These activities were carried on by 
several subcommittees, four of which were 
formed during the previous year, with 
assignments as outlined in the report for 
last year. 


Aircraft Electric Systems. This sub- 
committee has accumulated approximately 
one half of the material required to com- 
plete the proposed guide report on air- 
craft electric systems in accordance with 
the outline completed last year. Co- 
operation of interested aeronautical groups, 
including Aeronautical Radio, Inc., has 
been very good, after some initial misun- 
derstandings were cleared up. 


Aircraft Electric Rotating Machinery. 
This subcommittee met several times 
during the year, and at a meeting held 
January 22 completed the proposed 
test code for d-c aircraft motors, except for 
final editorial revision. Editorial revision 
has been assigned to a small working group, 
and it is anticipated that a final draft of 
the test code will be ready for submission 
in June. 


Aircraft Electric Control and Protective 
Devices. This subcommittee will be 
unable to complete its assignment until 
the guide report on systems and the work 


on cables has been more nearly completed. 


Aircraft. Wire and Cable. This sub- 


committee, has sponsored manufacturers’ 
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tests on AN-16 and AN-8 aircraft cables 
and has extended the data to cover the 
complete range of sizes from AN-22 to 
AN-00. ‘Tentative recommendations for 
extreme ratings of cables have been pre- 
pared as a technical paper, ‘“Short-Time 
Current Ratings for Aircraft Wire and 
Cable,” by P. W. Jones and J. A. Scott. 
At present further action to be taken by 
this committee has not been determined, 
and the personnel on this committee has 
been especially affected by reconversion 
resulting from the end of the war. A 
possible course of action will be to issue 
the essential content of the Jones—Scott 
paper as a preliminary report for trial. 


Two additional subcommittees were 
formed during the year: 
; hee ; ; 
Joint Subcommittee (Air Transportation 


and Electric Machinery) on Carbon Brushes. 
The assignment of this subcommittee was 
the formulation of an AIEE test code 
for the evaluation of carbon brush per- 
formance on all types of commutators 
and collector rings, so as to provide for 
improved specifications and standards for 
carbon brushes used on electric machinery. 


Subcommittee for Altitude Ratings. This 
subcommittee has been assigned the task 
of developing an AIEE Standard out- 
lining the basic principles of altitude rating 
on electric machinery. The work will 
be co-ordinated with that being done by 
AIJEE standards co-ordinating committee 1 
and with Section I-12 of AIEE Publica- 
tion 1. 

One committee meeting, held during 
the winter convention, was devoted largely 
to consideration of the standardization 
activities enumerated. There was con- 
siderable discussion of a proposal to under- 
take a study of safety considerations af- 
fecting the use of electric equipment on 
aircraft. The majority of the committee 
expressed a desire for a preliminary review 
to determine the propriety of such a study. 
There was a strong minority opinion that 
this study would not come within the as- 
signed scope of the air transportation com- 
mittee. Subsequent attempts to carry out 
the majority sentiment of the committee 
have met with little enthusiasm, and the 
entire project now appears to be more 
suitable for action by the Civil Aeronautics 
Authority rather than by the Institute. 

The committee also decided that there 
would not be any need to establish a pro- 
posed subcommittee to be of concern with 
the problems of airline operators. It was 
felt that this subject could be handled 
satisfactorily within the new Air Trans- 
portation Association 

During the year a total of 17 technical 
papers were sponsored by the committee. 
Seven of these were presented in two air 
transportation sessions at the winter con- 
vention, and the other papers were printed 
and circulated for written discussion in ac- 
cordance with the Institute arrangement 
during the cessation of meetings. 


COMMITTEE ON AUTOMATIC STATIONS 


The members of this committee have 
continued their activities in bringing to 
the Institute papers dealing with subjects 
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related to automatic stations and super- 
visory control. Several papers were pre- 
sented during the year, and additional 
papers have been secured for future pres- 
entation. 

Two meetings of the committee were 
held during the past year, one in October 
1945, and one in January 1946. In addi- 
tion to considering material for new papers, 
the committee completed its plans for 
conferences on automatic or supervisory 
control of air switches and automatic con- 
trol of capacitors. Authors have been 
secured for papers for these conferences. 
Being mindful of the importance of joint 
co-operation with other committees, careful 
consideration has been given to the reports 
of our representatives on other committees 
and to the work being done by our mem- 
bers on several joint subcommittees. 

During the past year, two working groups 
were organized and at present are engaged 
actively in their assignments. One of 
these groups is investigating the matter of 
the type of trip to be provided for circuit 
breakers with special reference to their ap- 
plication to automatic stations. The other 
group is looking into the correct polarity 
of d-c control for automatic stations. The 
work of these groups has been well begun 
but will not be completed during the pres- 
ent fiscal year. 


COMMITTEE ON BASIC SCIENCES 


The committee on basic sciences spon- 
sored the symposium on nuclear energy at 
the winter convention, and has arranged 
for a session for the summer convention. 
During the war, the work of the committee 
fell off, but recently it has begun to ap- 
proach its prewar level, and_ technical 
programs for future meetings appear more 
promising. 

At a meeting of the committee held dur- 
ing the winter convention, there was a 
serious discussion of the place of basic 
science material in the AIEE meeting and 
publication programs. The committee 
thought there would be a gain in reversing 
the apparent tendency of recent years to 
have material handled by committees with 
specific fields rather than by the committee 
on basic sciences, and also thought that an 
over-all increase in basic science material 
was desirable. To this end an aggressive 
campaign is being started to expand the 
work of the committee. Results probably 
will not show for some time, but it is hoped 
that the contribution will be evident in 
expanded technical presentations of the 
committee at later dates. Concurrent 
with the extension of the committee’s ac- 
tivities, a group of subcommittees, the ex- 
istence of which was not warranted during 
the war, is to be instituted. 


COMMITTEE ON COMMUNICATION 


More than 40 papers on a wide variety 
of communications subjects were spon- 
sored by the committee during the year. 

In view of the cancellation of the summer 
and Pacific Coast technical meetings, 
some of these papers were made available 
in pamphlet form for discussion by mail in 
lieu of formal presentation. These in- 
cluded a comprehensive report on the 
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January 1945 conference on radio fre- 
quency cables made up of 17 papers on 
the general subjects of polyethylene in- 
sulation for high frequency cables, cable 
manufacture, cable design, and _ cable 
testing. In addition the summer and fall 
technical paper program (presented by 
mail) included papers on judging mica 
quality, optimum air gap for coils subject 
to direct current, radio noise meter cali- 
bration and methods for measuring the 
attenuation of coaxial cables. 

At the winter convention in January of 
this year, there were five communications 
sessions as follows: 


A General Communications session which included seven 
papers on a wide variety of subjects as follows: elec- 
tronic regeneration of telegraph signals; two papers 
on filter design, one for telegraph and the other for 
broad band carrier; two papers on throat micro- 
phones covering design and methods. of testing; the 
solution of transmission line problems; applications 
of thin permalloy tape in wide band transformers, a 
technique which should be of interest to many as the 
field of wide band transmission expands. 


Two Sessions on Radar which were arranged in co- 
operation with the committee on electronics. These 
sessions provided a well-rounded coverage of the radar 
field. The six papers presented related to general 
principles, two typical wartime uses of radar, two 
proposed peacetime uses, on ships and airplanes, and 
a comprehensive coverage of radar testing techniques. 
The latter paper should be of interest to many outside 
the radar field, since many of these techniques will be 
useful in the expanding fields of high frequency trans- 
mission and electronics. 


A Session on Sound Recording and Reproducing which in- 
cluded eight papers on various recording media such 
as tape, wire, and disks. There is a growing interest 
in wire recording, and this was well covered by four 
papers relating to the general principles, a specific 
design of a recorder head, means for measuring the 
magnetic characteristics of recording wire and signal 
and noise levels encountered in tape recording. Two 
papers were presented on disk recording, one of them 
relating to a new reproducer design and the other to 
new tools for, the study of disk recording performance. 
The growing importance of recording in business was 
brought out by a paper on this subject. 


A Conference on Slow Acting Relays which included four 
prearranged talks by engineers active in this field. 
These covered the historical aspects, underlying 
electromagnetic concepts, operational features, and 
limitations of relays in power communication. It is 
planned to explore this field further with the thought 
of ultimately making available published material for 
the benefit of the entire membership. 


Meetings of the committee on com- 
munication were held in June, October, 
and January. Indicative of the broad 
scope of the activities of the committee are 
the following subcommittees which now 
are functioning: ‘sound recording and 
reproducing, slow acting relays, hearing 
aids, testing of telephone transmitters and 
receivers, power line carrier, underwater 
sound developments. These subcom- 
mittees have been active in arranging for 
papers in their fields, many of which were 
presented at the last winter convention. 
In the coming year, it is proposed to in- 
crease the committee activities in the field 
of television. 

The committee has co-operated with 
the other technical committees wherever 
the subject matter was of joint interest. 
This is illustrated by the joint sponsorship 
with the committee on electronics of the 
papers on radar and also by the appoint- 
ment of the chairman of the subcommittee 
on power line carrier as the committee 
representative on the joint subcommittee 
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on power system applications of carrier 
current, 

Emphasis has been placed on making 
available the results of the committee’s 
activities. to the entire Institute member- 
ship rather than only to the few who can 
attend national meetings. Substantially 
all of the talks presented at the various 
national technical meetings have been or 
will be published in Electrical Engineering 
or in Transactions. A report on the con- 
ference on high frequency cables was 
made available in pamphlet form, and the 
entire membership was notified of its 
availability. Also outstanding papers pre- 
sented at District meetings are being recom- 
mended for publication, so that the en- 
tire membership can benefit from these 
papers which would otherwise be heard by 
only a few. 


COMMITTEE ON EDUCATION 


The committee on education shares with 
the Society for the promotion of Engineering 
Education and ECPD an interest in the 
guidance and selection of students and 
their proper professional education in 
colleges and universities offering accredited 
curricula in electrical engineering. It has 
the opportunity of co-operating with 
many groups within the AIEE organiza- 
tion to further the education of the elec- 
trical engineer, both before and after 
his graduation from college—indeed, to 
make education a continuing process in 
the life of each AIEE member. Its rela- 
tionship to the committee on Student 
Branches is necessarily close. In promot- 
ing educational work in the AIEE Sec- 
tions throughout the country, it works with 
the Sections committee. The publication 
of general technical articles which start 
from basic principles and bring the reader 
up to date on a particular device requires 
co-operation with the editor of Electrical 
Engineering. 

Every year many suggestions for educa- 
tional activities on the part of the Institute 
are received by the committee and tabled 
because: other agencies for the objective 
are already in existence, lack of funds, or 
inappropriateness. This year, for ex- 
ample, the committee did not act favorably 
on a proposal to establish an agency at 
AIEE headquarters to counsel returning 
veterans as to educational preparation for 
electrical engineering, nor did it feel that a 
proposal to set up a series of correspond- 
ence courses of a refresher type or on new 
developments in electrical engineering for 
returning veterans and reconverted war 
industry workers was feasible. 

As an aid to schools teaching electrical 
engineering during the past year, the com- 
mittee collected information on the teach- 
ing of electronics as a service course to 
students with a background of physics, 
other than electrical engineering students 
and has in preparation a summary of the 
practices reported as successful. 

At the 1946 winter convention, the com- 
mittee organized a session devoted to a 
comparison of the achievements of elec- 
trical engineering graduates in civilian war 
research agencies as compared with men 
who were professional physicists. ‘This meet- 
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ing and the full report of it published in 
Electrical Engineering may have helped 
considerably in clearing up a confused 
situation which might have done harm 
had it long continued. 

In keeping in touch with developments 
in electrical engineering curricular changes, 
the committee has not taken any stand on 
their merits. The five-year program lead- 
ing to the bachelor’s degree has been dis- 
cussed, and the experiment encouraged, 
with the thought that the results be re- 
ported, evaluated, and disseminated to all 
schools, 

The place of electronics in the postwar 
electrical engineering curriculum will be 
the subject of a conference at the 1946 
summer convention. 

In co-operation with the committee on 
Student Branches, a revision of the AIEE 
guidance pamphlet, ““The Electrical Engi- 
neer,” is now in preparation, as the first 
edition nearly has been exhausted. 

An exploration of the possibilities of 
standardization of laboratory equipment 
for schools in order to reduce costs is being 
undertaken. 

Advisory services to Sections of the In- 
stitute contemplating the establishment of 
educational courses have been rendered 
and a joint letter sent out by the chairman 
of the Sections committee on this topic. 

Steps are being taken to secure a new ser- 
ies of articles for publication in Electrzcal 
Engineering similar in general to those 
published ten years ago, which will bring 
AIEE members up to date on the newer 
developments in our field, particularly in 
fundamentals, written for the ordinary 
engineer and free of unnecessary mathe- 
matical obfuscation. 

The project to revise and bring up to 
date the committee’s list of film strips and 
motion pictures has been held up by un- 
settled conditions, but it is hoped some 
progress on this may have been made by 
the end of the year. 


COMMITTEE ON ELECTRIC WELDING 


A meeting of the committee was held 
January 21, 1946, during the winter con- 
vention. Papers for the summer conven- 
tion and for the 1947 winter convention 
were discussed. The work being done by 
the technical activities subcommittee and 
the professional activities subcommittee 
was reviewed. Considerable interest was 
shown in the activities of these two sub- 
committees, and several suggestions were 
made which were passed on to the sub- 
committee affected. 

There were no activities of this. com- 
mittee on standards, although it is under- 
stood that revision for peacetime use of 
war Standard C52.4, C52.5, and Z49.1 will 
be started in the near future. Representa- 
tives of this committee will assist in this 
work. 

One technical session was sponsored by 
the committee at the winter convention. 
Four technical papers were presented. 
Two of the papers were on arc welding 
subjects, and the other two were on resist- 
ance welding. Two technical sessions 
are being sponsored at the summer conven- 
tion. Three technical papers and one 
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conference paper are to be presented on 
resistance welding subjects, and three 
conference papers on are welding subjects. 


COMMITTEE ON ELECTROCHEMISTRY 
AND ELECTROMETALLURGY 


The activities of the committee on elec- 
trochemistry and electrometallurgy dur- 
ing the past year have been confined largely 
to subcommittee work. No sessions or 
conferences have been sponsored at any 
of the national or District meetings. A 
meeting of the committee was held in 
New York, January 24, 1946, at which the 
work of the subcommittee was reviewed 
and plans formulated for future activities. 

The subcommittee on metallic rectifiers, 
under the chairmanship of Doctor L. O. 
Grondahl, is actively at work on the follow- 
ing projects: 


(a). Preparation of a test code. 
(6). Preparation of a list of nomenclature and symbols. 


(c). Preparation of a bibliography on metallic recti- 
fiers. 


Preparation of the bibliography is 
nearing completion, and excellent prog- 
ress is being made on the test code and 
nomenclature. A group to consider the 
preparation of standards also is contem- 
plated. Four meetings a year are planned 
by this subcommittee. The first was held 
in New York, January 25, 1946, and the 
second is scheduled to be held April 25, 
during the North Eastern District meeting 
in Buffalo. 

The subcommittee on voltage transients 
in arc furnace circuits of which Doctor E. R. 
Whitehead is chairman, held a meeting in 
New York on January 23, 1946. Doctor 
Whitehead presented a report on the 1945 
trouble record for arc furnace customers on 
the Duquesne Light Company System. 
Among 29 customers having 44 arc furnace 
installations, there were 18 reported cases 
of trouble. Of the 18 cases of trouble, 
possibly three, and probably one, were 
caused by overvoltage. 

In a discussion of the most fruitful 
course of future action, S. B. Griscom 
suggested that the subcommittee prepare a 
brief report outlining preferred practice in 
arc furnace installations. It was pointed 
out that such a report would not be con- 
sidered a standard and that similar guides 
had proved very useful in other fields. A 
preliminary outline of subjects to be con- 
sidered was drawn up, and a working 
group has been appointed to prepare a first 
draft before June 1. 

The subcommittee urges all who may 
have test data, or any information on this 
subject not included in the 1944 report, to 
assist in this work, either by the preparation 
of an appropriate technical paper or by 
submitting it to the committee for discus- 
sion. ; 

The committee on electrochemistry and 
electrometallurgy also is represented on 
the joint subcommittee on induction and 
dielectric heating. 


COMMITTEE ON ELECTRONICS 


The subcommittee plan of operation is 
employed for the work of this committee. 
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A meeting of subcommittee chairmen was 
held in October 1945, and another in 
April 1946, both in New York. A meeting 
of the entire committee was held during 
the winter convention. 

Subcommittee activities have been as 
follows. 


1. Electronic Power Converters Subcom- 
mittee. This group has during the past 
year completed two tasks that have been 
in process for several years, and represent 
the result of a great deal of effort on the 
part of each of many subcommittee mem- 
bers. 

The first of these is a draft of “‘Standards 
for Pool Cathode Mercury-Arc Power 
Converters,’ which is now in the hands of 
the standards committee. Copies of this 
draft will be distributed broadly to en- 
courage early use of the proposed Stand- 
ards. It is planned to publish a review of 
these Standards in Electrical Engineering 
at an early date, and to provide an op- 
portunity for discussing them at the sum- 
mer convention. 

The second of these two completed tasks 
is a report on “Inductive Co-ordination 
Aspects of Rectifier Installations.” It is 
planned to present this for discussion during 
the summer convention, and to publish it 
in Electrical Engineering and the Transac- 
tions. 

Work on a bibliography covering elec- 
tronic power converters is approaching 
completion. Tasks that lie ahead for this 
subcommittee are the preparation of 
standards for electronic power converters 
employing hot cathode tubes and stand- 
ards for electronic power converters used 
with electronic motors. 


2. Subcommittee on Nomenclature, Defini- 
tions, and Symbols. This group has com- 
pleted the preparation of an extensive set of 
proposed ,standard definitions, which are 
being channelled through the standards 
committee for adoption. An important 
aspect of this work has been co-ordination 
with a similar IRE activity. Additional 
work is in progress extending the coverage 
of the standards proposals to additional 
subject matter. 


3. Technical Papers Subcommittee. This 
subcommittee generally has encouraged 
and solicited the preparation of technical 
papers on electronic subjects. The policy 
of distributing available papers on elec- 
tronics to other committees which sponsor 
sessions covering the applicational sub- 
jects involved has been continued. The 
technical paper coverage of electronic sub- 
ject matter has been in general satisfac- 
tory. 

This subcommittee organized and con- 
ducted a very successful informal tech- 
nical conference at the winter convention. 
The subject was “‘New Industrial Uses of 
Electronics Resulting from Wartime De- 
velopments.” Additional similar future 
programs are being planned. 

In response to a request for help in 
carrying on the work of technical groups 
affiliated with local Sections, manufac- 
turers of radio and electronic equipment 
were canvassed for movie films, lecturers, 
bulletins, educational courses, and the 
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like, and the material so collected was cor- _ 


related and distributed to local Sections. 


4. Subcommittee on Electronic Heating. 
By means of approximately monthly meet- 
ings throughout the winter and spring, 
this subcommittee has been very active in 
the difficult work of promoting co-ordina- 
tion of electronic heating practices with 
Federal Communication Commission’s fre- 
quency allocations and radiation field 
strength limitations. This group also 
has given attention to safety practices and 
equipment rating standards. 


5. Electron Tube Subcommittee. This 
group has undertaken a program of gas 
tube standardization work in close co- 
operation with a parallel group in ‘the 
IRE. 


6. Liaisom Subcommittee Activities. 
There is a general need for improving the 
co-ordination between technical activities 
in electronics of the AIEE committee and 
certain parallel activities of the IRE and 
related activities of the Joint Electron Tube 
Engineering Council (JETEC), also for 
effective contact with the AIEE Standards 
committee and the American Standards 
Association. To this end, there have been 
established, under the committee on elec- 
tronics, a subcommittee on JETEC liaison 
and tube standards, a subcommittee on 
AIEE-IRE liaison, which has become ac- 
tive in discussions toward standardization 
of frequency-band nomenclature, and a 
subcommittee on electronic standards. 
These subcommittees have been active in 
various technical and co-ordination prob- 
lems. ; 


7. Other Subcommittees. Subcommit- 
tees on electronic precipitation, elec- 
tronic control, electronic welding, X-ray 
tubes, and on wires and cables, have been 
active in their respective fields. The com- 
mittee on electronics thinks that one of its 
important responsibilities is to serve as a 
continuing co-ordinating agency between 
the various professional organizations in 
the electronics and technical workers in 
various differing applicational fields where 
the use of electronic devices is important. 


COMMITTEE ON INDUSTRIAL CONTROL 
DEVICES 


This new committee was organized in 
the fall of 1945. Three meetings have 
been held. ‘The first, or organizing meet- 
ing, was held in Milwaukee on November 7, 
1945, and the second meeting was held in 
New York on January 21, 1946, during 
the winter convention. The third meeting 
was held in Cleveland on April 11, 1946, 
and a fourth meeting is scheduled to take 
place in Detroit during the coming summer 
convention. 

Considerable discussion has dealt with 
the scope of this new committee in its re- 


lation to other committees of the Institute. 


In order to pursue its work, the following 
subcommittees and working groups have 
been set up: 


1. Subcommittee on industrial electronic control. 
This subcommittee will work in co-operation with a 
subcommittee of the committee on electronics. - 
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2. Subcommittee on revision of AIEE-ASA Stand- 
ards 15, 


3. Subcommittee on test codes for industrial control 
devices. 


4. Subcommittee on servomechanisms. 
5. Liaison with American Society for Testing Mate- 
rials. 


6. A working group on bibliography on industrial 
control. 


A number of papers have been reviewed 
in preparation for presentation at coming 
Institute conventions. 


COMMITTEE ON INDUSTRIAL POWER 
APPLICATIONS 

Owing to conditions prevailing last year, 
this committee carried on practically no 
work after the winter convention’of Janu- 
ary 1945 until the present committee was 
formed last September. 

At the January 1945 meeting, a series of 
papers and very interesting discussions on 
the subject of industrial voltage require- 
ments were presented, although the sub- 
ject was found to be too broad to reach 
any conclusions at one session. 

When. the present committee took up 
the work last September, it decided to form 
two subcommittees, one to study again 
the subject of industrial voltage require- 
ments, and the other to review the field of 
machine and process drives. 

At the winter convention, in January 
1946, the committee sponsored three ses- 
sions, two covering chiefly the industrial 
voltage subject, and one on co-ordinated 
drives in industrial processes. 

The two sessions on industrial voltage 
requirements were held on the same day, 
and a committee luncheon meeting was 
held between the two sessions. 

At the first session, an interim report on 
the subject of industrial voltage require- 
ments was presented, and was very well 
received. A number of good suggestions 
were received from the discussion from the 
floor. Therefore, the subcommittee is at 
present actively working and hoping to 
present a completed report on this sub- 
iect in the near future for review by the 
board of directors. 

The committee luncheon was attended 
by 22 members of the committee and the 
major topic of discussion was a continuance 
of the subject industrial voltage require- 
ments. It was the concensus that this 
subcommittee should continue the work 
and have a final report available at the 
earliest possible date. ' 

The second session, held in the afternoon 
of the same day, was sponsored jointly by 
the committee and the inductive heating 
subcommittee. Two papers were given 
on subjects allied to industrial voltage re- 
quirements and two papers on inductive 
heating. 

The third session was under the auspices 
of the subcommittee on machine and proc- 
ess drives. A general report outlining 
the proposed scope of this subcommittee 
was presented, and the discussions from 
the floor suggested that the work of this 
committee should stress the increasing 
importance of co-ordinated drives in in- 
dustrial processes. 

Two papers were presented on allied 
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subjects which were well received, and 
committee members expressed a desire 
for more papers along the lines of the two 
that had been given which furnished tech- 
nical and practical application data on 
co-ordinated drives. 

This subcommittee held a meeting in 


- March, when it was agreed by the member- 


ship that better results might be obtained 
by sponsoring papers for a particular in- 
dustry at two or three of the main technical 
meetings throughout the year and by ul- 
timately assembling the best of the papers 
presented into a report form. It was 
agreed that at the next main technical 
meeting the subcommittee would have 
available a series of papers covering the 
textile industry. 

The committee members,’ both at the 
winter convention and at the various sub- 
committee meetings, have agreed to try to 
cultivate the interest of the industrial 
groups of all sections of the Institute. By 
this means we are hoping to build a closer 
tie between the national committee and 
the various industrial groups, thereby 
creating greater interest throughout the 
membership of industrial problems. 


COMMITTEE ON INSTRUMENTS AND 
MEASUREMENTS } 


With the cessation of hostilities, the com- 
mittee on instruments and measurements 
resumed many activities curtailed during 
the war and has undertaken a number of 
new projects. Two meetings of the com- 
mittee were held in New York, one No- 
vember 14, 1945, and the other April 10, 
1946. 

Although no technical meeting was held 
during the summer, the committee re- 
viewed a considerable number of technical 
papers, and four were included on the 
summer technical program. Gyroscope 
testing, resistance thermometers, lag of 
thermometer elements, and current trans- 
formers were subjects of the papers. At 
the winter convention in January 1946, 
seven papers were presented in two sessions 
under the sponsorship of the committee. 
The papers covered a wide range of in- 
strument and measurement applications, 
including stress measurement, servomecha- 
nisms, surge-current measurement, high- 
speed recording, thermal demand meters, 
and automatic oscillography. The sessions 
were well attended, and a great deal of in- 
terest was shown in the papers. Through 
the year a number of papers reviewed by 
the committee were included on the pro- 
grams of District or Section meetings. 
Three sessions under sole sponsorship of 
the committee or joint sponsorship with 
other committees are planned for the next 
summer convention. 

Through its 14 subcommittees, the com- 
mittee has been active in standardization 
matters. Preliminary drafts of master 
test codes for resistance measurement and 
for temperature measurement have been 
prepared, and now are being considered 
for approval by the main committee. A 
proposed final draft of the revision of a 
former report on a proposed Standard 40, 
on recording instruments, is nearing com- 
pletion and is expected to be ready for 


Report of Board of Directors 


recommendation as a new standard in the 
next few months. Recommended changes 
in and additions to the ‘““American Stand- 
ard Definitions of Electrical Terms” are 
under preparation and will be offered as 
suggestions for a future revision of that 
Standard. A revision of the 1941 AIEE 
report on “Telemetering, Supervisory 
Control and Associated Circuits” is being 
undertaken by the joint subcommittee on 
that subject. 

In co-operation with the corresponding 
subcommittees of the ASA sectional com- 
mittee C-57, and of the committee on pro- 
tective devices, the subcommittee on in- 
strument transformers has carried forward 
the work on the instrument-transformer 
definitions to be included in the ASA 
Standard on transformers. A request of 
the committee on instruments and meas- 
urements that the section of this standard 
dealing with instrument transformers be 
separated editorially from the complete 
standard has received favorable considera- 
tion by the ASA committee, and the sub- 
committee on instrument transformers 
plans to carry out the editorial work 
necessary to make the separate publication 
possible. 

The field of servomechanisms has re- 
ceived particular attention during the 
past year, and the subcommittee on that 
subject has been active in stimulating 
papers on servomechanisms and in spon- 
soring, jointly with the corresponding 
subcommittee of the committee on indus- 
trial control devices, a session on servo- 
mechanisms at the coming summer con- 
vention. 

Because of the growing importance of 
electronic instruments in a wide variety 
of instrument and measurement applica- 
tions a joint subcommittee on electronic 
instruments has been formed through 
co-operative action by the committees on 
instruments and measurements and on 
electronics. This subcommittee is en- 
gaged actively in stimulating papers and 
discussion on electronic instruments for a 
conference at the summer convention 


COMMITTEE ON MARINE 
TRANSPORTATION 


The printed revision of Standard 45 be- 
came available during February 1946 as 
the 1945 revision of the Standard. 

It was considered inadvisable to hold 
meetings of the committee until the printed 
revision was available. Therefore, no 
meetings were held during latter part of 
1945. 

Two all-day meetings of the committee 
were held during 1946, and it is proposed to 
have one more all-day meeting before the 
close of the administrative year. Discus- 
sions at these meetings cover preparation 
of proposed changes and additions ap- 
plicable to future revisions of Standard 45. 

The committee believes that future re- 
visions of Standard 45 should include com- 
plete recommendations covering a-cinstalla- 
tions. This action is deemed advisable 
because of the increased use of a-c distri- 
bution systems on ships together with the 
greatly increased number of electrically 
propelled vessels. 


There have been no changes in the 
personnel of the committee except the 
addition of one AIEE member, a British 
electrical engineer, prominently identified 
in similar activities in British Institution of 
Electrical Engineers. It is believed that 
this addition to our membership will 
make for closer relations between American 
and British shipboard electrical practices. 


COMMITTEE ON POWER GENERATION 


In spite of rather severe handicaps im- 
posed by the war and by the subsequent 
dislocations, the first year of the, activities 
of the committee on power generation, 
while operating with the newly appointed 
and expanded subcommittees, proved to 
be quite successful. The response of the 
membership to the plans and efforts of 
the committee has been very satisfactory, 
and there is every indication that the com- 
mittee will continue to grow in its impor- 
tance. 

The specific activities of the committee 
during the past year may be summarized 
as follows: 


Central Station Auxilzaries. The ma- 
terial of the previously held technical con- 
ference on the subject of central station 
auxiliaries had been rewritten in the form 
of five technical papers, subjected to the 
regular review and grading, and finally 
published as a part of the 1945 fall technical 
paper program. ‘The comments and dis- 
cussions received since the publication in- 
dicated that this activity served a timely 
and useful function. 


Hydroelectric Systems. It has been 
realized for some time that the problems 
of the design and operation of hydroelectric 
systems did not receive sufficient attention 
in the technical activities of the AIEE, as 
compared with their importance in the 
electrical picture in this country. Under 
the sponsorship of a newly appointed sub- 
committee,’a thorough canvass was made 
of the potential interest and possible ma- 
terial pertaining to this topic. 

The initial session on hydroelectric sys- 
tems was held during the 1946 winter con- 
vention in New York, with the presenta- 
tion of two technical papers and three con- 
ference papers. ‘There was evidence of a 
strong interest on the subject especially 
among AIEE Canadian membership. 
Present plans call for the continuation of 
this activity with a sponsorship of similar 
sessions at the summer convention in De- 
troit, at the winter convention in New York, 
and possibly at the Pacific Coast conven- 
tion. 


Excitation Systems. Another new ac- 
tivity of the committee, originated this year 
and introduced to the membership with a 
symposium of six papers at the 1946 winter 
convention, was the subject of excitation 
systems. The excellent attendance of the 
session and the widespread discussion of 
the topic indicated that this activity also 
meets a real need and that it should be con- 
tinued. Accordingly, the subcommittee 
made plans for further contributions at 
the summer and winter conventions. 
Work is in progress to formulate definitions 


and terms used in discussions of excitation 
systems. 


Prime-Mover Governing. The present 
activities of this subcommittee are: 


1. A revision of AIEE 600 relating to speed govern- 
ing specifications for steam turbine generators. 


2. The preparation of a specification for the speed 
governing of hydro turbine generators. 


3. The preparation of two additional specifications 
for types of steam turbine generators not covered 
under AIEE 600. 


The probability is that all work in prog- 
ress will be completed and submitted to 
the standards committee for approval by 
the spring or summer of 1947. 


COMMITTEE ON POWER TRANSMISSION 
AND DISTRIBUTION 


A full meeting of the committee was held 
at the winter convention. A report was 
made by a subcommittee consisting of the 
officers and chairmen of subcommittees on 
possible reorganization of committees. 
The only change proposed and approved 
by the main committee was to change the 
three working groups under the transmis- 
sion subcommittee to full subcommittees to 
be known as lightning and insulator sub- 


committee; towers, poles, and conductors © 


subcommittee; and insulated wire and 
cable subcommittee. The change will 
take place at the beginning of the next ad- 
ministrative year. 


Technical Meetings. At the winter 
convention, the committee sponsored one 
technical meeting. A report of the light- 
ning and insulator working group on the 
“Lightning Performance of 220-Kv Lines— 
Part II’? was made. Other papers dealt 
with economics of transmission, arcing 
grounds on 13-kv, 3-phase busses, and in- 
ductance of square busses. 


Subcommittee Activities. The distribu- 
tion subcommittee has a joint project with 
the relay subcommittee of the committee 
on protective devices through a working 
group composed of members of both sub- 
committees. This group is studying plans 
for improvement in the quality of service 
on overhead distribution circuits. Also a 
study is being made of proper forms for 
reporting the troubles on distribution cir- 
cuits to obtain better evaluation of the ef- 
fects of different construction practices 
and protective devices. The group has 
had one meeting and plans another during 
the summer convention. The subcom- 
mittee is canvassing its members for pos- 
sible papers for the winter convention in 
1947. This subcommittee has under con- 
sideration the following subjects: (a) de- 
sign of systems for fluctuating loads; (b) 
4 versus 13 kv distribution economics; 
(c) network supply from two sources; 
(d) nonleaded cables in the earth. 

The stations subcommittee held one 
meeting and has arranged for papers to -be 
presented at a session during the summer 
convention. 

The transmission subcommittee, through 
the working group on lightning and in- 
sulators, presented its report on the ques- 
tionnaire on lightning performance of 190 
to 287-kv lines by means of a paper at 
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the winter convention in January 1946. 
This group is now preparing a second 
volume of the “Lightning Reference 
Book” to cover the period from 1935 to 
1945 inclusive. This working group has 
under consideration the following proj- 
ects: (a) the predetermination of lightning 
performance of transmission lines as a 
guide to the design of such lines; (b) a 
questionnaire on the record of outages on 
high voltage lines from all causes; and (c) 
a survey of the performance of insulators, 
wood and air in series, and possibly a fur- 
ther investigation of the subject. It is ex- 
pected to have two papers available for 
the summer convention dealing with cer- 
amic dielectrics at elevated temperatures 
and co-ordination of insulation and spacing 
of transmission line conductors. 

The cable working group has inter- 
changed correspondence on the beginning 
of a study to investigate the proper methods 
for evaluating the effect of the thermal 
properties of buried cable systems of the 
direct burial and duct types. The group 
has been actively soliciting papers, so that 
it is expected to have six papers at a cable 
session to be held at the summer conven- 
tion. There are also prospects for about 
five papers at the winter convention in 
1947. The working group on _ towers, 
poles, and conductors has been endeavoring 
to get papers on the comparison of wood 
and steel in structures and on the preserva- 
tive treatment of wood. There is a possi- 
bility of one paper for the summer conven- 
tion. ‘ 

The general systems subcommittee is 
studying a standard method of evaluating 
power losses, which it is hoped will result 
in two papers. The subcommittee is still 
studying stability of transmission lines, 
which study will continue for another 
year or two. The subcommittee is follow- 
ing the development of d-c transmission 
both in Europe and in the United States. 
The subject of overvoltages on transmission 
lines is under consideration by the subcom- 
mittee. 

It is intended to have a meeting of the 
full committee during the summer con- 
vention in Detroit. The committee is 
sponsoring two sessions at this convention. 


COMMITTEE ON PROTECTIVE DEVICES 


Principally because of the wide variety 
of fields included in the scope of the com- 
mittee, an attempt was made this year to 
place more of the responsibility for the 
preparation of Standards and other specific 
activities in the hands of the subcommittees 
rather than attempt to cover too many of 
these details in the main committee. The 
subcommittees have reacted favorably to 


. this increased responsibility, and, with a 


few more adjustments necessitated by this 
change in operating concept, they should 
be able to function very satisfactorily. 

The committee sponsored 13 papers for 
the winter convention and expects to have 
about 8 on the schedule for the summer 
program. A special working group has 
been set up to solicit papers by operating 
engineers. It is thought that particularly 
in the postwar period a review of operating 
experiences can be of major assistance to 
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the manufacturers in formulating plans for 
new designs and new products. It is 
recommended that this activity be con- 
tinued at least for the coming year. 

There have been two meetings of the 
main committee and another is scheduled 
at the time of the summer convention in 
Detroit. The subcommittees have met 
more frequently, and their accomplish- 
ments outlined in more detail follow. 


Circuit Breakers and Assembled Switch- 
gear. The work of the subcommittee 
was handled mainly through six working 
groups, each of which was assigned a spe- 
cific project. 

The working group on the “Air Circuit 
Breaker Standard 20” completed the work 
on the proposed Standards and have re- 
ferred it to the committee for further ac- 
tion. 

The working group on ‘Switchgear 

Assembly Standard 27” reviewed the stand- 
ard in its present form and decided that 
no further action should be taken this 
year. 
The working group on the proposed 
standards for automatic circuit reclosers 
for a-c distribution circuits sent out drafts 
of the proposed standards at two different 
times. Adverse comments were received 
on both drafts, and the project will require 
further action by both the working group 
and the subcommittee. For this purpose, 
it is planned to hold a joint subcommittee 
and working group meeting in Pittsburgh 
on May 16. It is hoped that at that time 
the differences of opinion which have pre- 
vented passing of the standards can be 
cleared and that the standard can be pre- 
sented to the committee for final action be- 
fore closing the current year’s business. 

The working group on studying short- 
circuit current for low voltage circuits has 
held several meetings, but was unable to 
complete its work until more test data 
could be obtained and examined. Their 
work is not expected to be completed this 
year. 

The working group on “‘Power Circuit 
Breaker Standard.19,” which was assigned 
the additional problem of studying the 
method of defining interrupting ratings, 
reports satisfactory progress, but states 
that its project cannot be completed during 
the current year. No revision of Stand- 
ard 19 is recommended at this time. 

The working group on technical program 
papers by operating engineers has worked 
diligently to obtain papers covering operat- 
ing experiences. The reward for its in- 
terest has been slight and not all that was 
hoped for. 

It is recommended that the work of the 
group on the method of defining interrupt- 
ing rating should be continued into the 
succeeding year or until it is completed. 
The matter of technical program papers by 
operating engineers should be an item for 
continuing study. Although the results 
obtained have not been very satisfactory, 
it is believed that the interest of the In- 
stitute demands that study of the subject 
should be continued until satisfactory re- 
sults are obtained. 


Lightning Protective Devices. “Expul- 
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sion Type Distribution Lightning Arresters, 
AIEE Standard 47,” December 1945, 
was sponsored by H. L. Stewart, New Eng- 
land Power Service Company. His work- 
ing group completed the Standard except 
for editorial changes during 1945. The 
Standard was issued for trial use December 
1945. The project has been completed. 

“Industry Survey of Performance Char- 
acteristics of Distribution Expulsion Type 
Lightning Arresters’ was sponsored by 
E. W. Beck, Westinghouse Electric Cor- 
poration, East Pittsburgh, Pa. Mr. Beck 
appointed a working group and secured 
data from all manufacturers of these ar- 
resters, worked up a first draft of the report, 
then submitted it to the group for com- 
ments. Comments and new data were 
received which required a new draft. The 
new draft will be submitted to the working 
group for approval when completed, after 
which it will be sent to the subcommittee 
for approval and publication in Electrical 
Engineering. It is suggested that this proj- 
ect be continued to completion under the 
sponsorship of Mr. Beck. 

“Survey of Lightning Protective Equip- 
ment Used on A-C Rotating Machines” 
was sponsored by T. H. Mawson, Common- 
wealth and Southern Corp., Birmingham, 
Ala. Mr. Mawson prepared a question- 
naire which was sent to major utilities. 
Complete returns are not in. It is sug- 
gested that this project be continued under 
the sponsorship of Mr. Mawson. 

“Lightning Protection for Substation 
Units”? has been sponsored by E. R. White- 
head, Duquesne Light Company, Pitts- 
burgh, Pa. Mr. Whitehead appointed a 
working group and set up the following 
procedure: 


(a). To formulate the problem more definitely. 


(b). To contact the transformer subcommittee with 
a view to having them co-operate in this study. 


(c). To consult with manufacturers to get their views 
on the protection needed in the problem. 


It is suggested that this project be con- 
tinued under Mr. Whitehead’s sponsor- 
ship. 

Combination of the three Lightning 
Arrester Standards, AIEE 28, 47, and 24 
was sponsored by F. M. Defandorf, Na- 
tional Bureau of Standards, Washington, 
D.C. He appointed a working group and 
has issued a second draft which is now in 
the hands of the working group for com- 
ments. Mr. Defandorf has made an ex- 
cellent start on this project and is doing a 
splendid job. It is therefore suggested 
that this project be continued under his 
sponsorship. This is a major standard 
and may require several years to complete, 
as there is considerable revising to be made 
in the test sections which require new in- 
formation. 

The subject of surge protection for arc 
furnaces was discussed by the committee. 
Mr. Whitehead, chairman of the subcom- 
mittee on overvoltages in arc furnace cir- 
cuits, was asked to serve as the contact be- 
tween the two committees and offer the 
assistance of the lightning protective de- 
vices subcommittee. No working project 
has been set up for this subject, as the need 
for such a group has not crystallized. 
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Fault Limiting Devices. This subcom- 
mittee has had three active working groups 
on present-day grounding practices; re- 
vision of ‘(Standard 32, Neutral Grounding 
Devices”; and “Bibliography Concerning 
System Grounding.” This latter group 
was formed January 23, 1946. The series 
capacitor protective device has been as- 
signed to this subcommittee, and one paper 
on this subject was presented at the Janu- 
ary meeting. The subcommittee will be 
prepared to sponsor standards in connec- 
tion with these devices if necessary. 


Relays. Two meetings of the relay 
subcommittee were held, one in Cleveland, 
October 18, 1945, and one in New York, 
January 21, 1946. Another meeting of 
the subcommittee to summarize the ac- 
tivity of the year will be held in Cleveland, 
May 16. 

As in recent years, the work of the sub- 
committee has been carried forward prin- 
cipally by a number of working groups, 
to each of which has been assigned a particu- 
lar project. 

A working group on the bibliography of 
protective relaying has been continued, 
and has prepared a bibliography of tech- 
nical articles on relaying for 1945. The 
sponsor of this group is again C. E. Parks. 
The bibliography for 1945 was distributed 
not only to the members of the subcom- 
mittee, but also to the relay subcommittee 
mailing list, a list prepared by the subcom- 
mittee of approximately 100 engineers who 
are most vitally interested in relaying prob- 
lems. As this bibliography is now kept 
up to date year by year, it will be a simple 
matter to publish the accumulated bibliog- 
raphy for a period of three or four years, 
whenever it becomes desirable. It is 
recommended that the work of this group 
be continued. 

A working group under: the chairman- 
ship of J. C. Bowman has continyed to 
study the protection of generators against 
winding failures. It is anticipated that 
this group will prepare a report on recom- 
mended practices for relay protection of 
generators, which should be published 
when completed. The activity of this 
group should be continued until a report is 
published. 

The working group on current trans- 
formers with low-current secondary wind- 
ings has been continuing, but S. C. Ley- 
land has taken over the sponsorship. A 
report covering various applications justi- 
fying the use of current transformers having 
a rated secondary current of less than 5 am- 
peres is being completed, and it is hoped 
that this report can be presented at the 
summer convention in 1946. 

The activity of the working group on the 
protection of power house auxiliaries, 
sponsored by E. L. Michelson, is drawing 
to a close, and the report of this work, in- 
cluding recommended practices, will be 
presented at the summer convention in 
1946. A preliminary report was presented 
for discussion at a conference on relaying 
problems held at the winter convention 
of the AIEE in January. The work of 
this group should be complete this year. 

The working group on the co-ordination 
of transformer protection, organized last 
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year, has continued to study these prob- | 
lems, with W. R. Brownlee as sponsor. A 
preliminary report and a conference paper 
on the work of this group were presented 
at the conference session on relaying prob- 
lems at the winter convention, and the 
discussion provided additional material 
for work of the group. It is expected 
that a final report can be prepared for the 
winter convention in 1947, and the group 
should be continued until the report is 
presented. 

The group on standards for instrument 
transformers for relaying purposes has been 
continued under the sponsorship of C. A. 
Woods. The ‘principal activity of this 
group, which consisted in assisting sub- 
committee 4 of ASA committee C57 to 
revise the American Standards for instru- 
ment transformers, has been completed, 
but some additional work on guides for 
operation and the test code for instrument 
transformers has remained for further con- 
sideration. This group should continue 
to stand by until all details of the revision 
of ASA C57 have been completed, but no 
further extensive activity is contemplated 
in the near future. 

A joint working group with the com- 
mittee on power transmission and dis- 
tribution was appointed last year to study 
the correlation of construction and protec- 
tion of distribution circuits, with George 
Dodds as sponsor. Because of the joint 
sponsorship, some delay was experienced 
in completing the organization of this 
group, but activity is continuing, and the 
first meeting of the entire group was held in 
Pittsburgh, March 20. The activity of 
this group should continue throughout the 
next year and should result in a valuable 
report on distribution circuit problems. 

During the year a working group was ap- 
pointed to carry out the revision of ASA 
Standards for protective relays, under 
the sponsorship of J. H. Oliver. Because 
of man power limitations, this group has 
not yet been very active, but has been 
studying the problem, so that when man 
power is available the work can proceed 
rapidly. The activity of this group is 
being co-ordinated with the corresponding 
subcommittee of ASA committee C37 on 
power switchgear, so that the completed 
draft of the proposed revision may be ac- 
ceptable without extensive change as the 
ASA Standard. The work of this group 
should continue until the new standard is 
accepted and published. 

A working group under the sponsorship 
of H. R. Paxson has been investigating 
the problem of grounding instrument 
transformer secondaries. A considerable 
divergence of practice was found, and it 
appears desirable that a report on this sub- 
ject should be presented to the Institute. 
Possibly this report may be ready for the 
summer convention in 1946, but in any 
case it should be ready by the time of the 
winter convention in 1947. 


COMMITTEE ON APPLICATIONS OF 
ELECTRICITY TO THERAPEUTICS 


This committee held one meeting during 
the year. At this meeting, the following 
general principles were considered. 


There are three factors in the application 
of electricity to human beings: 


(a). The effect, if any, on man. 


(b). The safe limits of dosage, and the measurement 
of the same. 


(c). Methods of protecting the operator. 


The following applications were con- 
sidered. 

1. About high frequency of heating, 
it was the general opinion of the committee 
that workers could be shielded from high 
frequency fields by interposing metal 
barriers. There is no information avail- 
able as to the amount of heating to which a 
human being could be subjected without 
injury. 

2. It was brought to the attention of 
the committee that some of the ultrahigh 
frequencies used in radar produced a cer- 
tain amount of X-ray radiation. Most of 
this is believed to be in the soft X-ray 
field. It is claimed, however, that some 
very hard X-rays may be produced. The 
committee has suggested that a study be 
made and the amount of X-ray radiation 
produced by different radar sets be in- 
vestigated. 

3. The effect of sun lamps and ultra- 
violet-ray radiation lamps also was dis- 
cussed. A few individuals are believed to 
be supersensitive to such radiation. The 
Westinghouse Electric Corporation vol- 
unteered to furnish equipment and lamps 
and to help in carrying out a study of the 
amount of ultraviolet radiation. The 
School of Hygiene at the Johns Hopkins 
University was suggested as a possible loca- 
tion for carrying on this investigation. It 
has been notified of the project, and it is 
under consideration. 

4. Doctor Rentschler of the Westing- 
house Electric Corporation called attention 
to a special short wave lamp and its suc- 
cessful use in treating infected wounds. 
He reported that certain deep-seated 
wounds which had not responded to sulpha 
treatments had healed rapidly when ex- 
posed to rays from the lamp. 


Awards 


INSTITUTE PRIZES 


In May 1945, the committee on award 
of Institute prizes reported the award of 
three national prizes, after consideration of 
all eligible papers in the several classifica- 
tions for prize awards and solicitation of the 
recommendations of the chairmen of the 
technical committees relative to the best 
papers in specialized fields. As usual, the 
choice between leading papers worthy of 
award in the several classes of prizes was 
very close. The committee gratefully 
acknowledged the assistance of the tech- 
nical committees and their reviewers in 
nominating and grading the many papers 
eligible for the awards. Owing to the 
wartime situation, no papers were sub- 
mitted for the national prize for Branch 


paper. 
SPECIAL COMMITTEE TO REVIEW 


PRACTICES IN THE AWARD OF 
INSTITUTE PRIZES 


The committee has prepared and sub- 
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mitted to the board of directors a proposed 
revised practice covering the award of In- 
stitute prizes. The suggested practices 
were determined after reviews with various 
interested committees and the vice-presi- 
dents representing the Districts. Ques- 
tions related to prize award practices of 
the Sections have been raised by the chair- 
man of the Sections committee, and the 
special committee requested that action by 
the board be postponed ,pending further 
consideration of the Section problem now 
being undertaken by the Sections com- 
mittee. 


EDISON MEDAL 


The Edison Medal, awarded by a com- 
mittee composed of 24 members of the 
Institute, was presented for 1945 to Philip 
Sporn, executive vice-president, American 
Gas and Electric Service Corporation, 
New York, “‘for his contributions to the 
art of economical and dependable power 
generation and transmission.” The pres- 
entation took place January 23, 1946, 
during the winter convention. The medal 
may be awarded annually for ‘“‘meritorious 
achievement in electrical science, electrical 
engineering, or the electrical arts.” ‘ 


LAMME MEDAL 


The Lamme Medal committee awarded 
the medal for 1945 to David C. Prince, 
vice-president, general engineering and 
consulting laboratory, General Electric — 
Company, Schenectady, N. Y., and past 
president of the Institute. Arrangements 
are being made for the presentation of the 
medal at the annual business meeting in 
Detroit, June 26, 1946. The medal may 
be awarded annually to a member of the 
AIEE “‘who has shown meritorious achieve- 
ment in the development of electric ap- 
paratus or machinery.” 


HOOVER MEDAL 


The Hoover Medal was established 
through a trust fund created by a gift from 
Conrad N. Lauer and is to be awarded 
periodically “‘to a fellow engineer for dis- 
tinguished public service’ by a board 
representing the ASCE, American In- 
stitute of Mining and Metallurgical En- 
gineers, ASME, and AIEE. The seventh 
medal, for 1945, was awarded to Doctor 
William H. Harrison, vice-president, Ameri- 
can Telephone and Telegraph Company, 
New York, and was presented to him on 
January 23, 1946, during the AIEE winter 
convention. 


JOHN FRITZ MEDAL 


The John Fritz Medal board of award is 
composed of representatives of the ASCE, 
AIME, ASME, and AIEE. The medal 
may be awarded annually for notable 
scientific or industrial achievements. The 
1946 medal was awarded to Doctor Zay 
Jeffries, vice-president in charge of chemi- 
cal department, General Electric Com- 
pany, Pittsfield, Mass. 


WASHINGTON AWARD 


The Washington Award for 1946 was 
bestowed upon Doctor Vannevar Bush, 
president of the Carnegie Institution of 
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Washington (D. C..), and director, Office of 
Scientific Research and Development. 
‘The presentation was made at a dinner in 
Chicago, Ill, in February. The award 
may be made annually to an engineer by 
the commission of award composed of nine 
representatives of the Western Society of 
Engineers and two each of the ASCE, 
AIME, ASME, and AIEE. 


ALFRED NOBLE PRIZE 


This prize, established in 1929, consists 
of a certificate and a cash award from the 
income of a fund contributed by engineers 
and others to perpetuate the name and 
achievements of Alfred Noble, past presi- 
dent of the ASCE, and of the Western 
Society of Engineers.. It may be made toa 
member of any of the co-operating so- 
cieties, ASCE, AIME, ASME, AIEE, or 
WSE, for a technical paper of particular 
merit accepted by the publication com- 
mittee of any of these societies, provided 
the author, at the time of such acceptance, 
is not over 30 years of age. The award 
for 1945 was presented, in January 1946, 
to A. L. Ahlf, a member of the ASCE, for 
his paper, ‘‘Design Constants for Beams 
with Nonsymmetrical Straight Haunches.” 


CHARLES LE GEYT FORTESCUE 
FELLOWSHIP 


No fellowship has been awarded this 
year on account of the fact that there are so 
few graduate students in the colleges at this 
time. Sufficient funds are available to 
consider the granting of fellowship awards, 
totaling about $1,000 per year. It is ex- 
pected that as soon as there are a reason- 
able number of graduate students in the 
colleges, notices will be sent out offering 
this fellowship. 


Joint Activities 


UNITED ENGINEERING TRUSTEES, INC. 


This organization manages property 
and funds held jointly by the four founder 
societies, including the Engineering So- 
cieties Building, the Engineering Societies 
Library, and the endowment funds of the 
Engineering Foundation. 

The building is occupied fully by engi- 
neering organizations, and additional space 
is needed both for offices and for meet- 
ings. Therefore, there has been a renewal 
of planning for the future adequate housing 
for engineering societies. 

The founder societies have been re- 
quested to report fully upon their present 
and estimated future needs for space. A 
committee of the UET is endeavoring to 
develop tentative plans for the remodeling 
of the building or the procurement of a 
new building to meet the needs of the 
founder societies and, if possible, bring in 
other engineering societies. 

Increased revenue from meeting halls 
and close attention to expenditures pro- 
duced a small credit balance for the year 
ended September 30, 1945. 

An abstract of the annual report for the 
year ended September 30, 1945, appeared 
in Electrical Engineering, January 1946, 
page 47. 
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ENGINEERING FOUNDATION 


The Engineering Foundation was es- 
tablished in 1914 as a joint organization 
of the four societies, ASCE, AIME, ASME, 
and AIEE, for “the furtherance of research 
in science and engineering, and the ad- 
vancement in any other manner of the 
profession of engineering and the good of 
mankind.” 

Each research project supported by it is 
under the sponsorship of one of the founder 
societies. 

During the year, the Welding Research 
Council continued work on nine projects 
and inititated two new projects. The 
council is sponsored by the founder so- 
cieties, the American Welding Society, 
and the Society of Naval Architects and 
Marine Engineers. Its work is carried on 
by eight research committees. 

Other reserach projects supported by 
the Foundation include soil mechanics, 
columns, alloys of iron, metal cutting, 
plastic flow of metals, and strength of 
metals. 

The Foundation has continued to support 
the work of the ECPD. — 

An abstract of the annual report for the 
year ended September 30, 1945, appeared 
in Electrical Engineering, January 1946, 
pages 48-9. 


ENGINEERING SOCIETIES LIBRARY 


The Engineering Societies Library was 
formed by combining the separate libraries 
of the ASCE, AIME, ASME, AIEE, and 
preparing a composite card catalogue. 

Special services rendered by the library 
include: photoprints, searches, abstracts, 
translations, bibliographies, book loans by 
mail. 

Wartime conditions prevented the usual 
growth in the book collection and greatly 
increased the demand for photostat prints 
and for other services. 

An abstract of the annual report for the 
year ended September 30, 1945, appeared 
in Electrical Engineering, January 1946, 
page 49. 

EMPLOYMENT SERVICE 


Operating as an incorporated nonprofit 
organization, the Engineering Societies 
Personnel Service, Inc., assists members of 
the founder societies desiring to secure new 


engineers. INonmembers may receive such 
assistance when positions available cannot 
be filled by members. 

Offices are operated in New York; 
Detroit, Mich.; Chicago; and San 
Francisco, Calif.; with the co-operation 
of the Engineering Society of Detroit in 
that city, the Western Society of Engineers 
in Chicago, and the Engineers Club of San 
Francisco in that city. 

For several years, the service has been 
on a self-supporting basis, but the pre- 
vailing scarcity of engineers available for 
new positions has reduced the number of 
placements. A record of registration and 
placements during the past year is given in 


Table XII. 


/ 


ENGINEERS’ COUNCIL FOR PROFESSIONAL 
DEVELOPMENT 


Organized in 1932 to engage in activities 
leading toward the enhancement of the 
professional status of the engineer, this 
council now includes three representatives 
of each of the eight participating organiza- 
tions: the ASCE, AIEE, ASME, AIME, 
SPEE, American Institute of Chemical] 
Engineers, National Council of State 
Boards of Engineering Examiners, and the 
Engineering Institute of Canada. 

During the past year, as in previous war- 
time years, inspections of engineering 
curricula by the committee on engineering 
schools were held toa minimum. Twenty- 
six curricula in 13 institutions were in- 
spected during the past three years. Com- 
plete regional personnel for the accrediting 
of technical institute curricula has been 
organized. 

Other activities are carried on by com- 
mittees whose titles indicate the nature of 
their work: student selection and guidance, 
professional training, professional recogni- 
tion, information, engineering ethics, em- 
ployment conditions for engineers, and 
ways and means. 

A comprehensive report on the activities 
during the year ended September 30, 
1945, was published in Electrical Engineer- 
ing, December 1945, pages 461-2. 


ENGINEERS JOINT COUNCIL 


This Council, formerly known as the 
joint conference committee, is composed 


positions and employers searching for of the presidents, immediate past presi- 
Table XII. Analysis of Employment Service 
Men Registered Men Placed 
ie 
San San 
New Fran- New Fran- 

Month York Chicago cisco Detroit Total York Chicago cisco Detroit Total 

1945 

WY EAGER HAIG AaOOn OO iO Weare: OF Aci AQ eve ss BOs sees 195 IU hie PMoud (WGodicta LO eietets 54 

Ue ster pisvi-te) ores Qs aod DO wererors BG tow eres DA osees 188 DAY save as te sin ice: DAV. ass GOietrerters 59 

Afi baicteerneman Ocotacone OD etree Zonet Bilroetatereie DAS dasa’ 181 Paks soot DOS ateretars ZO seit Mocbbas 76 

AUBUSt ce cle etre 1 Ube Se DAG rae Sires a SD atte 287 ZO) oisehe PD ataers Wo oSane EE Reis 59 

September. ..¢..-..... DAZ oo Sortie Magoo s Dike itestars 479 Lie eyes PAN Oo IEDR Goce. Shy aerate (2 

October yrrs-marideryeitir. SYS) Gags Senha 3 2A te arose Uesecvan 605 On aetaits IWASoDOT BO wevoaers LS ycelorevels 80 

Novem bers oo. clei ate « PIKE Be OT eerste AB ein severs BB sacar 491 Ah aeteayers ADS sono WA Sen One Adi varetetese 96 

December.) .:cvisee ois DO 2 oreko yaks Olisones HOOF reretr AS Ware 412 2 Giemsa ace MG area PA Veeoerchn SU Ee 83 

1946 

January. ......e esses S35 Siiercyae LO Gree, Ty ods © De Baie 627 HD aiakeyel Die etaraxs Qieire DS Sete stots 107 

February. . 1... + sss- Ba Weiiaevs SGnaien: 126...5. GON caer 523 PANE amie Si yevenieks LO Metdents tantete 74 

Marche cie<ieiesetuereieiinye PASX yer eco se LEQ sii ish) acasch 638 BY ee no a lola GoD ZO) meet ters 13 ro 85 

Aprilés nei + se sls = DAG cers ate BYE och.cao Why tobe GDie reser 522 AS iretctstr is 20 Fenton Dairy ate PDS ers 107 

WO tal pe ctealees betes crs 2,562 830s nm 1050 .600. 5,148 372. 208% seat 247 132i pereene 959 
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dents, and secretaries of the founder so- 
cieties and the AIChE. Its functions are 
to consider matters of interest to the so- 
cieties and to make recommendations to 
their governing bodies. 

A panel was organized to advise a 
Senate committee regarding research legis- 
lation, and a joint committee on tech- 
nological personnel in relation to national 
security was established. 

Major projects have been started on in- 


economic status of the engineer, and or- 
ganization of the engineering profession. 


REPRESENTATIVES 


A complete list of about 40 joint bodies 
upon which the Institute is represented 
appears in the Year Book and in the Sep- 
tember issue of Hlectrical Engineering each 
year. 


Appreciation 


deepest appreciation and thanks to the 
committees, and the District, Section, and 
Branch officers, and the members in general 
in grateful recognition of the many ex- 
pansions in activities and the continuing 
rapid increase in membership. 


Respectfully submitted for the board of 


directors. 
H. H. HENLINE 


dustrial disarmament of aggressor states, The board of directors expresses its Secretary 
‘\ 
AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 
Securities Owned, April 30, 1946 
Schedule 1 
Restricted Funds 
Principal Amount 
of Bonds or International 
Number of Reserve Life Electrical Lamme 
Shares of Capital Membership Congress Medal 
Stock Fund Fund Library Fund Fund Total 
Railroad Bonds: 
Atlantic Coast Line first consolidated 4%, due 1952.........00eeeeeeee ie HOUR ME Card. ce le cron dott (o000 SO muar Ouro bUmODOOlG eye eke $4,253.78....$ 4,253.78 
_ Baltimore & Ohio, Pittsburgh, Lake Erie & West Virginia System 4%, 

citer WEy Gest ouooh ene ote op i adont oMn dh INer Ono Solder” dOnorta Sic ol HOHE Raat) KCK BHU «Gan saccocuonddcoucounhodnsar aistaatate He eighic 5 Jets 6,450.00 
Chicago & Erie Railroad Company 5% first mortgage, due 1982, reg- 

Lio ols le Gees Dear ROOD. 4 0 Ga Aue doit Moa MID OUT COMME P OOO TOOOOOrsse cm ANOS 200) tafe epsvereye' alas oie) a; fer ale ohatate, shetta caf onal atte! hale cll (abet tei ctel> aneoEas 1,105.00 
New York Central Railroad Company 4% series A consolidated mortgage, 

GLIA I 2) tie Be oisiie Core OG eo hie ate Gee LO ice CG OIG OMe Ib Do LOSO00:00) Brat) 0 OsLOOL OOM creeyereteinter ole cereietetehetekeletetst rts iste ot arate dlereisie oper on aero aye 6,100.00 
Northern Pacific Railway Company collateral trust 41/2%, due 1975....... 10;000100 See 105325007. on oe aiascio le ote serera eclosion ote elegans oat ol oar 10,325.00 
St. Louis-San Francisco Railway Company 5% prior line mortgage series 

B, due 1950 (certificates of deposit), registered, stamped.............-- COOCUHUN AI eh ET GUM a eaeme amceeaodonr ou tqoauudbers beads eo ba dhonsc 5,497.50* 

SP tallaeo ad DORs cre cic, tecierest so ew ye essa Pubie. eke che ariiorece une ete cere eramerb estat free tated eas A VA TS OMe oe Ite OND OSD POCO OR OOM OIE $4,253.78....$ 33,731.28 
Public Utility Bonds: 
New York & Queens Electric Light & Power Company 31/;% first and 

consolidatedimontgage, Bue 1.965% css. scaye15)s ofeieaicie oye tals a4 clans etcereretal $102000:0055, aye BL; OOO! 00) vara <r. staroloters orale olere ele eWere ototeters aja ve sataiat ex aheot stele ofttet- teste $ 11,000.00 
United States Government Bonds: 
Treasury savings bonds series D, due July 1, 1949..... eva st visle eretaatierr ets A OTOOOLOO Nii we Ls OAH O0 Te ete tevetela neve ele cpet oer chichor at enelatd falaralaLateeee at alete ete rate tel mene $ 7,644.00 
Treasury savings bonds series D, due January 1, 1950...........-.--045 10,000.00 .... 7 SOO 00 Fieve Sake ocare ele pape, ain serelereielere ol clerehe tel aretetet elena a Mietateherstete 7,500.00 
wbreasury, bonds 2%,.due 1950/48 /.<,arererayescotaelotniersicle levers 212 celaFels lelete atela, olay 17. 000:00) vtec ea S, PSO OAL. ser earaenterspcivelete cto ite atartee ele i ereeeter anette rats Shc costis 78,130.94 
Treasury bonds 2%, due 1950/48, registered... .........02 cece eee ees 3,Q00.00 .... B,OGO.94 o.i8 soe ove alenaie's weuzlermSias te Seles win erases ay die peeet sir even] tena ease 3,060.94 
Treasury bonds 21/;%, due 1968/63..... Meee ats ok cea daar eer ate te ee numttoasins 20;000;00) 1 1.5, 00000 BS OOOO eae tacwiate ers siete pega ote tease sea near 20,000.00 
MLreasury bOnds:23/27o;dUerl 972 / Oiaiaie ciala/ eee cisicleverave site -fous ciclo tate wists 6,300.00 .... AS10000 2 ~ 5 ai strtacteyarel Mechaek ater $5,200.00 etek. toctiererciere testers 6,300.60 
Treasury bonds 21/;3%, due 1972/67, registered...........2-+eccessceese 3,500.00 cee RBS UGA Nem pais te ciieee aerate ane ca teen ve eee 3,516.41 
Defenseibonds sertesiE, dueapunest, 1953 25.0 ris soils we suekelelsiofetarsta lle 34,000.00 shy) 4255 160.00 voc: ccrecterere ottretolo at natavere aiclaraterananaierenete tale vene tenes eters rata 25,160.00 
Defense bonds series G 21/3%, due December 1, 1954...........-.-0005 18,000.00: 2.5% 18,000.00 Me esa. 3: 01< avcrarais cmt oushoy acess ntoteleanle erste tstaiste miata ter erect 18,000.00 
Treasury savings bonds series G 21/2%, due September 1, 1955.......... 405000200) Zc 40S 00 O00 Maree aera eters averete tesenntevotanapetcl a cher clateae teat atte ate ten eet raat 40,000.00 
Treasury savings bonds series G 21/2%, due November 1, 1956.......... 17,000,00)"..-f te 17400000 rire. favech Rieionstp) 25 eve eumber ticle Stace ate tei etenok- oer eae eee 17,000.00 
Treasury savings bonds series G 2!1/2%, due May 1, 1957............... PAR UU IRON eH IIH OE ae RE AG Sic ine to hends son aba oURboOU Ast aaGor ss 20,000.00 
Treasury savings bonds series G 21/3%, due October 1, 1957............ 30,000.00 30,000.00) a. cisraig ss eevtns a o0g) eodhsceyaQedacs. ais) avspotsttotettesajste terete tine ekeneeans iene 30,000.00 

LotalaUnttediStates Government; bondsrra«ctcr-tesyele icin ereisioveoie ereceipieioke ofestnion Giarchi $266;10 25290 erie: $5;000.00%. <: en $5:200,00 8 Poche ecient $276,312.29 
Capital Stocks: 
PATNOCLIC AT CaN G:OF DANY iene ess crate cise aces o stein eieia le erataretsnessrate wrecereieteie: ctenele 60: sharesiii. -$.- 4j988.A Os aasrkisicce vais o's cnacsvaleiae alee duere ehakelerstetape oleate teeenmereetertets $ 4,988.40 
American Telephone & Telegraph Company..............0.e0eeeeeee 100) <shares.in.-.. 9 17,454.05). rah to tetevetepeteraicvern +s iesehove’ skevereualerene spate anereteretois tiene teetane ere 17,454.15 
Atchison, Topeka & Santa Fe Railway Company preferred............. 150 shares fe... (13;0357AGn irae alovotsle) sce iohs sae) terete ey veto ee ee eee 13,035.46 
Boston Edison Companyenna shit erect teem sete slekene rae alas tellers aera eres 200) oshares:. Yeo | 54,927.50) encase! Slovene aileetel sioloke sic ase) elsiahanm she setae eerePer atte eae eiets 4,927.50 
Conimonwealth Edison! Com panyycles cl si) eicleieier'+.< © ole) «leis s viele) +/eejeiele eee 200) “shares. oo) 1, 75580-6897. ee ctialetasini a ninsele nal=s nieve ake Reacts ele Teor 7,580.68 
Consolidated) Natural (Gas)/@ompany:. ...% «.=e 12s o inleld erate eel aleete wlan did shares sc DOV OZ We siekeporras cioralesatsPoheremeakeharsjeteustepstcre Sen erie ee eee 221.92 
BastmaneKodak«Com pany arts serait tate ialereipiereisieeieiolalsisVeievoirelereiaie princi S5ie Sharesenny: 4, 7GB.23 (ager soc aya ecbtar shah arce oishelasetetere tix torag accep a eaete eee eRe eS 4,768.23 
Elerduy Pont de: Nemours dc, Compan yersiejer- 4 1c) -toha ef ostinsteieuenel steaks 50 “shares...5.2 75982107 * Joy Yot diese eiesevercs teeter tharos, sTerehe rennet een ee 7,982.07 
Gencraleblectric: Compan yiyar. crartainy stele aete steer arate seeks ote eed teiene tele 130 shares st.ta0 (4,469.80 ure aie eters cyorslairote Mio ele etene rele eteler evel eset ota eee ee 4,463.80 
General Motors Corporation $5 preferred. ............50. ces eeee eens LOO" shares: icv. 12,78 5:00! oe 50 destties mp erece eysponetelye ie tee ne eine eter einer 12,785.00 
GeneraliMotors| Corporation a)cmr siiatelafateelalelsl sie axilla teat eee ieter ser 100) ‘shares 2) © 4;235:53' cbs scorers brejetele tote <ct¥la/eta state ta, fees eet ete ee 4,235.53 
international, Harvester Company aah. <ios since ea ievelnan chee eee ermieecieral ste 100 xshares ie i.) 5030350)" 04h o ecuatcie,creis chet ohesste aps erat stars Geeta epee reat eee 5,030.50 
International Match Realization Company, Ltd. voting trust certificates 
for capital shares of International Match Corporation................ 6* shares.... he baer Ae een aeen rAc ie. Gicaocofnon eae Sonca6 1,851.15* 
Louisville & Nashville Railroad Company................0e- eee e cues 100) ‘shares's,...5, ~(O}278.15 4. 5 Nels «/ciasyavct vores etal aye, Pee eee. reer eee 6,278.13 
QOhio:Edison' Company 4.409 preferred «. s0sc0sie ss veseee ccetiviennsse cs 150. shares * 3.5.09 1557.27.50) 3 aes, aroteneneieves cctelere eiaieiane Antes aimee eee ene eee 15,727.50 
Raciticl\Gas'and) Electric (Gompanyicreie.c <i etree tere sale tattle pe larenre 200s shares.e.e 8,784 Socio oa, Hevesi = feuepe atest Pore Pyepo es eceheas ete cote teen tee 8,784.35 
Sears, Roebuck and Company............. MIGCOA SOONG NOMURA COOL No 400} shares.... GSO OF) co. erearst a, torch « sefoue Coraitelerepeuercpeacs Wee ere mets Cen Reet rene 6,014.97 
Standard. @ili Company, of New Jerseys =a a-cctees ition sic iareeeie ie er 200 shares.... 9001226 cis, sie rasavave areyare viene) Sisloel ave ae char stalelevses store ce eter eens 9,601.26 
Wunion|Garbider& Carbon! Corporation ssa cities) leer ylaiell stele aie 100° shares: i. 00) T2074 2) ie aie tava ape ees ae ete ciel cle oes Ree eter Tene 7,277.42 
Writed FruitCom pany, 7s «nse oie iers ocisiaine dee tetenel st tase, cheba bone eee Ne 100. shares..;.<, (113985,00)-S 5.54 toe ones. cate nce acne One Ene ee 11,985.00 
United States Steel Corporation 7% cumulative preferred.............. 100: jsharesijcn.. U4,885:00) raf, atv seveh tome ivuetecelare ole aicioe ser one e ao ee 14,885.00 
Potal-capital stocks < cus yotscaiera: cues oyaeerarawabepa eae aberevauo ove sieis te career chee tore Penna tarera eee $169,878.02 ai oc.ccashabesess.o:asnds's alate siovetey Nails ime teeraeeteret ate oe $169,878.02 . 
ns —— = 5 : 
POCA o35Syonegsteraeials choke eitietacerSyetet sfeuaseels cece ete quctetotee teieter ree aie are a me Tere $476,467.81 ...... $5,000.00........ $5,200.00...... $4,253.78... . $490,921.59 ; 
* Less reserve in full for securities considered to be of doubtful value................... 9,348.65) cere 
3048-65) cere ctnetatensveretersistsrelctcls eiieersteiey is Bictincoadcomted76nes 7,348.65 | 

Total:Securities;'Less Reserve vii. ce c:dsiee ois ies oso wlan ee ee Se ee $469,119.16 ...... $5,000.00... weees $5,200'00 52 eae $4,253.78... .$483,572.94 
t Stock was split up in October 1945 by issuance of three additional shares for each one held. * ne ok . 
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HASKINS & SELLS 


CERTIFIED PUBLIC ACCOUNTANTS 


American Institute of Electrical Engineers, 


33 West 39th Street, New 


Dear Sirs: 


York. 


1 EAST 44TH STREET 
NEW YORK 17 


May 20, 1946 


We have examined the balance sheet of the American Institute of Electrical Engineers, 
and schedule of securities owned, as of April 30, 1946, and the related statements of cash 
receipts and disbursements of operating and restricted funds for the year ended that date, 
have reviewed the accounting procedures of the Institute, and have examined its account- 


ing records and other evidence in support of such financial statements. 


Our examination 


was made in accordance with generally accepted auditing standards applicable in the 
circumstances and included all auditing procedures we considered necessary, which pro- 
cedures were applied by tests to the extent we deemed appropriate in view of the system 


of internal control. 


In our opinion, the accompanying balance sheet, schedule of securities owned, and 
statements of cash receipts and disbursements fairly present, respectively, the financial 
condition of, and securities owned by, the Institute as of April 30, 1946, and its recorded 


cash receipts and cash disbursements for the year ended that date, in conformity with 


generally accepted accounting principles and practices applied on a basis consistent with 


that of the preceding year. 


Yours truly, 


(Signed) HASKINS & SELLS 


_—— ees —____ EEE 


AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 


Balance Sheet, April 30, 1946 


Exhibit A. 


ASSETS 


Property Fund Assets: 


One-fourth interest in physical properties of United 
Engineering Trustees, Inc.: 
Land, buildings, and equipment (léss depreciation 
anderenew.al TESeEVe) isi ta/ciy elect eerie en otelet testes $361,880.00 


Funded depreciation and renewal reserve.......... 136,568.48 
SURO EAL serena aso) eyoleta ein ate och oiclane Seehetelela'!an tyley snare sot $498,448.48 
Equipment 
Library (volumes and fixtures)—estimated value..... 36,366.37 
Office furniture and fixtures (less reserve for de- 
WLCCHANONIES 27,7, 01-27) miset beanies & svels cate) see eiat= 9,978.02 
Wiorkssafeartsietc: ere ociwia ey erties: <2s.0 Mi eloislareveis ie rete 3,001.35 
Casha(norchange during "year)\. oie ster nets winietsim > mil 612.91 
Alotalproperty {und ASSCtS). 2 oie sesie'= alo wiere sjsie's cs sie seins e =pre.e le 


Restricted Fund Assets: 


Securities—at cost, less reserve, $7,348.65 (quoted 

market value, $552,893.92)—Schedule1......... $483,572.94 
(CENTS: (COSTS (SOW, aaa co oi eS os ALO Oyo Ope neon 47,304.66 
INCOMNGALILereSt TECEIVADIEK oj si0i 45> /shssetbra ore ev eiste es) nial) aie 89.75 


otal restricted {0G ASSCtR:: buys c ccs ono oes ww Sie coy eine oereys ea she 


Operating Fund Assets: 
Cash (not including $1,302.87 for Federal taxes with- 

held from employees)—(Exhibit B)..........--. $ 81,379.47 
Accounts receivable: 


Members—for dues (less reserve, $4,000.00).......- 8,133.58 
INGRIGRIRETEIG t, .a6 5 6 Cope BOL nD Gre ClO OG Doc enc 5,667.40 
PR NUNC OME ARTO ONS Ply alec uacne, Steele viele lem: 2 acacia eatin swipe 3,649.99 
Accrued interest receivable. . .. 2.162 ecdsle ces wee sees 5,735.52 
Inventories: 
TEU SEGL TO OAREOOD GOTO ORE OD SUID OB OCOU JOUEN OCT 1,054.00 
Electrical: Definitions’ 7. .cte- ies eh nielelwleye tele 2) s\e-8 6 3,668.40 
Work in process (May issue of Electrical Engineering, 
Ge odeasoboog teaeo tad Gbp CAO Eo. GD AaOn Gro tat 6,140.28 
MextianndiGOVer PAPCR. a). ees ai ei oo ie she.cktussts ie «cae 7,299.52 
SEC oe on On ea oo pb) dado o ena oSce oat 2,370.05 


$ 548,407.13 


530,967.35 


125,098.21 


$1,204,472.69 


—————___— 


LIABILITIES 

Property Fund Reserve............-+--eseeeer ec eee etree 
Restricted Fund Reserves: 
Reserve capital fund... 0006000 ceeGs ose veseceee $505,795.19 
Life membership fund. . 0... . 02. «2 sae se ems orceress 8,684.75 
Member forilife fund’ occ .itis so sin torus ole chen ale = os 5,031.09 
International Electrical Congress of St. Louis library 

rho ba ety SLR ein er Ooi Atha sce oloe Mb rot sou 5,878.05 
Tamme Medal fund). 00... 5c sie velle sence eens 4,440.44 
NEatlloux LUG ommerevekesrereie tatters emere ates etehets een feepeiserates > 1,137.83 


Total restricted fund reserves........0.cececs cence er erese 


Operating Fund Reserves, Liabilities, etc.: 


Accounts payablernarracipakosiarelel viele eielslerstereislay erate $ 15,455.58 
Deferred income: 


Dues received in advance’.........0002 ee eteteees 4,503.14 
Entrance fees and dues advanced by applicants for 

peal jooleVdactorl Sey ela Tanna Oo on ao omoron too ne 1,263.45 

Subscriptions to publications received in advance. ... 17,940.01 

Miscellaneous (including unallocated receipts)...... 1,315.67 

_ Operating fund reserves. ...... +050 seeeeeee ree eeee 84,620.36 


Total operating fund reserves, liabilities, etc... ....--+- + se eesee 


$ 548,407.13 


530,967.35 


125,098.21 
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Exhibit B. 


Cash on Deposit With The National City Bank of New York, May 1, Total (forward)........ aateecauiiee el ceaie levosnie slecornin, shee eerste tare 
1945 (not including $1,295.18 for Federal taxes withheld from em- Disbursements (forward).......-cececcssserrrcerers $254,213.72 
PlOVCeS) |. Avctsisinre.s oie erairrelvie ete issieie te alalaveiclsereie ciel due tarecstel eetel eT Une yeKeraoye $ 77,206.09 TPedhhical conunitee ew Dee Pee oe 947.15 

Receipts: Committee on institute publicity..........+-eeeeeeeee ; abe 

i i ; “y Planning and co-ordinating committee...........++++- 7 ri 

7 ay ee Oe yi cena ae . $271,620.45 Joint committee—Economic Status of the Engineer...... 8.73 

Advertising AN eed ANE) Ray Saal 130.8751 1 Engineers Joint Council... 0.2.26. e seer errr reece 870.13 

Transactions subscriptions CEad sd Dias SAM SiS aD 8. 557.39 American Society of Civil Engineers handbook......... 250.00 

Electrical Engineering subscriptions ena a Sonne 26.158.51 Retirement system AIEE—normal contribution......... 4,982.72 

Ze eer SAN on NE ee I 887.95 Canadian Radio Technical Planning Board............ a 

“Electric Power Distribution for Industrial Plants”. ..... 2,769.00 Radio Techhical Planning Board? siti sis) ee cir'a ic ohde: : 

Miscellaneous publications (preprints, Standards, Elec- Traveling Basing pe 
trical Engineering supplement, etc.)...........0+000e 23,468.40 Geograp hica istricts: 5240.17 

TEST OAR Pec Re | na amma ig vias tae” der BMD ened Ee roe 23 11,659.50 Executive COMMIttEES...... 0. cee eee eee eee ee ees 5240. 

BNET BTICESIOOR Noor ce dais Be 5 Ae eet ee Ce 19,793.42 Vice-presidents........ ete re nee e een nese enees 1,027.62 

Membership badges 4,468.61 Branch counselors and chairmen..........+++++++5: 1,280.61, 

je SS ea a en in irae NL ST President’s appropriation... .....2e.csrsssseesese 389.70 

Interest and dividends on investments of Restricted AIEE Tepresentatives....-- ese eee esse eee eereeec ces Bes ae 
Gapitalliindaans te airs ne cirerrach aan cer eee 13,389.09 Board of directors... ..+sseesseeeeeeeereeeeeress eee 

Barstow bequest (including interest of $652.03)........ 10,652.03 Nominating; COMMUttEE «0.5.6 yoici0i9 ore aie a0 cet sea icine eeipne 

Miscellaneous 541.44 Administrative expenses,.......-csceer ees eesmsserees 63,658. 

PES ast N AAG tree he AW Gok Geographical Districts—Branch paper prizes.........-. 163.64 
i izes—nati 309.06 
EOC On SO Oa RARE ASaanpcocmeno racic otusot 528,442.19 Institute prizes—national.......-+-+-+-4-- sree eeees 
NC ec riceepe! American Co-ordinating Committee on Corrosion...... 25.00 
ary Raeaade | Py Rad i oR WORE SRC MD ACT eC ae ED Ok Karen $605,648.28 American Standards Association............++-+++++- 1,750.00 
TR MANS Ya eb? Sa j United Engineering Trustees, Inc.: 

Pa burrcmenis: Bpllding: astesstienkssstcnscecsaomene cs aanaran se 17,813.64 

Publications expense: Library assessment... 2.21.2 sstece desc ees+ccciccee 11,377.85 
alectrscalsPanGineer ine: a wecrsraetsiese amivanets:s eia\ ate aie je ene, operarepe $122,603.60 Engineers’ Council for Professional Development te teeee 1,852.00 
WiransactiOns Rar sm vee hovah wiereige rotons Bowie de te eek loe 13,964.43 Engineering Foundation Project—Welding research. . . . . 250.00 
TE SRO RR Oe ee RES EMO fee 7,993.83 National Committee State Board Engineering Exam- 
Miscellaneous publications (preprints, Standards, AMLELE Fo, 5 SPs cress lace: aie at hd: sl cers m cick Teter ates Leeper ate tafe seg 

*Tndustrial Plants’’ ‘report, . Electrical Engineering John Britz Medal gh cts teasers leval cle tin oud natotake iatreetat tate ‘ 
SUPPleMent,clca)ias antennae sce dee tee ce 19,771.44 National Fire paw Association—Dues............ 60.00 

Institutenmecings ss dace eee creates 15,310.00 Membership badges.....-.+-.+ssssseeeeeeeeeeeeeres eg 

ristututensections. area ne tice a cette. oe mn eee 44,899.10 Legal services. .......-.-.---. stapes e teste eee sees ; 

Ens titutesBranches ar. tae: <tlemnmrinie slant on eemateahs 2,872.01 Lamme Medal expense (see Exhibit C).............-- 191.03 

MIM ANCES. COMMMELCE ay one’s. cYoveleve cue ie cele ees arse wae lake 600.00 Office furniture and fixtures, and repairs.........-..-- 339.13 

Eleadquartersicommilttee a. .f ee tatsieaiye serie rape 83.87 Edison Medal committee.:.........--++e+eeeseeeeees 115.90 

Membership committee............000eceeeeee cence 10,434.07 Transfers: ‘ 

SS LATICL ATS ICOMAINILECE pup a carant son tyeteyetat are gs! Shul'slaiaregeee GD 15,681.37 To reserve capital fund: 

Barstow bequest sate atelere: ateveiapens/ Ala sun atates sia ehetete o> tae 10,652.03 
Forward atin ccnasce ro noh sate tisss aaah $254,213.72. . $605,648.28 Other... 0.66... eee e teeter eee eee eet eens 123,726.58 
‘To°Member for Loife,fund ese igs aeeioieiotete elec elahoiea 1,762.38 
otal disbursementsy oie scree ccieyisirers NOR OUDUD COME a DOmmorsn on 
Cash on Deposit With The National City Bank of New York, 
April 30, 1946 (not including $1,302.87 for Federal taxes withheld 
fromiemployces)icitertentae ce ote iaete eeite eerie < aiein ar eters 
Exhibit C. Statement of Cash Receipts and Disbursements of Restricted Funds for the Year Ended April 30, 1946 


= — 


Restricted Funds 


International 
Electrical 
Reserve Member Life Congress of Lamme 
Capital for Life Membership St. Louis Medal Mallioux 
Total Fund Fund Fund Library Fund Fund Fund 
Cash on Deposit With The National City Bank of New York and . 
Various Savings Banks, May 1, 1945....................... $ 35,064.88....$ 26,586.40....$3,268.71..... $35380.79). ccc ers $531:80% 27. os $176.22... . $1,120.96 
Receipts: : 
Income trom bonds errs cere isievreetcinvers © = oteaale Outen re ites cicroohe neve oe Sieh QI EAUUH Seon canned cladbadadp sce $:0:125-008tes. sree $130.00. ...... $160.00 
Ingerestion ibankiibalances seretst ae Aalels 1 <)sheasieie cle aye are Meisel ee (Er/Snon Sense aces nies ace ateeclitc ar ELE Bon oeo aS ones Sng bOooUdRoOD as HENS $ 16.87 
Transfers for operating fund: 
Barstow bequestaremin cicowtasneiato oh eetekee ine bie oteeseatets wpacstaee theta 10,652.03....$ 10,652.03 
OtherwA Nasu vais gh yeis eke bese le, Moke wie epee wie ree ts eielek 7 en 125,488.96.... 123,726.58... . $1,762.38 
Hhifesmem bershiprtees.yrcacmrcrese) patios set eee oe Riera OKs: Dar raNon ate 2 Sites Bartle oi SOU ats 678.80 
Liquidating dividend—International Match Realization Com- 
PANy a Ltd ace sae Me Metter eR ai aL re a ee ee 4 24.00... 24.00 | 
MROtalire Cel pts ccc eye Peebe foster Ni tats toler eke a tev iat ere ere res eerie ene $137,324.05....$134,402.61....$1,762.38..... Gir Sh2:19 Tee ak $130:00..0 er. oc $160.00....$ 16.87 
Totals Gectegust stare reve oils tocehelaen ear tr ayeratels ical stella eae a: ae $172,388.93....$160,989.01....$5,031.09..... $45232.98 00 oss $661.80....... $336.22... . $1,137.83 
Disbursements: i 
PUTCHASELORSECULILIES sofavale se o:<', cr eis eyaveiciesyexe lave sree eaeZe wis ave Coe $124,312.98... . $124,312.98 
Transferitoloperating fund ys). 4.sloe se sco ce omen ieee BOS.O7 ete Renta ae olan, Cae ee $ 595.07 ; 
Purchase of medal, cost of engraving, etc. (exclusive of $191.03 
paldirrom general Lund) yacenr-)cnacieieeion tne cae eens UOT enon SAeomn ah cng soon ci OUab uO OD ton ae $176.22 
SH gO SOE Abo SeS 6. 
otalidishursements cn acy. at aeration at he eee R125 084.27 124552098 some yaten ate eerie PE SISOT cere svathintesaiereieranepaeeeee $176.22 
Balance on Deposit With The National City Bank of New York 
and Various Savings Banks, April 30, 1946................. $ 47,304.66....$ 36,676.03....$5,031.09..... $3563 7,915... s\rsehe $661 802.3242) $160.00... . $1,137.83 
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Statement of Cash Receipts and Disbursements of Operating Fund for the Year Ended April 30, 1946 


es 
. . . $605,648.28 


$ 81,379.47 


\ 


524,268.81 


Board of Directors 


AIEE TRANSACTIONS 


’ 


Officers of A. I. E. E. for 1946-1947 


Cuartes A. Pownt, Hast Pittsburgh, Pa. 


PRESIDENT 


J. ELMER HOUSLEY 
Alcoa, Tenn. 
(Term expires July 81, 1947) 


JUNIOR PAST PRESIDENTS 


(Term expires July 31, 1947) 


VICE-PRESIDENTS 


District District 
Di A DoS Reece Cincinnati, ae 1 

4 H. B. Wotr, ’ Charlotte, N. 3 

6 L. M. RoBERTSON, Denver, ele: 5 

8 F. F. Evenson, San Diego, Calif. 7 

10 F.L. Lawton, "Montreal, Quebec 


(Terms expire July 31, 1947) 


C. M. Larroon, East Pittsburgh, Pa. 


C. W. Mrmr, Dallas, Tex 


8S. H. Mortensen, Milwaukee, Wis. 
(Terms expire July 31, 1947) 


P. L. Auapr, Schenectady, N. Y. 
M. J. McHenry, Toronto, Ontario 
D. A. Quartzs, New York, N. Y. 


DIRECTORS 


i. 


(Terms expire July 31, 1948) 


TREASURER 
W.1.Siicuter, New York, N. 


ve 
(Term expires July 31, 1947) 


W. E. Wickrenpen, Cleveland, Ohio 


(Term expires July 31, 1948) 


E. W. Davis, Cambridge, Mass. 

O. E. Buckiry, New York, N. Y. 

T. G. LeCuatr, Chicago, IIL. 

R. F. Danner, Oklahoma City, Okla. 
9 C.F. Terre, Seattle, Wash. 


(Lerms expire July 31, 1948) 


J. M. Fuaniaxn, Atlanta, Ga, 
J. R. Norra, Jackson, Mich, 
WALTER C. Surry, San Francisco, Calif. 


(Terms expire ‘J uly 31, 1949) 


J. F. Farrman, New York, N. Y. 
R. T. Henry, Buffalo, N. Y. 
P. Yerkes, Philadelphia, Pa. 


(Terms expire July 31, 1950) 


SECRETARY 


Ho. H. Heniine, New York, N. 


ie 
(Term expires July 31, 1947) 


Austrautia—V. J. F. Brain, Electricity 
Authority of N. S. W. , Bridge & Pas 
Streets, "Sydney, N. 8. 


Brazit—Richard H. Bowles, Sao Paulo 
Tramway Light and Power Co., Sao Paulo 


Enciuanp—A. P. M. Fleming, Metropoli- 
tan-Vickers Elec. Co., Trafford Park, 


Manchester 
*NoRVIN GREEN.............1884-85-86 
SRANIKDIN OPE. ck cage eee 1886-87 
*T..COMMERFORD MARTIN....... 1887-88 
SEM ryeARD: WHSTONapiteuns cls ecg ors 1888-89 
UMA Ui WHOMSONI cas cisiie teats ets 1889-90 
*Wiu~uiaAM A. ANTHONY.......... 1890-91 
*ALEXANDER GRAHAM BELL..... 1891-92 
*FRANK JULIAN SPRAGUE... . . 1892-93 
*HpwIn J. HOUSTON......... "1893-94-95 
PIUOUISHOUNGAN: faite oc. ce 23 1895-96-97 
*FRANCIS. BACON CROCKER....... 1897-98 
Aer KCNA DULY. loxtee-s2 ae 1898-1900 
Ss (ONIUMEORTIN Gow eesoceiais erticlsuachs oxa\'s 1900-01 
*CHARLES P. STEINMETZ......... 1901-02 
2 OAR TES Hh. CODD. sels ols se pacts 1902-03 
ZISTONMI GU ARNOLD csc « tie oclalt veins 1903-04 
BOEING eT LITEIB Vast ths otc ceded 1904-05 
*SOHUYLER SKAATS WHEELER... . 1905-06 
SSAC EL.) OELE UD ON) We ateteepatieueereetes 1906-07 


LOCAL HONORARY SECRETARIES 


NorryeRN—N. Thornton, 11 
’Bahawa pur Road, Lahore, Punjab 


INpIA, 


INDIA, SoUTHERN—N. N. Iengar, The Tata 
Power Co. Ltd., Bombay House, Bruce 
St., Fort Bombay 


PAST PRESIDENTS—1884-1946 


SEPEN RG. S TOR bua 3 see 1907-08 
-LoUiIs A... HMRGUSON. A. ends 1908-09 
*Lewis. B. Stipuwetla....... +... 1909-10 
Dugsup Gr IACKSON 7s. uene 1910-11 
GAN OUDUNN clone ion peters 1911-12 
RADPH DD! MEBRSHON... . sac. eh 1912-13 
ECS OMMATILOURA no ore ed Glo 14 
“PINOT ClUENCOUN eo aeeien 1914-15 
* JOHN OAR TY vam rie eee kee ne 1915-16 
AW Si BUCK Ae eit eeeerctree 1916-17 
ADB AWYE SI SaCCL ond it ka oan wa ae Saad 1917-18 
Comrorr A. ADAMS............ 1918-19 
*CATVERT LOWNLDYAE iy. oi ai ste 1919-20 
PA VV Seb ERBESRORD Mai) saci cc 1920-21 
Wiiu1am McCLELLAN.......... 1921-22 
INRANKIID LVEDD cpeucrores «) suelae 1922-23 
TTR RIG a) sake VANE re Ae cclbehel ee 1923-24 
PPAR Ya OSGOOD yada dice 1924-25 
* ML. PUPIN. eae ec tasers PRS. 2 1925-26 


New Zearanp—R. D. Neale, School of 
Engineering, Canterbury University Col- 
lege, Christchurch C. 1. 


SwepEen—Edy Velander, Royal Swedish 
Institute, Stockholm. 


TransvAaL—Francis HE. Ingham, Box 
6067, Johannesburg, South Africa. 


CriC* CHBSNIN swore elena 1926-27 
*BaNCROFT GHERARDI.........-. 1927-28 
{RB SCHUCHARDIT a. eh neice 1928-29 
*HAROLD B. SMITH..............1929-30 
CAN GOOG NES eA LIN MB eG y aka BBs yl e 1930-31 

GBS SKINNER as tte aon ae 1931-32 

Al.-P. (\CBARDESWORTH:.... 7.45 50 1932-33 

JOBU WCE AD: fe. eetepeanne 1933-34 
+} UAUEEN OHNSONAGie atta. e seuttis 1934-35 
bal Geetd BySLEN LSB GO) ade aah Sod Alcea a 1935-36 

A. M. MacCurcHEon... ...... 1936-37 

WiEIELAR RIS ONG hs corre connor 1937-38 

JoHN CASTLEREAGH PARKER... .1938-39 

F. Matcoum FARMER.......... 1939-40 

RiesWaSORENSE Neues: oe rene 1940-41 

DaAvip ©: PRINCE.....4..... 5... 1941—42 

Haroup S. OSBORNE .......... 1942-43 

HINGE Vee BG Hut IN Ke, es ete vance tees 1943-44 

CARR OW DERE Scots tale 1944-45 

Wethie WACKENDE Nation te trae let: 1945-46 
* Deceased. 
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General Committees 


Executive 


J. Elmer Housley, chairman, Aluminum Company 
of America, P.O. Box 465, Alcoa, Tenn. 

R. T. Henry 

W. I. Slichter 

W. E. Wickenden 


P. L. Alger 
O. E. Buckley 
J. F. Fairman 


| 


Board of Examiners 


R. H. Barclay, chairman, J. G. White Engineering 
Corporation, 80 Broad Street, New York 4, N. Y. 

H. E. Farrer, secretary, AIEE, 33 West 39th Street, 
New York 18, N. Y. 


P. H. Adams A. E. Knowlton 
R. W. Atkinson C. M. Laffoon 
Robin Beach L. G. Pacent 
F. E. D’Humy J. J. Pilliod 
E. D. Doyle R. C. Roe 
C. W. Franklin H. M. Trueblood 
I. W. Gross H. H. Weber 
L. F. Hickernell John Westbye 
J. F. Kinnard Sidney Withington 


Code of Principles of Professional Con- 
duct 


D. D. Ewing, chairman, Purdue University, Lafayette, 


Ind. 
Harry Barker D. C, Jackson 
E. S. Fields S. H. Mortensen 
E. H, Flath W. M. Piatt 


Constitution and Bylaws 


Reginald L. Jones, chairman, 463 West Street, New 
York 14, N. Y. 

Walter C. Smith, vice-chairman, 823 Russ Building, San 
Francisco 6, Calif. 
T. G. LeClair 

Cc. T. Sinclair 


Mark Eldredge 
W. A. Gentry 


Edison Medal 


Appointed by the president for term of five years 


F.D. Newbury D.C. Prince W. E. Wickenden 
(Terms expire July 31, 1947) 
Cc. A. Powel David Sarnoff 
(Terms expire July 37, 1948) 


C. R. Freehafer 


O. E. Buckley A. E. Knowlton H. E. Strang 
(Terms expire July 31, 1949) 
C. V. Christie Zay Jeffries ‘Harold Pender 
(Terms expire July 31, 1950) 
Cc. A. Corney S. M. Dean, chairman I. M. Stein 


(Terms expire July 31, 1957) 


Elected by the board of directors from its own membership for 
term of two years 


J. R. North D. A. Quarles H. B. Wolf 
(Terms expire July 31, 1947) 
P. L. Alger R. T. Henry E. P. Yerkes 
(Terms expire July 31, 1948) 
Ex officio 


J. Elmer Housley, president 
W. I. Slichter, treasurer 
H. H. Henline, secretary 


Finance 

D. A. Quarles, chairman, 463 West Street, New York 
14, N. Y. 

O. E. Buckley E. P. Yerkes 


F. A. Norris, secretary, AIEE, 33 West 39th Street, 
New York 18, N. Y. 


Charles LeGeyt Fortescue Fellowship 


J. M. Gaylord R. T. Henry, chairman 
(Terms expire July 31, 1947) 
Ernst Weber 

(Terms expire July 31, 1948) 
GC. H. Willis 

(Terms expire July 31, 1949) 
H. H. Henline, secretary, AIEE, 33 West 39th Street, 
New York 18, N. Y. 


J. W. Barker 


H. E. Strang, vice-chairman 


Headquarters 


W. R. Smith, chairman, Public Service Electric and Gas 
Company, 80 Park Place, Newark 1, N. J. 
H. H. Henline, secretary D. A. Quarles, vice-chairman 


Lamme Medal 


W. A. Del Mar John C. Parker, chairman Philip Sporn 
(Terms expire July 31, 1947) 

V. M. Montsinger G. A. Waters 
(Terms expire July 31, 1948) 

T. G. LeClair A. C, Monteith 
(Terms expire July 31, 1949) 


H. L. Hazen 


N. S. Hibshman 
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Members-for-Life Fund 
F. M. Farmer, chairman, 2 East End Avenue, New 
York 21, N. Y. 


C. R. Beardsley, vice-chairman, 4 Irving Place, New 
York 3, N. Y. 


E. H. Colpitts F. D. Newbury 
N. E. Funk W. I. Slichter 
R. C. Muir Jj. F. Tritle R. W. Sorensen 
Membership 


Tomlinson Fort, chairman, Westinghouse Electric 
Corporation, East Pittsburgh, Pa. 

Richard F. Ham, vice-chairman, 4 Irving Place, New 
York 3, N. Y. 

F. A. Norris, secretary, AIEE, 33 West 39th Street, 
New York 18, N. Y. 


F. S. Black M. L. Lehman 
A. D. Brown P. H. Light 
R. L. Chapman W. J. Lyman 
W. F. Cotter Lee M. Moore 
W. C. Fowler E, G, D. Paterson 
P. H. Hughes D. B. Perry 
A. W. Janowitz J. R. Riley 
C. W. LaPierre H. J. Scholz 


E. P. Yerkes 


District Vice-Chairmen 
F. S. Bacon (1) 

C. T. Pearce (2) 

J. A. Duncan, Jr. (3) 
W. Stone Leake (4) 

J. GC. Woods (5) 


Ex officio 


Chairmen of membership committees of all Sections 


A. M. Spaulding (6) 
R. C. Horn (7) 

E. W. Morris (8) 

M. J. Lantz (9) 
Thomas Ingledow (10) 


Planning and Co-ordination 


J. F. Fairman, chairman, Consolidated Edison Com- 
pany of New York, Inc., 4 Irving Place, New York 3, 


NERY 

D. A. Quarles, vice-chairman, 463 West Street, New 
York 14, N. Y. 

H. H. Henline, secretary, 33 W. 39th Street, New York 
18, Ni Ys 


W.H. Schlasman, assistant secretary, 33 W. 39th Street 
New York 18, N. Y. 


P. L. Alger T. G. LeClair 
G. W. Bower W. B. Morton 
W. P. Dobson E. B. Robertson 
M. D. Hooven C. F. Wagner 


Reginald L. Jones W. E. Wickenden 


Prizes, Award of Institute 


M. D. Hooven, chairman, Public Service Electric and 
Gas Company, 80 Park Place, Newark 1, N. J. 
CG. S. Rich, secretary, AIEE, 33 West 39th Street, New 


: York 18, N. Y. 
J. W. Barker J. J. Pilliod 
H. W. Collins J. G. Tarboux 
J.D. Miner C. F. Wagner 
M. S. Oldacre H. B. Wolf R. J. Wiseman 
Publication 


C. F. Wagner, chairman, Westinghouse Electric Cor- 
poration, East Pittsburgh, Pa. 

G. R. Henninger, secretary, ATEE, 500 Fifth Ave., 
New York 18, N. Y. 


M. S. Coover F. A. Lewis 
H. H. Henline J. R. North 
R. K. Honaman yo nOrs 
B. M. Jones G. A. Van Brunt H. H. Race 


Publicity, Institute 


R. K. Honaman, chairman, 463 West Street, New 


York 14, N. Y. 
Guy Bartlett M. D. Hooven 
E. E. Dorting C. R. Jones 


J. F. Fairman A. E. Knowlton 


C, F. Wagner 


Registration of Engineers 


T. G. LeClair, chatrman, Commonwealth Edison Com- 
pany, 72 West Adams Street, Chicago 90, Ill. 

J. E. Hobson, secretary, Armour Research Foundation, 
35 West 33d Street, Chicago 16, Ill. 
C. C. Knipmeyer 

K. B. McEachron 

E. B. Robertson 

L. M. Robertson 


S. W. Anderson 
J. H. Foote 

N. L. Freeman 
J. D. Guillemette 


Research 


J. W. Barker, chairman, Research Corporation, 405 
Lexington Avenue, New York 17, N. Y. 
E. L. Moreland 

G. M. L. Sommerman 


Officers and Committees—1946-1947 


P. L. Alger 
B. G. Ballard 


»H. L. Davis, Jr. 


F, J. Stevens 
C. G. Suits 
Gordon Thompson 


E. W. Boehne 
G. T. Harness 
J. A. Hutcheson 


‘ 


Safety 


L. F. Adams, chairman, General Electric Company, 
Schenectady 5, N. Y. 

Robin Beach, vice-chairman, 32 Court Street, Brooklyn 
PRONG SG, 

A. B. Smith, secretary, National Electrical Manufactur- 
ers Association, 155 East 44th Street, New York 17, 


N. Y. 
C. S. Bowden J. O. Leslie 
M. M. Brandon R. L. Lloyd 
Allan B, Campbell A. C, Muir 
C. F. Dalziel ‘ Albrecht Naeter 
W. P. Dobson W. T. Rogers 
J. M. Flanigen W. E/ Rushlow 
John Grotzinger W. R. Smith 
F. L. Kemp H. W. Tenney 
W. B. Kouwenhoven E. E. Turkington 

H. B. Williams 

Sections 


G. W. Bower, chairman, Public Service Electric and 
Gas Company, 80 Park Place, Newark 1, N. J. 

R.M. Pfalzgraff, vice-chairman, American Viscose Cor- 
poration, Wilmington 99, Del. 

A. GC. Muir, secretary, Berwind-White Coal Mining 
Company, 1138 Commercial Trust Building, Phila- 
delphia 2, Pa. 


D. I. Anzini R. E. Kistler ~ 
S. C. Commander F. L. Lawton 
W. E. Enns C. W. Lethert 
A. H. Frampton T. M. Linville 
H. P. Heafer R. G. Porter 
V. P. Hessler C. S. Purnell 
W. R. Hough H. B. Wolf 
Ex officio 


Chairmen of Sections 


Standards 


W. P. Dobson, chairman, Hydro-Electric Power Com- 
mission Laboratory, 8 Strachan Avenue, Toronto, Ont. 
R. L. Jones, vice-chairman, 463 West Street, New York 
14, N. Y 

H. E. Farrer, secretary, AIEE, 33 West 39th Street, 
New York 18, N. Y. 


Joseph W. Allen A. C. Monteith 


R. W. Atkinson S. H. Mortensen 
R. C, Bergvall J. R. North 
J. E. Clem M. S. Oldacre 
Cc. M. Gilt E. B. Paxton 
F. E. Harrell M. M. Samuels 
R. T. Henry F. B. Silsbee 
H. Kent Gordon Thompson 
Ex officio 


Chairmen of working and co-ordinating committees of 
\ the Standards committee 

Chairmen of AIEE technical committees 
Chairmen of AIEE delegations on other standardizing 
bodies or sole representatives thereon 
President, United States National Committee of the 
International Electrotechnical Commission 


Student Branches 


J. F. Calvert, chairman, Northwestern Technological 
Institute, Evanston, Ill. 

E. M. Strong, vice-chairman, Cornell University, 
Ithaca, N. Y. 

L. T. Rader, secretary, Illinois Institute of Technology, 
3300 Federal Street, Chicago 16, Ill. 
E. W. O’Brien 

Walter Charles Smith 


M. M. Cory 


A. G. Ennis R. G. Warner 
Everett S. Lee C. R. Wischmeyer 
Ex officio . 


Student Branch counselors 


Technical Program : 


M. D. Hooven, chairman, Public Service Electric and 
Gas Company, 80 Park Place, Newark 1, N. J. 
H. M. Turner, vice-chairman, Yale University, New 
Haven, Conn. 
C. S. Rich, secretary, ALEE, 33 West 39th Street, New 
‘York 18, N. Y. 
S. H. Mortensen 
F. A. Cowan JaJ- Orn 
I. W. Gross Frank Thornton, Jr. 
F, E. Johnson, Jr. T. A. Worcester C. C, Whipple 
Ex officio 
J. F. Fairman, chairman, committee on planning and 
co-ordination 
L. F. Adams, chairman, committee on safety 
W. P. Dobson, chairman, Standards committee 
Chairmen of all technical committees 


O. E. Buckley 


AIEE TRANSACTIONS 


V. K. Zworykin 


a 
Transfers - 
D. E. Moat, chairman, Leeds and Northrup Company, 
1800 Keith Building, Cleveland 15, Ohio 
M. J. McHenry, vice-chairman, Hydro-Electric Power 
Commission, 620 University Avenue, Toronto, Ont. 
C. W. Fick, secretary, General Electric Company, 
14966 Woodland Avenue, Cleveland 4, Ohio 
E. A. Crellin A. E, Knowlton 
C. W, Fick J. W. Lingary 
B. D. Hull F. K. McCune 


Technical Committees 


Air Transportation 


J. D. Miner, chairman, Aviation Engineering Depart- 
ment, Westinghouse Electric Corporation, Lima, Ohio 
F. M. Roberts, vice-chairman, industrial engineering 
division, General Electric Company, Schenectady 5, 


A. F. Pelster, secretary, Westinghouse Electric Corpora- 
tion, Lima, Ohio 


J. W. Allen O. F, Olsen 
J. F. Angier S. H. Orowski 
R. A. Averitt W. E. Pakala 
C. J. Breitwieser M. H. Peairs 
Harold R. Brown Earl G. Ports 
K. D. Brumbaugh H. F. Rempt 


J. F. Calvert 
John B. Coleman 
A. E. Corcoran 


Raymond Rugge 
M, L. Schmidt 
Raymond A. Smith 


J. CG. Cunningham K. R,. Smythe 
W. T. Harding S. D. Summers 
R. M. Heintz T. J. Tanner 
Vee: Hessler A. F. Trumbull 
Chas. Kingsley, Jr. F. H. Walker 
R. J. Lusk W. W. West 
R. A. Millermaster F. O. Wisman 


Aircraft Electrical Control Protective Devices and 
Cable Subcommittee 


R. J. Lusk, chairman, Westinghouse Electric Corpora- 
tion, East Pittsburgh, Pa 


H. R. Crago H. S. Moore 
E, E. Magee J. Ottmar 
A. T. McClinton J. H. Taylor 
R. A. Millermaster W. W. West 


Aircraft Electrical Rotating Machinery Subcom- 
mittee 


M. L. Schmidt, chairman, General Electric Company, 
1635 Broadway, Fort Wayne 2, Ind. 

L. F. Hemphill, secretary, General Electric Company 
1635 Broadway, Fort Wayne 2, Ind. 

L. R. Larson 

F. M. Potter 
G. W. Sherman 


J. W. Allen 
D. E. Fritz 


A. D. Gilchrist R. J. Sullivan 


Aircraft Systems Subcommittee 


R. H. Kaufmann, chairman, General Electric Company, 
Schenectady, N. Y. 


J. W. Allen J. R. North 
J. C. Cunningham K. R. Smythe 
H. J. Finison A. J. Snyder 


H. L. Hildebrandt A. F. Trumbull 


Basic Principles of Altitude Rating Subcommittee 


W. E. Pakala, chairman, Westinghouse Electric Cor- 

poration, East Pittsburgh, Pa. 
J. W. Allen J. G. Hutton 
T. R. Brown Chester A. Maple 
S. H. Hanville, Jr. R.A. Rugge A. T. McClinton 


Automatic Stations 


George S. Whitlow, chairman, Union Electric Company 
of Missouri, 315 North 12th Boulevard, Saint Louis, 
Mo. 

G. S. Lunge, vice-chairman, General Electric Company, 
Schenectady 5, N. Y. 

I, T. Knight, secretary, Kansas City Power and Light 
Company, Box 679, Kansas City 10, Mo. 


J. A. Adams M. Fraresso 
Harris Barber E. E. George 
G. W. Bean K. B. Hoffman 
L. B. Bogan Perry Peterson 
W. A. Derr C. H. Smoke 
J. A. Elzi J. H. Vivian 
R. C. Ericson E. A. Williams, Jr. 
J. M. Flanigen C. E. Winegartner 
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Basic Sciences 


J.D. Tebo, chairman, Bell Telephone Laboratories, Inc., 
463 West Street, New York 14, N. Y. 

K. W. Miller, vice-chairman, Armour Research Founda- 
tion, 55 West 34th Street, Chicago, Ill. 

N. S. Hibshman, secretary, Pratt Institute, Brooklyn 5, 


N. Y. 
J. G. Brainerd M. G. Malti 
O. E. Buckley Brian O’Brien 
Charles Concordia G. W. Penney 
H. L. Curtis W. E. Phillips 
A. V. Eastman Walther Richter 
G. L. Greves W. J. Seeley 
C. R, Hanna E. D. Sheipley 
H. L. Hazen James J. Smith 
W. C. Johnson V. G. Smith 
H. P. Lawther F. G. Tappan 
W. A. Lewis G. S. Timoshenko 


F. C. Lindvall Ernst Weber 


Electric Circuit Theory Subcommittee 


J. G. Brainerd, chairman, Moore School of Electrical 
Engineering, University of Pennsylvania, Philadelphia, 


Pa. 
R. L. Dietzold \ T. J. Higgins 
E. A, Guillemin E. B. Payne 


Cc. R. Hanna Ernst Weber 
(Membership tentative) 


W. E. Phillips 


Large Scale Computing Devices Subcommittee 


C. Concordia, chairman, General Electric Company, 
1 River Road, Schenectady 5, N. Y. 

E. L. Harder 
W. CG. Johnson 


J. G. Brainerd 
Samuel H. Caldwell 
G. D. McCann 


Applied Mathematics Subcommittee 
M. G. Malti, chairman, Cornell University, Ithaca, 
NEY 


DUE Pe Lawther, Jr. 
J. J. Smith 


P. L. Alger 
H. B. Hansteen 


New Energy Sources Subcommittee 


W. A. Lewis, chairman, Illinois Institute of Technology, 
Technology Center, Chicago 16, Ill. 

“J. J. Smith 

B. R. Teare 


W. C. Brown 


C. R. Hanna J. D. Tebo 


Paper Solicitation Subcommittee 


K. W. Miller, chairman, Armour Research Foundation, 
55 West 34th Street, Chicago 16, Ill. 
F. C. Lindvall 


Communication 


J. J. Pilliod, chairman, American Tel. & Tel. Com- 
pany, 195 Broadway, New York 7, N. Y. 

Rothwell E. Smith, vice-chairman, Federal Tel. and 
Radio Corporation, 591 Broad St., Newark, N. J. 

HW. I. Romnes, secretary, American Tel. & Tel. Com- 
pany, 195 Broadway, New York 7, N. Y. 


H. A. Affel W. A. Jackson 
A. L. Albert C. B. Jolliffe 
R. B. Beetham H. E. Jones 
H. M. Bollinger T. L. Jones 
J. D. Booth I. J. Kaar 
F. B. Bramhall J. W. Kidder 
J. L. Callahan Ralph G. McCurdy 
I. S. Coggeshall G. R. Messmer 
J. B. Coleman C. W. Mier 
D. I. Cone H. H. Newell 
F. A, Cowan L. G. Pacent 
H. J. Dible Haraden Pratt 
L. J. Dunnewold G. B. Ransom 
Melville Eastham J. B. Russell 
H. E. Ellithorn R. E, Shelby 


H. M. Engh J. O. Shepherd 
H. R. Fritz C.\G. Sinclair, Jr. 
D. G. Geiger Arthur Bessey Smith 
E, E. George H. M. Turner 
P. C. Goldmark Wm. Comings White 
J. E. Hobson E. P. Yerkes 


F. C. Young 


Hearing Aids Subcommittee 


L. G. Pacent, Pacent Engineering Corporation, 79 
Madison Avenue, New York, N. Y. 


Modulation Methods Subcommittee 


H. M. Turner, chairman, Yale University, New Haven, 


Conn. 
H. A. Affel J. B. Russell 
J. L. Callahan R. E. Smith 


Officers and Committees—1946-1947 


Power Line Carrier for Power Company Com- 
munications Subcommittee 


J. D. Booth, chairman, Westinghouse Electric Corpora- 


tion, 2519 Wilkens Avenue, Baltimore, Md. 
E, E. George 


Radio Communications Systems Subcommittee 


G. B., Ransom, chairman, American Telephone and 
Tclegraph Company, 32 Sixth Avenue, New York 13, 


INV: 
Austin Bailey F. B. Bramhall 
R. B. Beetham J. W. Kidder W. A. Jackson 


Television Subcommittee 


C. B. Jolliffe, chairman, Radio Corporation of America, 
Princeton, N. J. 
P. C. Goldmark 

I. J. Kaar 


H., A. Affel 

J. B. Coleman R. E. Shelby 

Testing of Telephone Transmitters and Receivers 
Subcommittee 


A. B. Smith, chairman, Associated Electric Laboratories, 
Inc., 1033 West Van Buren Street, Chicago, Ill. 
R. G. McCurdy F. C. Young L. G. Pacent 


Underwater Sound Developments Subcommittee 


H. A. Affel, chairman, Bell Telephone Laboratories, 
Inc., 463 West Street, New York 14, N. Y. 


J. G. Patterson 


Domestic and Commercial Applications 


Carl W. Evans, chairman, Electrical South, 1020 Grant 
Building, Atlanta, Ga. 

M. K. Brody, vice-chairman, McCall’s Test Rooms, 444 
' Madison Avenue, New York 22, N. Y. 

Wesley Weinerth, secretary, Philadelphia Electric Com- 
pany, 2301 Market Street, Philadelphia 3, Pa. 


R. U. Berry L. W. McCullough 
D. K. Blake M. J. McHenry 
M. M. Brandon H. E. Metz 
A. C. Bredahl W. F. Ogden 
W. B. Buchanan C. F. Scott 
L. R. Gamble H. P. Seelye 
R. R. Herrmann Sam Shiozawa 
C. H. Leatham G. C. Tenney 
F, W. Linder Gordon Thompson 


Electrical Hazards to Farm Animals Subcommittee 


W. B. Buchanan, chairman, Hydro-Electric Power Com- 


‘mission of Ontario, 8 Strachan Avenue, Toronto, 


Ontario, Canada 
H. P. Seelye Wesley Weinerth 


Farm Applications Subcommittee 


M. J. McHenry, chairman, Hydro-Electric Power Com- 
mission of Ontario, 620 University Avenue, Toronto 3, 
Ontario, Canada 

Frank Linder 


M. M. Brandon Sam Shiozawa 


Load, Characteristics Subcommittee 


William F. Ogden, chairman, Edison General Electric 
Appliance Company, Inc., 5600 West Taylor Street, 
Chicago 44, Ill. 
R. R. Herrmann 
Frank Linder 


D. K, Blake 
A. C, Bredahl M. J. McHenry 


Wiring Subcommittee 


Wesley Weinerth, chairman, Philadelphia Electric Gom- 

pany, 2301 Market Street, Philadelphia 3, Pa. 
M. M. Brandon L. W. McCullough 
A. C. Bredahl M. J. McHenry 
R. R. Herrmann Carl F. Scott 


Education 


J. G. Tarboux, chairman, Cornell University, Ithaca, 
Newya 

G. F. Corcoran, vice-chairman, University of Maryland, 
College Park, Md 

J. A. Northcott, Jr., secretary, University of Notre 
Dame, Notre Dame, Int. 


A. L. Albert Claire W. Ricker 
H. W. Bibber L. M. Roberton 
M. S, Coover H. H. Skiling 
E. D. Dreese R. W. Soreasen 
W. L. Everitt B. R. Tear:, Jr. 
M. C. Hughes George B, Tomas 
E. B. Kurtz C. E.Fucker 
E. A. Loew Cc. E. Tuites 
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A. C. Monteith E. A, Walker 
R. G, Porter A. R, Zimmer R. W. Warner 


Electric Machinery 


M. S. Oldacre, chairman, Commonwealth Edison 
Company, 72 West Adams Street, Chicago 90, Il. 

CG. P. Potter, vice-chairman, Wagner Electric Corpora- 
tion, 6400 Plymouth Ave., St. Louis 14, Mo, 

W. C. Sealey, secretary, Allis-Chalmers Manufactur- 
ing Company, Milwaukee 1, Wis. 


E. H. Alexander C. J. Koch 
Sterling Beckwith T. C. Lloyd 
Theodore Braaten C. M. Lovell 
F. S. Brown G. W. Mclver, Jr. 
B. M. Cain R. C. Moore 
J. F. Calvert T. H. Morgan 
G. T. Harness L. M. Robertson 
F. E, Harrell »M. L. Schmidt 
C. B. Hathaway J. F. Sellers 
Raymond A. Hopkins H. D. Sill 
W. R. Hough H. R. Sills 
E. K. Kane F, D. Snyder 
F, P. Kaspar F, L. Snyder 
C, E. Kilbourne P. H. Trickey 
L. A. Kilgore R. L. Webb C. G. Veinott 


D-C Machinery Subcommittee 


C. B. Hathaway, chairman, Westinghouse Electric 
Corporation, East Pittsburgh, Pa. 

V. P. Hessler 
R. D. Ingalls 
T. M. Linville 


J. L. Fuller 
L. N. Grier 


J. L. Hamilton D. Ramadanoff 


Induction Machinery Subcommittee 


W. R. Hough, chairman, Reliance Electric and Engi- 
neering Company, 1088 Ivanhoe Road, Cleveland 10, 


Ohio 
G. R. Anderson S. F. Henderson 
E. L. Bailey C. J. Koch 
E. C. Barnes T. C. Lloyd 
B. M. Cain T. H. Morgan 


J. L. Hamilton C. P. Potter D. R. Percival 


Insulation Resistance Subcommittee 


R. L. Webb, chairman, Consolidated Edison Company 
of New York, Inc., 4 Irving Place, New York 3, N. Y. 


J. E. Allen J. W. Jones 
L. J. Berberich H. R. Stewart 
E. B. Curdts J. B. Swering 
E. F. Dissmeyer C. O. Weilbaecher 
D. D. Higgins R.W.Wieseman  E. W. Whitmer 


Synchronous Machinery Subcommittee 


C. E. Kilbourne, chairman, General Electric Company, 
Schenectady, N. Y. 


Sterling Beckwith C. Kingsley 
J. F. Calvert A. A. Kroneberg 
S. B. Crary W. P. Monroe 
James DeKiep E. I. Pollard 
E. L. Harder S. H. Wright M. D. Ross 


Transformer Subcommittee 


F. S! Brown, chairman, Duquesne Light Company, 435 
q P 
Sixth Avenue, Pittsburgh, Pa. 


M. K. Brown M. S. Oldacre 
J. E. Clem W. C. Sealey 
H. L. Davis F. L. Snyder 
I. W. Gross F. J. Vogel 
H. B. Keath Cc. F. Wagner 
V. M. Montsinger | H. H. Wagner 
J. R. North E. R. Whitehead 


Test Code Co-ordinating Subcommittee 


T. C. Lloyd, chairman, Robbins and Myers, Inc., 
Springfield, Ohio 
(To be appointed) 


\Electric Welding 


\ 1 

&. W. Garman, chairman, General Electric Company, 
\ 1 River Road, Schenectady 5, N. Y- 

E\H. Vedder, vice-chairman and secretary, Westinghouse 

Ektctric Corporation, P. O. Box 2025, Buffalo 3, N. Y. 


C. ‘A. Adams J. Harold Lampe 
E. M. Callender C. I. MacGuffie 
G. M. Chute, Jr. L. B. Potter 
C. N\ Clark Sam Shiozawa 
W. E)\Crawford C. E. Smith 
E. W. Davis H. W. Snyder 
J. F. Deffenbaugh W. Spraragen 
G. H. Fett E. F. Steinert 
Kab nsen L. K. Stringham 


Jj. R. Wirt 
M. Zucker 


W. F. Hess 
Cc. E. Humble 


Arc Welding Subcommittee 


E. F. Steinert, chairman, Westinghouse Electric Cor- 
poration, Sharon, Pa. 
C. I. MacGuffie 

H. W. Snyder 


Cc, N. Clark 
K, L. Hansen 


Resistance Welding Subcommittee 


E, H. Vedder, chairman, Westinghouse Electric Cor- 
poration, P,O. Box 2025, Buffalo 5, N. Y. 
E. M. Callender G, W. Carman 


C, N. Clark M. Zucker Cc, E, Smith 


Electrochemistry and Electrometallurgy 


T. R. Rhea, chairman, General Electric Company, 
Schenectady 5, N. Y.- 

F. R. Benedict, vice-chairman, Room 11-L-17, Westing- 
house Electric Corporation, East Pittsburgh, Pa. 

W. GC. Kalb, secretary, National Carbon Company, 
Inc., Carbon Products Division, P. O. Box 6087, 
Cleveland 1, Ohio 


F. T. Chesnut F. L. Lawton 
L. H. Fletemeyer D. H. Levy 
L. O. Grondahl Waldo Porter 
W. E. Gutzwiller J. Be Rice 


J. D. Harper Leroy W. Roush 
J. E. Hobson F. O. Schnure 
Rollin Kennard W. R. Schofield 
E. L. Kirk N. R. Stansel 


W. B. Kouwenhoven E. R. Whitehead 


Metallic Rectifiers Subcommittee 


L. O. Grondahl, chairman, Union Switch and Signal 
Company, Swissvale, Pa. 


E. A. Harty, secretary, General Electric Company, 


Lynn, Mass. 
W. F. Bonner C. E. Peters 
L. W. Burton N. Y. Priessman 
Cc. E, Hamann G. Ramsey 
C. C. Herskind R. Whitesell I. R. Smith 


Voltage Transients in Arc Furnace Circuits Sub- 
committee 


E. R. Whitehead, chairman, Armour Research Founda- 
tion, 35 West 33rd Street, Chicago 16, Ill. 


S. Arnold S. B. Griscom 
E. W. Boehne J. B. Hodtum 
F. W. Brooke W. E. Moore 
L. F. Ferri J. O. Shimmin 
Lyle Fountain N. R. Stansel 
C. M. Foust H. H. Wagner F. J. Vogel 
Electronics 


W. R. G. Baker, chairman, General Electric Company, 
electronics department, Thompson Road, Syracuse, 
NoYes 

Cc. H. Willis, vice-chairman, Princeton University, 
Princeton, N. J. 

W. G. Dow, secretary, University of Michigan, Ann 
Arbor, Mich. 


C. T. Burke O. W. Livingston 
R. S. Burnap D. E. Marshall 
J. M. Cage H, L. Palmer 
L. L. Call G. W. Penney 
W. R. Clark W. H. Pickering 
G. J. Crowdes D. A. Quarles 
A. V. Eastman W. G. Roman 
W. J. Field J. D. Ryder 
William Fraser E. T. Sherwood 
A. P. Godsho Thomas Spooner 
J. A. Green B. F. Tellkamp 
C. C, Herskind J. T. Thwaites 
L. C. F. Horle F. N. Tompkins 
S. B. Ingram H. M. Turner 
J. P. Jordan D. C, Ulrey 
L. A. Kilgore E. H. Vedder 
J. D. Leitch Wm. Comings White 


H. Winograd 


Electronic AIEE-IRE Liaison Subcommittee 


H. M. Turner, chairman, Yale University, New Haven, 


Conn. 
AIEE Members IRE Members 
L. C. F. Horle R. S. Burnap 
S. B. Ingram R. E. Guy 


D. E. Marshall E. W. Schaefer 


Electronic Heating Subcommittee 


J. P. Jordan, chairman, General Electric Company, 1 
River Road, Schenectady 5, N. Y. 

W. C. Rudd, secretary, Induction Heating Corpora- 
tion, 389 Lafayette Street, New York 3, N. Y. 


W. L. Atwood H. F. Kincaid 
G. P. Bosomworth T. P. Kinn 
A. H. Burkholder F. H. Mason 


Officers and Commuttees—1947-1946 


Harold E. Dinger R. H. McMurtrie 
L. D. Drugmand Eugene Mittelmann 
L. M. Duryee F. M. Rugg 
C. W. Frick G. W. Scott, Jr. 
H. C, Gillespie A. L. Short 
W. H. Hickock J. M. Thomson 
R. J. Hunn Otto Weitmann D. E. Watts 


/ 
Electronic Power Converters Subcommittee 


H. Winograd, chairman, Allis-Chalmers Manufactur- 
ing Company, Box 512, Milwaukee 1, Wis. 

H. B. Steiner, secretary, General Electric Company, 
Schenectady 5, N. Y. 


L. C. Benos D. E. Marshall 
F. W. Cramer A. J. Maslin 
E. V. DeBlieux L. W. Morton 
J. B. Donnelly I. S. Rice 
I. K. Dortort J. B. Rice 
R. D. Evans W. J. L. Rupprecht 
W. Fraser A. Schmidt, Jr. 
Cc. W. Frick W. C. Sealey 
C. C. Herskind T. A. Taylor 
H. R. Huntley J. T. Thwaites 
G. F. Jones J. Tompkins 
C. R, Marcum H. Zuvers Cc. H. Willis 


Electronic Precipitation Subcommittee 


G. W. Penney, chairman, Westinghouse Electric Cor- 


poration, East Pittsburgh, Pa. 
Emery Miller 
E. R. Thomas 


J. OQ. Amstuz 
R. H. Kaufmann 


Electronic Standards Subcommittee 


Thomas Spooner, chairman, Westinghouse Electric 
Corporation, East Pittsburgh, Pa, 


G. W. Garman O. W. Livingston 
L. C. F. Horle G. W. Penney 
J. P. Jordan G. Singer 
D. D. Knowles Dayton Ulrey H. M. Turner 


Liaison with JETEC Subcommittee 


L. C. F. Horle, chairman, Consulting Engineer, 90 West 
Street, New York, N. Y. 
S. B. Ingram 

O: W. Pike 


R. S. Burnap 
W. G. Dow 


Nomenclature, Letter, and Graphical Symbols Sub- 
committee 


R. S. Burnap, chairman, Radio Corporation of America, 
RCA Victor Div., Harrison, N. J. 
O. W. Pike 

Thomas Spooner 


H. F. Dart 
S. B. Ingram 


Papers Solicitation and Contact With Electronic 
Technical Groups in the Sections Subcommittee 


W. GC. White, chairman, General Electric Company, 
Schenectady, N. Y. 


G. W. Bower L. A. Kilgore 
W. R. Clark H. L. Palmer 
A. P. Godsho Dayton Ulrey 
S. B. Ingram H. Winograd 


X-Ray Tubes Subcommittee 


Lloyd L. Call, chairman, General Electric X-Ray Cor- 


poration, 2012 Jackson Boulevard, Chicago 12, Til. 
G. Failla J. Lempert 
Arthur Klinckmann George Singer T. H. Rogers 


Electronic Tubes Subcommittee 


D. E. Marshall, chairman, Westinghouse Electric Cor- 

poration, Bloomfield, N. J. 
S. B: Ingram 
H. C. Steiner 


D. G. Fink 

A. M. Glover C. H. Willis 

High Frequency Conductors, Cables and Con- 
nectors Subcommittee 


G. J. Crowdes, chairman, Simplex Wire and Cable 
Company, 79 Sidney Street, Cambridge 39, Mass. 


L, A. Bondon L. M. Leeds 
William Dohan E. E, Sheldon 
E. W. Greenfield A. J. Warner H. B. Slade 


Industrial Control Devices 


E. U. Lassen, chairman, Cutler-Hammer, Inc., 315 
North 12th Street, Milwaukee 3, Wis. 

J. D. Leitch, vice-chairman, The Electric Controller and 
Manufacturing Company, 2700 East 79th Street, 
Cleveland 4, Ohio 

E. F. Mekelburg, secretary, industry controller division, 
Square D Company, 4041 North Richards Street, 
Milwaukee 12, Wis. 


E. H. Alexander R. W. Jones 
H. H. Angel L. H. Matthias 
G. S. Brown M. Michel 
J. A. Cortelli W. W. Miller 


AIKE TRANSACTIONS 
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R. F. Danner T. B. Montgomery 
W. J. Fleming J. W. Picking 
D. K. Frost L. T. Rader 
G. H. Garcelon C. F. Terwilliger 


ASA Standard Number 15 Subcommittee ; 


E. H. Alexander, chairman, General Electric Com- 
pany, Schenectady, N. Y. 


Electronic Control Subcommittee 


J. D. Leitch, chairman, The Electric Controller and 
Manufacturing Company, 2700 East 79th Street, 
Cleveland 4, Ohio 


W. H. Elliot H. L. Palmer 
O. W. Livingston J. W. Picking 
F. G. Logan B. F. Tellkamp 
E. F. Mekelburg E. H. Vedder 


Test Codes Subcommittee 


L. T. Rader, chairman, Illinois Institute of Technology, 
Chicago, Ill. 
W. E. Pakala 

J. E. Ryan 


C. T. Evans 


D. K. Frost C. A. Schaefer 


Industrial Power Applications 


Herbert Speight, chairman, Westinghouse Electric 
Corporation, 40 Wall Street, New York 5, N. Y. 

S. F. French, vice-chairman, Anaconda Copper Mining 
Company, 20 Broadway, New York 4, N. Y. 

L. A. Umansky, secretary, General Electric Company, 
Schenectady 5, N, Y. 


E. L. Bailey Royce E. Johnson 
D. L. Beeman J. P. Kennell 
F. R. Benedict E. G. Morehouse 
Philip Bliss A. C. Muir 
F. W. Cramer Jo JeOrr 


H. W. Dexter, Jr. 
W. H. Dickinson 
D. D. Douglass 


J. S. Parsons 
L. C. Peterman 
Kennard Pinder 


A. B. Emrick L. B. Potter 
C. Farrow Ralph Randall 
E. S. Fields Hugh L. Smith 
J. S. Gault T. O. Sweatt 
L. N. Grier E. E. Turkington 
John Grotzinger J. M. Webb 


W. R. Harmer 
K. W. John 


C. C. Whipple 
R. T. Woodruff 


Industrial Voltage Requirements Subcommittee 


C. C. Whipple, chairman, Polytechnic Institute of 
Brooklyn, 85 Livingston Street, Brooklyn 2, N. Y. 
W. H. Dickinson, secretary, Standard Oil Development 

Company, Elizabeth, N. J. 


H. G. Barnett Cc. R. Johnson 
D. L. Beeman L. C. Peterman 
S. F. French K. Pinder 
J. Grotzinger R. CG. R. Schulze 
C. A. Johnson S. A. Warner T. O. Sweatt 


Interior Wiring Design for Commercial Buildings 
Subcommittee 


B. F. Thomas, Jr., chairman, Moran, Proctor, Freeman 
and Mueser, 420 Lexington Avenue, New York 17, 

N. Y. 
L. W. McCullough, secretary, Consolidated Edison Co. 
of New York, Inc., 4 Irving Place, New York 3, N. Y. 
D. L. Beeman James A. Heffernan 
F. R. Benedict Ralph Hodges 
M. M. Brandon E. L. Morehouse 
C. D. Bratiotis George K. Perley 
Leo H. Cleary L. C. Peterman 
Allan Coggeshall H. F. Richardson 


R. F. Davis Clifford Smith 
H. W. Dexter, Jr. Herbert Speight 
V. E. Dodson Howard R. Stevenson 
C. F. Hedlund T. O. Sweatt 


Machine Tool and Process Industries Subcommittee 


P. Bliss, chairman, Raymond Engineering Laboratory, 
Inc., Smith St., Middletown, Conn. 
H. L. Smith, secretary, General Electric Company, 570 
Lexington Avenue, New York, N. Y. 


B. T. Anderson L. L. Lee 
G. U. Dautrich A. C. Muir 
John Fink E. K. Murphy 
V. Johnson L. A. Umansky 


Instruments and Measurements 


Truman S. Gray, chairman, Massachusetts Institute of 
Technology, Cambridge 39, Mass. 

E. D. Doyle, vice-chairman, Leeds and Northrup Com- 
pany, 4901 Stenton Avenue, Philadelphia 44, Pa. 

CG. T. Burke, secretary, General Radio Company, 275 
Massachusetts Ave., Cambridge 39, Mass. 
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\R. CG. Bailey R. D. Hickok 
P. L. Bellaschi G. Bi Hoadley 
P. A. Borden I. F. Kinnard 
H. H. Brauer W. G. Knickerbocker 
A.'L. Brownlee A. E. Knowlton 
L. A. Burckmyer, Jr. H. C. Koenig 
A. B. Craig R. J. Kryter 
Cc. L. Dawes Everett S. Lee 
F. C. Doble J. T. Lusignan 
W. N. Eddy H. GC. Rankin 
J. L. Fuller Claire W. Ricker 
W. N. Goodwin, Jr. A. R,. Rutter 
A. J. Grant F. B. Scott 
E, I. Green F. B. Silsbee 
I. W. Gross G. M. L. Sommerman 
C.M. Hathaway’ CG. J. Zeller E.-P. Yerkes 


Definitions Subcommittee 


C. L. Dawes, chairman, Harvard University, Cambridge 


38, Mass 
A. B. Craig E. S. Lee 
H. C. Dickinson B. E. Lenehan 
W. N. Goodwin, Jr. P. MacGahan 


E. I. Green F. B. Silsbee 


Dielectric Measurements in the Field Subcommittee 


A. L. Brownlee, chairman, Commonwealth Edison 
Company, 2233 South Throop Street, Chicago, Ill. 


Cc. T. Burke W. N. Eddy 
Cc. L. Dawes I. W. Gross 
F. C. Doble E. 8. Lee 
E. D. Doyle G. M. L. Sommerman 


High-Frequency Measurements Subcommittee 


E. I. Green, chairman, Bell Telephone Laboratories, 
Inc., 463 West Street, New York 14, N. Y. 
H. H. Brauer G. B. Hoadley C. T. Burke 


Instrument Transformers Subcommittee 


H. C. Rankin, chairman, New England Power Service 
Company, 441 Stuart Street, Boston, Mass. 


J. H. Chiles W. N. Goodwin, Jr. 
Cc. L. Dawes I. W. Gross 
R. E. Franck F. J. Vogel F. B. Silsbee 


Marking of Varmeters and Related Instruments 
Subcommittee 


A. E. Knowlton, chairman, Electrical World, 330 W. 
42nd St., New York 18, N. Y. 
A. B. Craig 
W. G. Knickerbocker 

F. B. Silsbee 


A. L. Brownlee 
A. L, Carvill 


Master Test Code for Resistance Measurements 
Subcommittee 


F. B. Silsbee, chairman, National Bureau of Standards 
Washington 25, D. C. 
E. D. Doyle 


Cc. T. Burke E. S. Lee 


Master Test Code for Temperature Measurements 
Subcommittee 


L. A. Burckmyer, Jr., chairman, Cornell University, 


Ithaca, N. Y. 
P. A. Borden W. R. Hough 
E. D. Doyle A. K. Joecks 
J. L. Fuller S. S. Stack M. D. Ross 


Revision of Standard Number 4 Subcommittee 
(Measurement of Test Voltage in Dielectric Tests) 


J. T. Lusignan, chairman (NEMA), Ohio Brass Com- 

pany, Mansfield, Ohio 
P. L. Bellaschi, NEMA H. E. Kent (alternate), EL 
A. L. Brownlee, EL and P and P 
J. F. Calvert, ATEE W. B. Kouwenhoven, AIEE 
J. S. Carroll, ATEE R. S. Lapp, NEMA 
E. W. Davis, NEMA W. W. Lewis, NEMA 
C. M. Foust, NEMA E. E. Piepho, AIEE 
H. A. Frey, NEMA W. C. Sealey, NEMA 
I. W. Gross, EL and P F. B. Silsbee, Nat. Bur. of 
J. H. Hagenguth, NEMA Standards 

R. W. Sorensen, AIEE 


Revision of C39 Subcommittee (Electrical Indicating 
Instruments) 


H. C. Koenig, chairman, Electrical Testing Laboratories, 
2 East End Avenue, New York, N. Y. 


C. T. Burke ) E. S. Lee 
W. N. Goodwin, Jr. P. MacGahan 
R. D. Hickok, Sr. A. R, Rutter 
J. F. Kinnard F. B. Silsbee 

(A. J. Corson, alternate) C. J. Zeller 


Revision of Standard Number 40 Subcommittee 
(Recording Instruments) 


A. E. Knowlton, chairman, Electrical World, 330 
West 42nd Street, New York, N. Y. 
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H. G. Koenig, secretary, Electrical Testing Laboratories, 
2 East End Avenue, New York, N. Y. 


D. J. Angus W. G. Knickberbocker 
P. A. Borden L. J. Lunas 
E. D. Doyle C. V. Morey 
D. B. Fisk H. C. Rankin 
G. B. Hoadley B. M. Werly 


Watthour Meters Subcommittee 


W. G. Knickerbocker, chairman, The Detroit Edison 
Company, 2000 Second Avenue, Detroit 26, Mich. 
A. L. Brownlee I, F. Kinnard 


D. T. Canfield H. C. Koenig 
A. B. Craig H. C. Rankin 
F. C. Holtz F. B. Scott A. R. Rutter 
Ex officio f 


G. B. M. Robertson, AEIC ‘ 


Land Transportation 
\ 
W. A. Brecht, chairman, transportation engineering, 
Westinghouse Electric Corporation, East Pittsburgh, 
Pa. 
P. H. Hatch, vice-chairman, New York, New Haven and 
Hartford Railroad Company, New Haven 6, Conn. 
J. G. Inglis, secretary, Toronto Transportation Com- 
mission, 35 Yonge Street, Toronto, Ontario, Canada 


J. C. Aydelott H. C. Griffith 
L. W. Birch W.S. H. Hamilton 
H. F. Brown G. L. Hoard 
D. M. Burckett T. M. C. Martin 
W. J. Clardy P. A. McGee 
F. H. Craton E, B. Meissner 
E. W. Davis W. B. Morton 
Llewellyn Evans Timothy H. Murphy 
W. H. Evans A. G. Oehler 
J. E. Gardner R. G. Thring Dwight L. Smith 


Heavy Traction Electrification Data Subcommittee 
L. W. Birch, chairman, Ohio Brass Company Mans- 


field, Ohio 
H. F. Brown F. H. Craton 
W. J. Clardy A. G. Oehler 


Heavy Traction Papers and Plans Subcommittee 


P. H. Hatch, chairman, New York, New Haven and 
Hartford Railroad Company, New Haven 6, Conn. 
L. W. Birch A, G. Oehler 


Light Traction Papers and Plans Subcommittee 
J. C. Aydelott, chairman, General Electric Company 
Erie, Pa. 
R. G. Thring J. G. Inglis 
Revision of AIEE Standard Number 16 (Electric 
Railway Control Apparatus) ASA C48 Subcom- 

mittee 

F. H. Craton, chairman, General Electric Company, 
Erie, Pa. 
W. J. Clardy 


W. S. H. Hamilton J. G. Inglis 


Light, Production and Application of 


S. G. Hibben, chairman, The Westinghouse Lamp 

Division, Bloomfield, N. J. 
I. A. Yost, vice-chairman, Westinghouse Electric Cor- 
poration, 1216 West 58th Street, Cleveland, Ohio 


C. L. Dows, secretary, Nela Park, Cleveland 12, Ohio 

J. F. Angier G. T. Minasian 
D. W. Atwater R. CG, Putnam 
O. W. Holden Harris Reinhardt 
W. C. Kalb E. M. Strong 
Cc. W. Kronmiller C. F. Terrell 
H. E. Mahan I. A. Yost C. C. Whipple 


Marine Transportation 


W. H. Reed, chairman, Bruce Electric Company, 196 
West Houston Street, New York 14, N. Y. 

O. A. Wilde, vice-chairman, Sun Shipbuilding and Dry 
Dock Company, Chester, Pa. 

W.N. Zippler, secretary, Gibbs and Cox, Inc., 1 Broad- 
way, New York 4, N. Y. 


E. C, Alger W. R. Hight 
W. B. Armstrong J. E. Jones 
R. A. Beekman R. G. Lorraine 
H. C, Coleman Cc. Lynn 
P. J. DuMont V. W. Mayer 
J. B. Feder S. N. Mead 
A. R. Gatewood I. H. Osborne 
L. M. Goldsmith E, M. Rothen 
P. A. Guise E. H. Stivender 
H. F. Harvey, Jr. G. O. Watson 
R. T. Henry F. A. Wickel 


Communications and Alarm Subcommittee 


E. C. Alger, chairman, Bethlehem Steel Company, 
Quincy, Mass. 
S. N. Mead 
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J. B. Feder 


E, M. Rothen 
F. A. Wickel 


W. R. Hight 
Vv. W. Mayer 


Distribution Subcommittee 


H. F. Harvey, Jr., chairman, Newport News Shipbuild- 
ing and Dry Dock Company, Newport News, Va. 


E. C. Alger P, A. Guise 
P. J. DuMont I. H. Osborne 
J. B. Feder F. A. Wickel 
A. R. Gatewood W. N. Zippler 


Editing Subcommittee 

W.N. Zippler, chairman, Gibbs and Cox, Inc., 1 Broad- 
way, New York 4, N. Y. 

R. A, Beekman W. H. Reed 


Fittings and Appliances Subcommittee 


O. A. Wilde, chairman, Sun Shipbuilding and Dry 
Dock Company, Chester, Pa. 


P. J. DuMont V. W. Mayer 
A. R. Gatewood S. N. Mead 
P. A, Guise W..H. Reed 
H. F. Harvey, Jr. F. A. Wickel E, M. Rothen 


Navigation Equipment Subcommittee 


W. R. Hight, chairman, Sperry Gyroscope Company, 
Inc., Manhattan Bridge Plaza, Mail Station 1184, 
Brooklyn, N. Y. 
S. N. Mead 

E. M. Rothen 


P. J. DuMont 
P. A. Guise 


Power Application Subcommittee 


W. H. Reed, chairman, Bruce Electric Company, 196 
West Houston Street, New York 14, N. Y. 


H. C. Coleman J. E. Jones 
J. B. Feder - R. G. Lorraine 
L. M. Goldsmith I. H. Osborne 


Power Generation Subcommittee 


C. Lynn, chairman, Westinghouse Electric Corpora- 
tion, East Pittsburgh, Pa. 
R. T. Henry 

R. G. Lorraine 

E. H. Stivender 

O. A. Wilde 


W. B. Armstrong 
R. A. Beekman 
H. C. Coleman 
L. M. Goldsmith 


Publicity, Personnel, and History Subcommittee 


R. A. Beekman, chairman, General Electric Company, 
Schenectady, N. Y. 


H. F. Harvey, Jr. I. H. Osborne 


Switchboards and Controls Subcommittee 


H. C. Coleman, chairman, Westinghouse Electric Cor- 
poration, East Pittsburgh, Pa. 

H. F. Harvey, Jr. 
J. E. Jones 

V. W. Mayer 


W. B. Armstrong 
R. A. Beekman 


P. J. DuMont E. H. Stivender 


Wires and Cables Subcommittee 


W.N. Zippler, chairman, Gibbs and Cox, Inc., 1 Broad- 
way, New York 4, N. Y. 


E. C. Alger r A. R. Gatewood 
J. B. Feder V. W. Mayer R. G. Lorraine 
Nucleonics 


L. W. Chubb, chairman, Research Laboratories, 
Westinghouse Electric Corp., East Pittsburgh, Pa. 
R. C. Bergyall Walther Richter 
H. B. Marvin William Shockley 
B. R. Prentice J. A. Wheeler 


Power Generation 


M. J. Steinberg, chairman, Consolidated Edison Com- 
pany of New York, Inc., 4 Irving Place, New York 3, 
N. Y. 

A. H. Frampton, vice-chairman, Hydro-Electric Power 
Commission, Toronto 2, Ontario, Canada 

B. G. A. Skrotzki, secretary, Power, 330 West 42nd 
Street, New York 18, N. Y. 


C, P. Almon, Jr. F. L. Lawton 
S. Beckwith F. M. Lewis 
A. D. Caskey C. W. Mayott 
R. P. Crippen J. B. McClure 


G. H. McDaniel 
W. S. Peterson 


E. F, Dissmeyer 
J. M. Drabelle 


H. A. Dryar G. M. Pollard 
Frazer W. Gay R, C. Powel 
W. D. Hardaway G. M. Tatum 
C. B. Kelley H. D. Taylor 
A. J. Krupy W. R. Way 
C. M. Laffoon R. L. Witzke W. F. Wetmore 


Excitation Subcommittee 


A. J. Krupy, chairman, Commonwealth Edison Com- 
pany, Chicago, III. 


E. F, Dissmeyer J. B. McClure 
J. H. Kinghorn J. F. Sellers 
H. A. P. Langstaff R. L. Witzke F. D. Troxel 
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Hydroelectro Systems Subcommittee 


A. H. Frampton, chairman, Hydro-Electric Power Com- 
mission of Ontario, 620 University Avenue, Toronto 2, 
Ontario, Canada 

B. V. Hoard 


Cc. P. Almon, Jr. W. R. Way 


Interconnected Systems Subcommittee 


C. W. Mayott, chairman, The Hartford Electric Light 
Company, 266 Pearl Street, Hartford 15, Conn. 
A. H. Frampton W. S. Peterson C. B. Kelley 


Power Generation Report Subcommittee 


B. G. A. Skrotzki, Power, 330 West 42nd Street, New 
York 18, N. Y. 


Recommended Specification for Prime-Mover 
Speed Governing (Joint AIEE-ASME committee 
appointed by members of power generation com- 
mittee) 


M. J. Steinberg, chairman, Consolidated Edison Com- 
pany of New York, Inc., 4 Irving Place, New York 3, 

INGoY se 
S. B. Griscom J. B. McClure 
A. P. Hayward F. Oppenheimer G, H. McDaniel 


Power Transmission and Distribution 


R. J. Wiseman, chairman, The Okonite Company, Pas- 
saic, N. J. 

E. V. Sayles, vice-chairman, Consumers Power Com- 
pany, Jackson, Mich. 

I. W. Gross, secretary, American Gas and Electric 
Service Corporation, 30 Church Street, New York 7, 


INS Y. 
Dean W. Alden A. A. Kroneberg 
D. K. Blake W. W. Lewis 
Cc. D. Brown L. W. Long 
H. W. Clark J. T. Lusignan 
Harold Cole W. D. Maddrey 
S. B. Crary R. B. Miller 
H. A. Dambly Lee M. Moore 
A. E. Davison F. W. Packer 
W. A. Del Mar J. S. Parsons 


L. M. Robertson 
H. B. Robinson 


Robert D. Evans 
W. B. Fisk 


J. M. Gaylord R. V. Sanford 
Herman Halperin A. E. Silver 
Edwin Hansson F. V. Smith 
K. E. Hapgood Philip Sporn 
E. R. Hendrickson E. C. Starr 
L. F. Hickernell O. W. Titus 
J. E. Hobson H, M. Trueblood 
J. B. Hodtum C. F. Wagner 
E. K, Huntington Loyd T. Williams 
H. E. Kent H. E. Wulfing 


Distribution Subcommittee 


Harold Cole, chairman, The Detroit Edison Company, 
2000 Second Avenue, Detroit 26, Mich. 


D. K. Blake J. B. Hodtum 
T. J. Brosnan F. E, Sanford 
E, R. Hendrickson R. V. Sanford 


General Systems Subcommittee 


C. F. Wagner, chairman, Westinghouse Electric Cor- 
poration, East Pittsburgh, Pa. 
L. B. Le Vesconte 

L. M. Robertson 

H. B. Robinson 

H. M. Trueblood H. K. Sels 


Cc. D. Brown 
S. B. Crary , 
E. K. Huntington 
A. A. Kroneberg 


Lightning and Insulator Subcommittee 


I. W. Gross, chairman, American Gas and Electric 
Service Corporation, 30 Church Street, New York 7, 


IND Ye 
H. N. Erkvall W. W. Lewis 
H. A. Frey J. T. Lusignan, Jr. 
E. L.. Harder E. R. Whitehead S. K. Waldorf 


Stations Subcommittee 


E. K. Huntington, chairman, Rochester Gas and Electric 
Corporation, 89 East Avenue, Rochester 4, N. Y. 


D. K. Blake R. B. Miller 
K. E. Hapgood R. V. Sanford 
W. P. Fisk R. L. Witzke 
J. B. Hodtum 


H. E. Wulfing 


Insulated Wires and Cables Subcommittee 


W. A. Del Mar, chairman, Habirshaw Cable and Wire 
Division, Phelps Dodge Copper Products Corpora- 
tion, Yonkers 1, N. Y. 


R. W. Atkinson E. R. Hendrickson 


A. S. Brookes L. I. Komives 
H. W, Clark C. J. Mansfield 
H. A. Dambly G. B. Shanklin 
H. Halperin F. V. Smith 
C: T. Hatcher R. J. Wiseman O. W. Titus 
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Towers, Poles, and Conductors Subcommittee 


E. Hansson, chairman, Pennsylvania Water and Power — 
Company, 1409 Lexington Building, Baltimore 1, Md. 
D. W. Alden R. D. Evans 


C. A. Booker F. W. Packer 
A, B. Campbell E, J. Staubitz 
A, E, Davison G. W. Stickley 
A, L. Duna L. T. Williams O, W. Titus 


Protective Devices 


H. W. Collins, chairman, Detroit Edison Company 
2000 Second Avenue, Detroit 26, Mich. 

W. A. Lewis, vice-chairman, Illinois Institute of Tech- 
nology, 3300 South Federal Street, Chicago 16, Ill. 
L. F. Kennedy, secretary, central station department, 
General Electric Company, Schenectady 5, N. Y. 


H. D. Braley F. R. Longley 
W. R. Brownlee J. R. North 
O. E, Charlton H. V. Nye 
William Deans H. H. Rudd 
H, W. Haberl W. J. Rudge 
H. J. Lingal J. H. Vivian 


Circuit Breaker and Assembled Switchgear Sub- 
committee 


H. J. Lingal, chairman, Westinghouse Electric Corpora- 
tion, East Pittsburgh, Pa. 


A. E. Anderson H. V. Nye 
H. D. Braley M. S. Oldacre 
George Doan A. Van Ryan 
R. M. Ferril *O. B. Vikoren 
H. W. Haberl J. H. Vivian 
M. H. Hobbs J. D. Wood 
J. R. North D. G. Worth 


Fault-Limiting Devices Subcommittee 


Frank R. Longley, chairman, Western Massachusetts 
Electric Company, 73 State Street, Springfield 2, 


Mass. 
J. E. Clem E. W. Knapp 
G. B. Dodds A. A. Kroneberg 
W. W. Eberhardt W. A. Lewis 
R. D. Evans W. W. Lewis 
Eric T. B. Gross E. G. Norell 
P. A. Jeanne W. T. Smith 


Lightning Protective Devices Subcommittee 


W. J. Rudge, chairman, General Electric Company, 
Pittsfield, Mass. 


F. M. Defandorf W. E. Rushlow 


R. H. Earle A. H. Schirmer 
H. N. Ekvall H. R. Stewart 
I. W. Gross J. M. Towner 
T. H. Mawson A. M. Upsahl 


J. R. McFarlin E.H. Yonkers E.R. Whitehead 


Switches, Fuses, and Insulators Subcommittee 


H. H. Rudd, chairman, Railway and Industrial Engi- 
neering Company, Greensburg, Pa. 


H. D. Braley A. H. Powell 
O. E. Charlton H. L. Rawlins 
K. J. C. Falck J. C. Woods 


Working groups—chairman 

H, L. Rawlins, switches and insulators 
A. H. Powell, interrupter switches 

H. D. Braley, fuses 


Relays Subcommittee 


W. R. Brownlee, chairman, The Commonwealth and 
Southern Corporation, Jackson, Mich. 

E,. L. Michelson, secretary, Commonwealth Edison 
Company, Chicago 90, Ml. 


J. C. Bowman S. CG. Leyland 
J. E. Clem H. F. Lindemuth 
R. J. Cooper W. E. Marter 
R. E. Cordray A. J. McConnell 
G. B, Dodds C. E. Parks 
F. S. Fehr H. R. Paxson 
S. Goldsmith F. C. Poage 
E. T. B. Gross G. A. Powell 
T. R. Halman E. G. Ratz 
E. L. Harder K. N. Reardon 
V. J. Hayes Cc. L. Smith 
B. C. Hicks W. K. Sonnemann 
J. H. Kinghorn J. J. Tesar 
W. A. Lewis C. A. Woods J. H. Vivian 


Therapeutics, Applications of 
Electricity to 


W. B. Kouwenhoven, chairman, Johns Hopkins Uni- 
versity, Baltimore 18, Md. 

HC. Rentschler, vice-chairman and secretary, Westing- 
house Electric Corporation, Bloomfield, N. J. 

L. L. Call Roy Kegerreis 
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E, E. Charlton 
F. B. Claussen 


H. D. Moreland 


W. R. Smith W. I. Slichter 


Joint Subcommittees 


Electronic Instruments 


(Joint with Electronics and Instruments and Meas- 
urements Committees) 


W.R. Clark, chairman, Leeds and Northrup Company, 
4901 Stenton Avenue, Philadelphia 44, Pa. 

E. I. Green, vice-chairman, Bell Telephone Laboratories, 
Inc., 463 West Street, New York 14, N. Y. 
Rudolf Feldt, secretary, Allen B. DuMont Laboratories. 
Inc., 2 Main Avenue, Passaic, N. J, 


H. W. Berry H. R. Meahl 
Langford T. Bourland David Packard 
Cc. T. Burke T. B. Perkins 
Carl C. Chambers J. G. Reid, Jr. 
H, C. Drake J. J. Slattery 
C. D. Fisk J. T. Thwaites 


W. A. Geohegan C. A. Tobias 
J. A. Hutcheson V. K. Ulrich 
Eric J. Isbister W. A. Weiss 


G. N. Mahaffey 
C. W. Martel 


A. J. Williams, Jr. 
Walter P. Wills 


Servomechanisms 


(Joint with Basic Sciences, Industrial Control Devices, 
and Instruments and Measurements Committees) 


Gees: Brown, chairman, Massachusetts Institute of 
Technology, Cambridge, Mass. 

R. W. Jones, vice-chairman, Northwestern University, 
Evanston, Ill. 

M. A. Princi, secretary, General Electric Company, 
West Lynn, Mass. 


E. D. Doyle E. S: Lee 
J. L. Fuller M. Michel 
Tz S. Gray S. J. Mikina 
S. W. Herwald J. D. Tebo 
E. U. Lassen C. N. Weygandt 
Telemetering 


(Joint with Automatic Stations and Instruments and 
Measurements Committees) 


Automatic Stations appointees 
G. S. Lunge, chairman, General Electric Company, 
Schenectady, N. Y. 
L. B. Bogan, secretary, American Tel.& Tel. Company 
195 Broadway, New York 7, N. Y 


W. A. Derr A. P. Peterson 
E, E. George C.E.Winegartner J. H. Viviann 
Instruments and Measurements appointees 

P. A. Borden E. E. Lynch 
E. C, Brown W. E. Phillips 
Cc. K. Duff A. R. Rutter 
J. T. Logan G. M. Thynell 


Carbon Brushes 


(Joint with Air Transportation and Electric Machin- 
ery Committees) 


V. P. Hessler, chairman, University of Kansas, Lawr- 


ence, Kans. 
W. H. Austry E, A. Lapham 
H. R. Brown T. M. Linville 
J. VY. Dobson J. R. North 
H, M. Elsey D. Ramadanoff 
C. J. Herman E. R. Summers 


L. H. Hildebrandt 
H. E. Keneipp 


S. D, Summers 
A. L. Van Emden 


Co-ordination of Construction and Protection of 
Distribution Circuits ¢ 


(Joint with Power Transmission and Distribution 
and Protective Devices Committees) 
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G. B. Dodds, chairman, Duquesne Light Company, 435 
Sixth Avenue, Pittsburgh 19, Pa. 


R. O. Askey Cort Lowerison 
D. K. Blake Harold F. Ostman 
T. J. Brosnan C, E. Parks 
Harold Cole John S. Parsons 
W. B. Fisk, Jr. H.R. Paxson 
H. W, Haberl H. P. Sleeper 
C. L. Headley _C. L. Smith 


Power System Applications of Carrier Current 


(Joint with Automatic Stations, Communication, 
Power Transmission and Distribution, and Protective 
Devices Committees) 


Philip Sporn, chairman, American Gas and Electric 
Service Corporation, 30 Church Street, New York 8, 


N. Y. 
S. C. Bartlett R. J. Mahler 
J. D. Booth J. A. Parrott 
J. C. Bowman M. E. Reagan 
R. C. Ericson F. M. Rives 
L. F. Kennedy S. B. Smith 
J. D. Laughlin T. D. Talmage 


S. C. Leyland 
G. S. Lunge 
D. M. MacGregor 


M. J. Thrasher 
H. M. Trueblood 
E. M. Wood 


Standard Frequency Bands and Designations 


Thomas Spooner, chairman, Westinghouse Electric 
Corporation, East Pittsburgh, Pa. 
(Rep. Electronics Standards Subcommittee) 
C. T. Burke (Rep. Instruments and Measurements 
Comunittee) 
G. B. Ransom (Rep. Communication Committee) 
F. B. Silsbee (Rep. ASA Sectional Committee C68) 


Institute 
Representatives 


Aeronautical Electrical Equipment Standardization 
J. D. Miner, liaison representative with NASC and 
SAE 
Alfred Noble Prize Committee, ASCE 
Robin Beach 
American Association for the Advancement of 
Science, Council 


J. W. Barker I. Melville Stein 


American Co-ordinating Committee on Corrosion 
H. S. Phelps J. M. Standring, Jr. 


American Research Committee on Grounding 
C. T. Sinclair 


American Standards Association, Standards Council 


W. P. Dobson R. T. Henry H. S. Osborne 
Alternates 
H. E. Farrer E. B. Paxton J. J. Pilliod 


American Year Book, Advisory Board 
H. H. Henline 


Charles A. Coffin Fellowship and Research Fund 
Committee 
J. Elmer Housley 


Committee of Apparatus Makers and Users, NRC 
L. F. Adams 


Committee on Standard Commodity Classification 


or Index 
E. B. Paxton 
Electrical Standards Committee, ASA 
H. E. Farrer A. CG. Monteith J. J. Pilliod 
Alternates 
W. P. Dobson E. L. Moreland E. B. Paxton 


Officers and Commuttees—1946-1947 


Engineering Foundation Board 


L. W. Chubb F. M. Farmer 


Engineering Societies Monographs Committee 
F. M. Farmer W. I. Slichter 


Engineering Societies Personnel Service, Inc. 


H. H. Henline 

Engineers’ Council for Professional Development 
M. S. Coover Everett S. Lee E. C. Stone 
Engineers Joint Council 

H. H. Henline J. Elmer Housley W. E. Wickenden 
Hertz Award Committee 

M. S. Coover 


Hoover Medal Board of Award 


H. H. Barnes, Jr. 
John Castlereagh Parker 


H. S. Osborne 


Industry Committee on Interior Wiring Design 
M. M. Brandon L. C. Peterman 


John Fritz Medal Board of Award 


Nevin E, Funk 
J. Elmer Housley 


Cc. A. Powel 
W. E. Wickenden 


Joint Committee for Development of Statistical 
Applications in Engineering and Manufacturing 
W. P. Dobson 


Library Board, United Engineering Trustees, Inc. 
N. S. Hibshman G. L. Knight 
H. H. Henline, ex officio H. M. Turner 
Marston Medal Board of Award 

Harry B. Gear 


National Bureau of Engineering Registration, 
7 Advisory Board 


T. G. LeClair 


National Electronics Conference 

Wm. Comings White 

National Fire Protection Association, Electrical 
Committee 


L. F. Adams W. Ralph Smith, alternate 


National Fire Waste Council 


L. F. Adams Wills Maclachlan 


National Research Council, Division of Engineering 
and Industrial Research 

W. B. Kouwenhoven 

National Technological Advisory Committee 

John Castlereagh Parker 

Quarterly of Applied Mathematics 

J. G. Brainerd 


Radio Technical Planning Board 
H. A. Affel 


United Engineering Trustees, Inc. 
W. H. Harrison C. R. Jones 


United States National Committee of the Interna- 
tional Commission on Illumination 
Robin Beach S. G. Hibben 


Everett S. Lee 


J. W. Barker 


United States National Committee of the Interna- 
tional Electrotechnical Commission 


H. E. Farrer A. C. Monteith J. J. Pilliod 
Alternates ' 
W. P. Dobson E. L. Moreland E. B. Paxton 
Washington Award Commission 

M. S. Coover H. B. Gear 


World Power Conference, Executive Committee of 
United States National Committee 
J. Elmer Housley 
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Sections 


When Membership . : i 

Name District Organized Aug. 1, 1946 Chairman Secretary Secretary’s Address 
IAKYON We clepiastusiate De Auge 2720 cgaen 120 note aus. Bechtolicsc. i A.J. B. Fairburn....... College of Engg., University of Akron, Akron 4, Ohio 
Alabama. s4 sla '2:s Ary no Nay 922929, tated Oita ce FF. Sittloh: se. sa ans M. M. Collins........-. General Electric Co., P.O. Box 2602, Birmingham, 2, Ala. 
AvIZONA- eiuesine os * Slee Miann 225 RA (iy. 73% 4. Irwin) W. Bests cc. es Pu Groataneat ee titeiss Bureau of Reclamation, P.O. Box 2071, Phoenix, Ariz. 
Beaumont........ Wives JUNC 21h trays 75 ..6 saNe Ce SPCDCEL cleric versie IS Top Elowelleccnisnetente P.O. Box 1789, Orange, Tex. . 
Boston eee eon oe dit ee bebresnOormee 6048 oki Ss Gaya spretehaccreetcts L. F, Cleveland,...... Northeastern University, 360 Huntington Ave., Boston 15, Mass. 
Central Indiana... 5....Jan. 12, 712,. 193... BE) Gi/Blinshaw, .....6%s W. H. Bollinger...... 1670 Allison, Indianapolis 8, Ind. . 
Chicagon te. ysis cars Steen eoS 1,235% 0.4.0. Rofanes: 0.6.0 J. E. Hobson.......... Armour Research Foundation, 35 W. 33rd St., Chicago 16, Ill. 
Cincinnati........ 2....June 30, 20 189....W. C. Osterbrock...... L. H. McLaughlin..... 225 E. Fourth St., Cincinnati 2, Ohio ‘ 
Cleveland liaise 2....Sept. 27, 07 512....J. C. Strasbourger..... H. W. Sussman.......- 3689 Glencairn Road, Shaker Heights 20, Ohio 
Columbus........ QeweNiare diss ces OA DD WAYYES sackloein's k= E. E. Kimberly........Ohio State University, Columbus, Ohio 
Connecticut....... 1eaeAprs 116,721 435....Harry F. Brown....... Elmer G. Horton...... Westinghouse Electric Corp., 42 Church St., New Haven 10, Conn. 
Diayfoni iste cle ofs oho Zrenn june, “952433 258....W. A. Dynes.......... W, Ay Barden. piscine 545 Daytona Parkway, Dayton 6, Ohio 
DER VEDeiiaristra cleat 6....May 18, 715.. 284. AGRO PENS EL din cieeauataiate My ET aig itis eietereers U. S. Bureau of Reclamation, Denver, Colo. 
East Tennessee.... 4....Sept. 2, 736.. 284....F. A. Hoeke.......5.% R. M. Alspaugh....... T.V.A., Union Building, Knoxville, Tenn. 
i DeeAs Aso bd ered 2s aijan. 9145218 %. 87... uantier Greenuca-cas = By Da uParker trac etter 2304 Bird Drive, Erie, Pa. 
BlOvida cscs sicjce 4....Jan. 28, °31. 455)... 0NE tbs Barre sen ama otatas GC. HA Summers: .ciee: Florida Power & Light Co., Miami, Fla. 
Fort Wayne....... 5....Aug. 14, 708. 109... ..S. W. Winje....... 0.6 BeAs Linkevane see 813 West Packard, Fort Wayne 6, Ind. 
Georgiasini tsk): © 4....Jan. 14, 704 179... .Gordon F, Pricesca ys. « Robert O. Loomis..... Georgia Power Co., Atlanta 1, Ga. 
Houstons een le Tite AUG 01g 25. TS ARE SSISH SOT Gora cmos H. C. Dillingham,..... Texas A. & M. College, College Station, Tex. 
Illinois Valley... .. 5... pune y30;245, 80....Thomas A. Hopkins...,C. T. Borchelt.........1118 N. Glen Oak Ave., Peoria 4, Ill. 
WOW alae tots aiesent teens hs Lescotge) Abbe MASS PASE 104. ...Richard F. Castner... .Wilton R. Abbott...... Iowa State College, Ames, Iowa } 
Mthacaven cient sis's 12s, Octisl5; 2022 99... We H. Erickson... 2. <1. P.D) Ankram, a2 «1. School of Elec. Engg., Cornell University, Ithaca, Ne Ye 
Kansas City....... TonscApre 14, 2165. 193....C. Myron Lytle....... Joel P. Kesler. .......- Westinghouse Electric Corp., 101 W. 11th St., Kansas City 6, Mo. 
Lehigh Valley..... Fas oon MEN Sit) LS PANE DAG iors ROE INCICIG thar ariel ACHE Price nee aint 173 S. Church St., Hazleton, Pa. ; 
Los Angeles....... 8....May 19, 08. SOO zie. Hee VN VLORLIS ayer velit s Bradley Cozzens....... P.O. Box 3669 Terminal Annex, Los Angeles, Calif. wi, 
Louisville......... 4....Oct. 15, ’26 82....L. W. Anderson....... Harry Hadsel......... Amer. Elevator & Machine Co., 500 E. Main St., Louisville 2, Ky. 
HGS NG.S Gan aoe ckasy Tse AUR.) 22,0718 Q17ivay. Re Ge CONNOTSe ae BS MiMGlaini se ae mercenctere General Electric Co., 3rd-74, 920 Western Ave., West Lynn, Mass. 
IMiaGison srsisie) «stove Dean, iS) G0 OCU pin Ble OHLBT Sf Cre inoediconoe Lawrence F. Kehoe. . . .532 Oak St., Baraboo, Wis. 
Mansfield......... Dea MALS SOs Oo: GO ie Eric Brookes. crete syearecte C. W. Freeman........ North Electric Mfg. Co., Galion, Ohio 
Maryland........ 2.4. .Dec.t 16,704. 460% san Hott oAMp EL. ri ysle-s Ro Me G@oy te as er ee Locke Insulator Corp., Baltimore, Md. y 
Mempbhis......... 4....May 22, ’30. 11:72:. .W. R. Moyers, Jr-../... IM GuSiflord sis --\aaiere Westinghouse Elec. Supply Co., 366 Madison Ave., Memphis |, Tenn 
Mexiconyeeccie)-i< Tiaevayuney 295,122 195... .Manuel M. de LascurianGeorge B. Doughman. . Calle de la Palma, 33 Apartado 2530, Mexico, D. F. Mexico 
Michigan......... Baeean nd Syl LPR he NY ROL Moos mmo an A WaRauthe cn acai. Consumers Power Co., 212 Michigan Ave. West, Jackson, Mich. 
Milwaukee........ 5....Feb. 11, °10. 500....Walther Richter....... F. J. Van Zeeland..... Milwaukee School of Engg., 1020 N. Broadway, Milwaukee, Wis, 
Minnesota........ SADE hie Oaa 1B 4.5 2 otek Ewelangig acta siecle Donald C. Gray....... American Hoist & Derrick Co., 63 S. Robert St., St. Paul 1, Minn. 
Montana......... 9.4. pune 124,230, T2ie. Bre Wei Williams eerie c- cue No Eas EAUKO 35. iat je niouans International Business Machines Co., Helena, Mont. 
Montreal...) sss: 1O0feaeApr., 16, 437. 245....W. R. Simmons. .|..... M: @. Dhurling?).. me Can. Gen. Elec. Co. Ltd., 1000 Beaver Hall Hill, Montreal, Que. 
Muscle Shoals... .. Ae ee Hep Sst Oo 23....Ernest L. Bishop.......Lyle W. Jenkins....... 922 Glendale St., Florence, Ala. 
Nebraska......... 6x ej any 621,625 60....Max Mattison......... Ts Me Ellestad: Wo an ale Northwestern Bell Telephone Co., Omaha, Nebr. 
New Mexico— ) 

West Texas..... The. INar. als 40 68....Roy M. Walker....... Oscar Hi: Gutsch.. . =... 2717 E. Missouri St., El Paso, Tex. 
New Orleans...... Aerie DECn eno aroon. 185 .ce ip ela Ee ONDSOM tat ucys oe BE. DL. Blanchard)... 4.00 Louisiana P. & L. Co., 433 Metairie Road, New Orleans 20, La. 
New York.......: See Deco Os, ul) 7 Ay ld 5ueceste)) Ete balking tOnt semen: Ps CG. Cromwelly ese. New York University, University Heights, New York 53, N. Y. 
Niagara Frontier... 1....Feb. 10, 25. 232) eter Rents El anpeniensie reais: Ee Te Nicholson. onc Buffalo Niagara Electric Corp., 93 Dewey Ave., Buffalo 14, N. Y. 
North Carolina.... 4....Mar. 21, ’29. 174.4 25k. Stiattong... cco. Gs WiiMoseley, oo son: R. H. Bouligny, Inc., Box 2115, Charlotte, N. C. 
North Texas...... Fn. ..May 18,728. PMX, ake, due ly Sei Drow tae, yea tn Sto W.. Go owleryy se cciacters Hotel Texas, Fort Worth, Tex. 

"A 

Oklahoma City.... 7....Feb. 16, 722. EY eye tal pas al fer brs 26 aon oe aid Hie Brashear ste Southwestern Bell Telephone Co., Oklahoma City, Okla. 
Philadelphia...... 2...\Feb. 18,°03.... 1,067....H. A. Dambly...'...... WARS Olarkyr ie aero Leeds & Northrup Co., 4901 Stenton Ave., Philadelphia 44, Pa. 
Pittsburghisit . csi. « Ze sOCtemal 0) 2a T1242... Jo BeELOdtUM |, ci . 02 = A. GC. Monteith....,... Westinghouse Electric Corp., East Pittsburgh, Pa. 
Pittsfield.)..--.-+ 4.) 1....Mar. 25, °04" 221....D. D. MacCarthy...... W. E. Birchard........ Motor Engg. Div., General Electric Co., Pittsfield, Mass. 
Portland sae «ster, Ovi Layee Oy 09s 302....W. Morgan Allen...... MDs Dutivere cece Northwestern Electric Co., 920 S. W. Sixth Ave., Portland 4, Oreg. 
Providence........ 1....Mar. 12, *20. TAZ fess Cait demeatk ers scr acme G. E. Andrews, Jr......Engg. Dept., Narragansett Electric Co., Providence 1, Ree 
Rochester,....... Tire Oct: 09 pind ee, 154 cove. Gael OWNS welen cptierave AWE. Mating..c co aciecs Bausch & Lomb Optical Co., 635 St. Paul St., Rochester 2, N. Y. 
Sp Louis. 4/2). 61-28 Ta ean. i503. BkaanOh Ji ats pabods osae RoWeGaskins eee Union Electric Co. of Missouri, 12th & Locust Sts., St. Louis 1, Mo. 
San Diego........ Seer Nabe e185 59. TLOF oe Bae Mic Gabe neous nie EL AGt GOLGCS sora etavexele General Electric Co., 861 Sixth Ave., San Diego 1 Calif. 
San Francisco..... 8)... Dec. 523, 704 839M. Amn billesa eater ach eit) «tein SU CRLEY a0 forers araFairets Pacific Gas & Electric Co., 245 Market St., San Francisco 6, Calif. 
Schenectady...... Ife Jane 20, 03, 700:.... RV. Shepherd. 2.5: . + Ne @inPa server attend Central Station Engg. Div., General Elec. Co., Schenectady 5, N. Y. 
Scattlenic. svictas ese OL ce angel oy 04: B10}. Aca east aay chrensises John M. Nelson....... 1015 Third Ave., Seattle 4, Wash. : 
Sharows Ass dans Ber Decal L258; 1450. 1Ge Wailer soa. oa os Res hy, BEOWNG cr e\cu chat 1619 McDowell St., Sharon, Pa. 
South Bend....... 5 peep. 205r 41 16s -7eakae Ee EUIthOra sy erect: ACN sh OG CY; tone imate 1019 N. Frances St., South Bend 17, Ind. 
South Carolina.... 4....Mar. 2, ’40 CVA teed foo Cae WKS) S Bho Sig ora Charles O. Warren... ..525 Woodrow St., Columbia 52, S. C. 
South) Dexasi.,. 0.1.1 Tae «May 223,730: 835s HOw eeLodal tire rays sth C. G. Krause.........City Pub. Service Bd., 201-203 N. St. Mary’s St., San Antonio 5,Tex. 
Spokane uierjthrsis« Dae pHebsy lidsen 3 122 en olde Oey Ne elie OpWereblurd = career Bonneville Power Administration, Title Bldg., Spokane 8, Wash. 
Springfield........ 1....Jume 29, °22. 66% nvr So SGHEELING ain csistene Mu EL yan ire steiner Western Massachusetts Electric Co., Turners Falls, Mass. 
SYIaCuse meena: «=i: Ae Auge 2620: 160s Je Aud ia eer nie WiC) Jentcinssy 2s ipsa Westinghouse Electric Corp., 700 W. Genesee St., Syracuse 4, N. Y. 
MoledorMmjosctve aces 74, cies) (baton eR AUIE SOW ee BOT gente Pe Wii Campbell. | Sete 2145 Central Grove Ave., Toledo, Ohio 
MPOROnto Sh aie ts aide = 10....Sept. 30, °03. 466....A. R. Zimmer.....4..¢ Hy Osborne. aies)-cit tare Ferranti Electric Ltd., Mount Dennis, Toronto, Ont. 
ARTEL es aa eRe ERE eS Te eOCtie kano ls LOOM can Be bab attersont yt): SUG Wirighttrrs tere Southwestern Bell Telephone Co., 420 S. Detroit, Tulsa, Okla. 
MG xo ania eats, cictsbeces SanasINOVen2 D5 402 ae 53 ea. bs Py Schwarzlose.taas ow nel Deo alleyas unersterteres 301-A Elec. Engg. Lab., University of Illinois, Urbana, Ill. 
Utah mercer Na Rebs ISIS DA ave dc Beep ALNIS aete elec tieee= John A. McDonald... .General Electric Co., P.O. Box 779, Salt Lake City, Utah 
Vancouver noobs 10: Aug. e22, P11. 126....F. J. Bartholomew..... Bs Hailed yan ere geretenats Can. Westinghouse Co. Ltd., 1418 Marine Bldg., Vancouver, B. C. 
Wareinia ts scrsosticr 4....May 19, 22. 151. GH Smokey on seine oe William C. Jones...... Box 1707, Norfolk 1, Va. 
Washington. . Seroree dine PDL eto Oe OD valeralkey Os ACK ervenvars Lee Pec Dixon Lewis. U3. Sec Alum. Co. of Amer., 605 Southern Bldg., Washington 5, D. C. 
West Virginia Be Z.cneapr. 99, 740 Tress Ls Mr ekanstord went IW, BE. Nulifer tyne Appalachian Electric Power Co., Cabin Creek, W. Va. 
Wichita. ny. 5s) Tare. Depts LG, 6 Si, 8 Drrarege cat ey ELD Cy oh erento ee @2W. Flalfertyasiiteet: Kansas Gas & Electric Co., 201 N. Market St., Wichita 1, Kans. . 
IWMONCOStCI «9s. dire Tes. .kebs 18, °20 G6: eye dad gw VLOLC al ype anton B. F. Hammarstrom,....Heald Machine Co., New Bond St., Worcester 6, Mass. 

MOtaleSeCtlOns 1 RL ates ciaive katy tet eter rks 22,645 . 
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Officers and Commuittees— 1946-1947 d AIEE TRANSACTIONS 


- 
Subsections 
Name : Chairman Secretary Secretary’s Address 
Albuquerque (New Mexico—West Texas Section)...... W. T. Hardgrave 
Arrowhead (Minnesota Section)............-20e0005 Rerbty Holmesiateievsisicies Arthur C. Smythe..... Minnesota Power & Light Co., Duluth, Minn. 
Boulder Dam (Los Angeles Section)..............5++ C. L. Westmann....... GMI Collins tetris « 519 Birch St., Boulder City, Nev. 
@antone(Akron Section )scciiie.s nstes sie ealoeianin ew eleets Ret Wievacnerranaiecs THRs Rue? eres ete . .310 Fairview St., N. Canton, Ohio 
CaspersWiyo. (Denver Section). 2h). - co. nena eles B. Ay Fleshman... 5... Ba M:., Howard S. ier. Box 860, Casper, Wyo. 
Charleston (South Carolina Section)................: Dean H. Davis........ Max G. Toole......... P.O. Box 42, U. S. Navy Yard, Charleston, S. C. 
Charlotte (North Carolina Section).................. E. Robert Davis....... Wi Bo Whites .:0.). see 6 210 E. Sixth St., Charlotte, N. C. 
Fort Worth (North Texas Section)................ RAS armen ye avec F, E. Woodruff,..:.... Freese and Nichols, Fort Worth 2, Tex. 
Fresno (San Francisco Section). ...........++++eee0 Res PCO rar idee aneiele G. A. Collins..........San Joaquin Light & Power Div., Pacific Gas & Electric Co., 
Fresno, Calif. 
Great Falls (Montana Section)................00005 D. A. Johnson......... Sidney E. McArthur...Montana Power Co., Morony Dam, Great Falls, Mont. 
Hamilton (Toronto Section)..............0eee ee eeee J. ¥. McDiarmid...... C. E. Moorhouse. ..... Canadian Westinghouse Ltd., Hamilton, Ont. 
Hampton Roads (Virginia Section).................. W. G. Gardner.......- RUIN OSG alent sknretn se) sian Virginia Electric & Power Co., Portsmouth, Va. 
Jacksonville (Florida Section) .............2...+.000- Mi Lv Barres vcckiteies tet 
Lake Charles (New Orleans Section)..............+- Pole Stalneckersa, iter VA OAELULD fe a iels tela Gulf State Utilities Co., 314 Broad St., Lake Charles, La. 
Lancaster-York (Maryland Section)..:...........+.- He stewarterrctec rir J. L. Stauffer..........Pennsylvania Power & Light Co., Griest Bldg., Lancaster, Pa. 
Little Rock (Memphis Section). ............-.+-+055 peAmeluntenssrentecra.-t' OPWaWallacts etree 2201 South Martin, Little Rock, Ark. j 
Na ama Hlorida Section) ata aise «fia keke, « otels oie ees teat MD eiGarlin eo secre: , 
Niagara Falls (Niagara Frontier Section)............. A.W. Wamsley........ Babs RON oe coersyaolet orn 233—82nd Street, Niagara Falls, N. Y. 
Niagara (Toronto! Section)). 0.5. 56 ve neice oe ae lele ele Gramieis tescine We Barr datas crs:- lore 1888 Main St., Niagara Falls, Ont. 
@rtawanNlontreal{Section) yale <1 wyaccminelacitiaver eins) svete ere R. M. Prendergast..... SDE CNA GUAUA et tetene ors National Research Council, Ottawa, Ont. 
Panhandle (North Texas Section).............200005 GEN... Bullen och. issu HLO! Hodson i333 0+. 6 Southwestern Public Service Co., 420 Polk St., Amarillo, Tex. 
Red Bluff (San Francisco Section).................+ Louis M. Van Meter 
Richmond! (Virginia Section)/e cc) cre ces aleres ayeleynis a> Wards ODTS IN. niet tepateys PPA Et aZzler mea siete System Engg. Dept., Virginia Elec. & Power Co., Richmond, Va. 
Rock Island, Ill. (lowa Section) ; 
Rock River Valley (Madison Section)............... RoE. Schuetté, y2..-.. Royce E. Johnson...... Barber-Colman Company, Rockford, Il. 
Sacramento (San Francisco Section)...........+++++: James C, Coombs...... James R. Miller....... 3991 Third Ave., Sacramento, Calif. 
Saginaw Valley (Michigan Section)............++++- Melvin L. Manning....Gordon S. Marvin..... 1007 Bradley Ave., Flint 3, Mich. 
Shreveport (New Orleans Section)............+.-+++ WenlsntGOOr Caeser aye W. Na Petzing?.....5«« General Electric Co., 206 Market St., Shreveport, La. 
Tampa (Florida Section).........--.500-+ + seve renee I, C. Matheson 
Wilmington (Philadelphia Section)............---+++ Bvt, Bear me ci-roets ets Br WaRandalli sjciten E. I. du Pont de Nemours & Co., Wilmington, Del. 
Zanesville (Columbus Section).............+-++220 0+ George W. Miller......George W. Cooper..... 917 Lindbergh Ave., Zanesville, Ohio 


Chairman Secretary Chairman, District Committee on 
District (Vice-President, AIEE) (District Secretary) Student Activities 
1 North Eastern...... E. W. Davis, Simplex Wire & Cable Co.,...Victor Siegfried, American Steel & Wire Co.,...E. R. McKee, University of Vermont, Burling- 
79 Sidney St., Cambridge 39, Mass. Worcester 7, Mass. ton, Vt. 
2 Middle Eastern..... E. S. Fields, Cincinnati Gas & Electric Co.,...A.A. Johnson, Westinghouse Electric Corpora-...P. L. Hoover, Case School of Applied Science, 
4th & Main Sts., Cincinnati 1, Ohio tion, East Pittsburgh, Pa. Cleveland 6, Ohio 
3 New York City..... O. E. Buckley, Bell Telephone Laboratories,...J. L. Callahan, R.C.A. Laboratories, Radio... Harry Baum, College of the City of New York, 
Inc., 463 West St., New York 14, N. Y. Corporation of America, 66 Broad St., New 139th St. & Convent Ave., New York, N. Y. 
York 4, N. Y 
AMSouthern nina ole Herman B. Wolf, Duke Power Company, Char-...C, B, Galphin, 1028 Central Ave., Charlotte 4,.Brinkley Barnett, University of Kentucky, 
lotte 1, N. C. N.C. Lexington, Ky. 
5 Great Lakes........ T. G. LeClair, Commonwealth Edison Com-...N. C. Pearcy, Public Utility Engg. & Service...J. H. Kuhlmann, University of Minnesota, 
pany, 72 W. Adams St., Chicago 90, Ill. Corp., 231 S. La Salle St., Chicago 4, Ill. Minneapolis, Minn. 
6 North Central...... L. M. Robertson, Public Service Co. of Colo-...H. F. Gidlund, Public Service Co. of Golorado,...R. O. Trueblood, University of Wyoming, 
rado, Denver, Colo. Denver, Colo. Laramie, Wyo. 
7 South West........ R. F. Danner, Oklahoma Gas & Electric Co.,.. .W. B. Stephenson, Southwestern Bell Tele-.. _C. L. Farrar, University of Oklahoma, Nor- 
Oklahoma City 1, Okla. phone Co., Oklahoma City 2, Okla. man, Okla. 
(C) ldtetilein Gooabe anon F. F. Evenson, 600 E. Harbor St., P.O. Box...Walter L. Bryant, U.S. Navy Electronics Labo-...W. J. Warren, University of Santa Clara, 
1710, San Diego, Calif. ratory, San Diego 52, Calif. Santa Clara, Calif. 
9 North West........ C. F. Terrell, Puget Sound Power & Light Co.,...C. H. Cutter, 814 Securities Building, Seattle 1,...E. W. Schilling, Montana State College 
860 Stuart Bldg., Seattle, Wash. Wash. Bozeman, Mont. 
LOM Canad avoereseieteaiers F. L. Lawton, Aluminum Co. of Canada Ltd.,...D. M. Farnham, Quebec Hydro-Elec. Com-,.. 
1700 Sun Life Bldg., Montreal, Que. mission, 107 Craig St. West, Montreal, Que. 


Nore: Each District executive committee includes also the chairmen and secretaries of all Sections within the District, and the District vice-chairman of the AIEE member- 
ship committee. 
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Name and Location 


Student Branches 


Counselor 
District (Member of Faculty) 


Akron, University of, Akron, Ohio...............+ Qe 
Alabama Polytechnic Institute, Auburn..........-. Pace 
Alabama, University of, University.............-- Cece 
Alberta, University of, Edmonton, Canada......... LOW, 
Arizona, University of, Tucson..............+-+++ 8 
Arkansas, University of, Fayetteville...........-.-. ware 


British Columbia, University of, Vancouver, Canada.10... 
Brooklyn, Polytechnic Inst. of, Brooklyn, N. Y. (Day) 3... 
3) 


(CESVOnTg)) lee nyerotntets alekel seo cataetalinataven eleveserste esters 
Brown University, Providence, R. I.............-- ee 
Bucknell University, Lewisburg, Pa..............- Distate 


California Institute of Technology, Pasadena....... 
California, University of, Berkeley................ 
Carnegie Institute of Technology, Pittsburgh, Pa.... 
Case School of Applied Science, Cleveland, Ohio... 
Catholic University of America, Washington, D. C.. 
Cincinnati, University of, Cincinnati, Ohio.'....... 


Clemson Agricultural College, Clemson, S. C....... 
Colorado State Coll. of A. & M. Arts, Ft. Collins. 
Colorado, University of, Boulder, Colo............. 


8 
8 
2 
2 
2 
Pai 
Clarkson College of Technology, Potsdam, N. Y.... 1... 
4 
6 
6 
3 
1 
3 
1 


Columbia University, New York, N. Y............ 
Connecticut, University of, Storrs..............+-- 
Cooper Union; News Yorks tN Yon came ea vicina 
Cornell University, Ithaca, N. Y............-.005: 
Delaware, University of, Newark.............00+5 Diets 
Denver, University of, Denver, Colo.............-. Giravs 
Detroit, University of, Detroit, Mich.............. oe 
Drexel Institute of Technology, Philadelphia, Pa.... 2... 
Duke University, Durham, N. C............-..6--5 ay. 
Florida, University of, Jacksonville...............- Bee 


George Washington University, Washington, D.C... 2... 


Georgia School of Technology, Atlanta, Ga........ eas 
Harvard University, Cambridge, Mass............. 1... 
Idaho, University of, Moscow............++2000+5 WE oes 
Illinois Institute of Technology, Chicago........... aoe 
ilinoiss University,of, Urbana see oc cre etrt ne mare See 
Towa State College, -Ames. <...0 2: jccnles cre sey ee ens Joos 
Iowa, University of, Iowa City................455 By fave 
Johns Hopkins University, Baltimore, Md........: 5 Aut ei 
Kansas State College, Manhattan................ Piste. 
Kansas, University of, Lawrence.............-.5+ TT atite 
Kentucky, University of, Lexington............... AS 
Lafayette College, Fiaston, Pas... mcs osc oy. on a= Dia 
Lehigh? University, Bethlehem; Pass. draate ies se CNN 
Louisiana State University, Baton Rouge.......... Ae ss 
Louisville, University of, Louisville, Ky............ C Be 
Maine; \niversityof, Orono... ari oto cieisrekels «farerets MY eas 
Manhattan College, New York, N. Y.............. 3 srs 
Marquette University, Milwaukee, Wis............ Siete 
Maryland, University of, College Park............ Dees 
Massachusetts Inst. of Technology, Cambridge.... . 1e8 


Mich. College of Mining & Tech., Houghton... 5... 


.A. J. Fairburn 


. William J. Miller 
.R. E, Phillips 


J. G. Clark 


.A. S. Brown 


.W. B, Coulthard 
.F. A. Wahlers 

. Anthony Giordana 
.F. N. Tompkins 

. George Irland 


...W. H. Pickering 
....P. L. Morton 
...D. W. VerPlanck 
...P. Ls Hoover 
...T. J. MacKavanagh 
..A. C. Herweh 
. Alfred R. Powers 
..F, T. Tingley 
...C. F. Chinburg 
..-Platt Wicks 
...W. A. LaPierre 
..G.S. Timoshenko 
...Norman L. Towle 
. .B. K. Northrop 


. Milton G. Young 
.Fred H. McClain 
.H. O. Warner 
.F. C. Powell 

.K. B. MacKichan 


.Edward F. Smith 


. Milton K. Akers 
.H. B. Duling 


.John P. Newton 


J. Hugo Johnson 


.E. T. B. Gross 
.E. A. Reid 
.B. S. Willis 
.E. B. Kurtz 


.F. Hamburger, Jr. 


.Joe E. Ward 
-David D. Robb 
. Brinkley Barnett 


. Finley W. Smith 


J. L. Beaver 


.A. K. Ramsey, Jr. 
.M. G. Northrop 


.W. J. Creamer 
.Robert T. Weil 
.E. W. Kane 

.L. J. Hodgins 
.D. P. Severance 
.G. W. Swenson 


Michigan State College, East Lansing............. 5a e-). Anotrelzoly, 
Michigan, University of, Ann Arbor.............. 5....J. S. Gault 
Milwaukee School of Engg., Milwaukee, Wis...... 5....E. L. Wiedner 
Minnesota, University of, Minneapolis............ 5....J. H. Kuhlmann 
Mississippi State College, State College............. 4....Harry C. Simrall 
Missouri School of Mines & Metallurgy, Rolla..... Uae kteLOVett 
Missouri, University of, Columbia................ 7....Clifford M. Wallis 
Montana State College, Bozeman...............-. 9....G. Dale Scheckels 
Nebraska, University of, Lincoln................. 6....O. E. Edison 
MotaluBranchesenccsercstysicl cutee 126 
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Officers and Commuttees—1946-1947 


Counselor 
Name and Location District (Member of Faculty) 
Nevada, University of, Reno.........-+-+-++++e+: 8....S. G. Palmer 
Newark College of Engineering, Newark, N. J......-. 3.... William Jordan 
New Hampshire, University of, Durham, N. H..... 1....W. B. Nulsen y, 
New Mexico State College, State College.......... 7....Harold A. Brown 
New Mexico, University of, Albuquerque.........- Tonys ike Wee apy: 
New York, Coll. of the City of, New York, N. Y.. 3....Harry Baum 
New York University, New York............---+++ 3....Charles F. Rehberg 
North Carolina State College, Raleigh...........- 4....C. G. Brennecke 
North Dakota State Agricultural College, Fargo.... 5....Harry S. Dixon 
North Dakota, University of, Grand Forks......... Bis ates 
Northeastern University, Boston, Mass............. 1....Roland G. Porter 
Northwestern University, Evanston, Ill............ 5 ee beana 
Norwich University, Northfield, Vt............---- 1.,..F. A. Spencer 
Notre Dame, University of, Notre Dame, Ind....... 5....L. F. Stauder 
Ohio Northern University, Ada..........--.+-+++ Pac th ! 
Ohio State University, Columbus...............-- 2... HF. Gr Weimer 
Ohio University, Athens. . 62.0.2 + eee ee ese cee il ietevers 
Oklahoma A. & M. College, Stillwater........... 7....Albrecht Naeter 
Oklahoma, University of, Norman............-.++ 7. ois Parrar 
Oregon State College, Corvallis.............----+ 9....A.sL. Albert 
Pennsylvania State College, State College.......... Die ae ee RICe 
Pennsylvania, University of, Philadelphia.......... 2....S. Reid Warren, Jr. 
Pittsburgh, University of, Pittsburgh, Pa........... 2.0, A. GC. Gorham 
Pratt Institute; Brooklyn, IN. Yodo. oe teres oo ole aie 3....Donald H. Wright 
Princeton University, Princeton, N. J...........-.- De ei oan 
Puerto Rico, University of, Mayaguez, P. R........ 3....Miguel Wiewall, Jr. 
Purdue University, Lafayette, Ind.............-.... 5...-R. B. Marshall 
Rensselaer Polytechnic Institute, Troy, N. Y........ 1....E. D. Broadwell 
Rhode Island State College, Kingston............. iter 
Rice’ Institute; Houston, Texic. o0-5  ocies a 7....M. V. McEnany 
Rose Polytechnic Institute, Terre Haute, Ind....... 5....C. C. Knipmeyer 
Rutgers, University, New Brunswick, N. J.........- Bue. rhs os Creager 
Santa Clara, Univ. of, Santa Clara, Calif.......... 8....W. J. Warren 
South Carolina, University of, Columbia.......... 4....Samuel Litman 
South Dakota State College, Brookings............ 5....W. H. Gamble 
South Dakota State School of M. & T., Rapid City 6....J. O. Kammerman 
Southern California, Univ. of, Los Angeles......... 8....P.S. Biegler 
Southern Methodist Univ., Dallas, Tex............ Ti-2. ik. Ls Biesele, xs 
Stanford Univ., Stanford University, Calif.......... 8....W.G. Hoover 


Stevens Inst. of Technology, Hoboken, N. 3....W. L. Sullivan 
Swarthmore College, Swarthmore, Pa............. 2....J. D. McCrumm 
Syracuse University, Syracuse, N. Y..............- 1....Leroy Mullin 
Tennessee, University of, Knoxville............... 4....W. O. Leffell 
Texas, A. & M. College of, College Station........ 7...-N. F. Rode 
Texas Technological College, Lubbock............ The vist 

iRexasi Universitysotjv Austin's. ects a ttrcieeiter aioe 7....A. J. McCrocklin, Jr. 
Toronto, University of, Toronto, Ont., Can........10....L. S. Lauchland , 
Tufts Colleges Medford, Mass.i<ecitsistshs afoul pietere 1....A. H. Howell 
Tulane University, New Orleans, La.............. 4....M. G. Zervigon 
Union College, Schenectady, N. Y...............-. 1....H. W. Bibber 
Utah, University of, Salt Lake City............... 9....O. C. Haycock 
Vanderbilt University, Nashville, Tenn............ 4....8. R. Schealer 
Vermont, University of, Burlington............... 1....E. Ro McKee 
Villanova College, Villanova, Pa.................. 2....Harry S. Bueche 
Virginia Military Institute, Lexington............. 4....J. S. Jamison 
Virginia Polytechnic Institute, Blacksburg......... 4....Claudius Lee 
Virginia, University of, Charlottesville............ 4....L. R. Quarles 
Washington, State College of, Pullman............ ON vas Ee Rickey; 
Washington, University of, Seattle................ 9....Vinson L. Palmer 
Washington University, St. Louis, Mo............. 7...-D. A. Fischer 
West Virginia University, Morgantown............ 2....A. H. Forman 
Wisconsin, University of, Madison................ 5 oa. G. BS Dracy, 
Worcester Poly. Institute, Worcester, Mass......... 1....D. C. Alexander 
Wyoming, University of, Laramie................ 6....R. O. Trueblood 
Yale University; New Haven;-Connts). ..).12sss oe 1....A. G. Conrad 
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Past and Present Officers of the Institute 


*Abbott, Arthur V., V-P., 1900-02. 
Adams, Comfort A., M., 1912-15; V-P., 1915-17; 
P., 1918-19. 
*Adsit, C. G., V-P., 1921-23. 
Alger, P. L., D., 1944-48, 
*Anthony, Wm. A.,.V-P., 1886-89; P., 1890-91; 
V-P., 1894-96. 
*Armstrong, A. H., M., 1903-06; V-P., 1906-08. 
Arnold, Bion J., M.,,. 1895-98; V-P., 1902-03; 
P., 1903-04. 
Auty, K. A., V-P., 1932-34. 


*Babcock, A. H., V-P., 1918-19. 

Barker, J. W., V-P., 1940-42. 

Barnes, H. H., Jr.» M., 1910-13; V-P., 1913-15. 
*Barstow, W.S., M., 1900-03; V-P., 1903-05. 

Barton, T. F., V-P., 1939-40; D., 1940-44. 
{Bates, D. H., V-P., 1885-87. 

*Baum, Frank G., V-P., 1906-08. 

Beardsley, C. R., D., 1937-41. 

Beaver, J. L., V-P., 1927-29. 

Bedell, Frederick, M., 1914-17; V-P., 1917-18. 
*Behrend, B. A., M., 1913-16; V-P., 1916-18. 
*Bell, Alexander G., V-P., 1884-85; P., 1891-92. 
*Bell, Louis, M., 1891-94. 

Bennett, Edward, V-P., 1924-26. 

*Berresford, A. W., M., 1909-12; V-P., 1912-14; 
P., 1920-21. 

Bettis, A. E., V-P., 1926-28; D., 1928-32. 

Bickelhaupt, C. O., V-P., 1927-29. 

Bingham, L. A., V-P., 1943-45. 
tBlack, R. G., M., 1910-13. 

Blackwell, O. B., V-P., 1936-38. 

Blaisdell, L. T., V-P., 1936-38. 

Bolton, F. C., V-P., 1938-40. 

Bonney, R. B., V-P., 1933-35. 

*Brackett, Cyrus F., M., 1886-89. 

*Bradley, Chas. S., M., 1894-97; V-P., 1897-99; 
M., 1899-1902. 

*Brooks, David M., M., 1885-88. 

Brooks, Morgan, M., 1907-10; V-P., 1910-12. 
*Brush, Chas. F., M., 1884-87. 

Bryant, J. M., M., 1924-28. j 

Buck, Harold W., M., 1907-10; V-P., 1910-12; 
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*Buckingham, Chas. L., M., 1885-88. 

Buckley, O. E., V-P., 1946-48. 

Bush, Vannevar, D., 1937-41. 

Bussey, H. E., V-P., 1923-25. 


Carle, N. A., M., 1916-19; V-P., 1919-20. 

*Carlton, W. G., M., 1908-11; V-P., 1911-13. 

Carpenter, C. B., V-P., 1944-46. 

*Carpenter, H. V., V-P., 1930-32. 

*Carty, John J., M., 1893-96, 1900-03, 1903-04, 
1906-08; V-P., 1904-06, 1908-11; P., 
1915-16. 

*Chamberlain, J. C., M., 1890-93. 

Charlesworth, H. P., M., 1923-27; V-P., 1930- 
32; P., 1932-33. 

Chesney, C. C., M., 1905-08; V-P., 1908-10; 
P., 1926-27. 

Chesterman, FI’. J., D., 1926-30. 

Christie, C. V., V-P., 1935-37. 

Chubb, L. W., D., 1931-35. 

Chubbuck, L. B., V-P., 1931-33. 

¢Church, W. Lee, M., 1887-88. 

*Clarke, Chas. L., M., 1904-05. 

Clifford, H. E., M@., 1908-11. 

Coldwell, O. B., V-P., 1921-22. 

*Compton, Alfred G., M., 1891-94. 

Cooper, A. B., V-P., 1927-29; D., 1930-34. 
Coover, M. S., D., 1940-44; V-P., 1944-46. 
Copley, A. W., V-P., 1931-33. 

*Craft, £, B., M., 1920-24. 

Craft, F. M., V-P., 1933-35. 

*Crocker, Francis B., M., 1888-90; V-P., 1890- 
92, 1894-96; P., 1897-98. 

{Crosby, Oscar T., V-P., 1892-94. 

*Cross, Chas. R., V-P., 1884-85. 

*Cuttriss, Chas., M., 1888-91. 


Danner, R. F., V-P., 1946-48. 
Davis, Ernest W., V-P, 1946-48. 
Dawes, Chester L., V-P., 1938-40. 

*Delany, Patrick B., M., 1890-93; V-P., 1893-95. 
Del Mar, Wm. A., M., 1917-21; V-P., 1921-22. 
Dewars, A. G., V-P., 1942-44. 

Dobson, W. P., V-P., 1925-27. 

*Dolbear, A. E., V-P., 1885-87. 

*Don Carlos, H. C., D., 1926-30 

*Downing, P. M., V-P., 1925-27. 

*Duncan, Louis, P., 1895-97. 

Dunn, Gano, M., 1897-1900; V-P., 1900-02; M., 
1902-05; V-P., 1905-07; P., 1911-12. 


}Eales, H. W., V-P., 1921-26. 
*Eckert, W. H., M., 1884-85. 
*Edgar, Chas. L., M., 1905-08. 
*Edison, Thos. A., V-P., 1884-85. 
*Eglin, W. C. L., M., 1903-06; V-P., 1907-09. 
Eldredge, M., V-P., 1935-37; D., 1939-43. 
*Emmet, W. L. R., V-P., 1900-02. 
Evans, Herbert S., V-P., 1929-31. 
, Evenson, F. F., V-P., 1945-47. 
Ewart, I*. R., V-P., 1921-23. 


*Faccioli, G., M., 1918-22; V-P., 1922-24. 

{Fair, R. H., V-P., 1935-37. 

Fairman, J. F., V-P., 1944-46; D., 1946-50. 

Farmer, F. M., D., 1934-38; V-P., 1938-39; P., 
1939-40. 

*Ferguson, Louis A., M., 1904-07; V-P., 1907- 
08; P., 1908-09. 
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Ferguson, O. J., V-P., 1927-29. 
*Field, Stephen D., M., 1884-86. 
Fields, E. S., V-P., 1945-47. 
*Finney, John H., M., 1914-17; V-P., 1917-18. 
*Fisken, John B., M., 1916-19; V-P., 1919-20. 
Flanigen, J. M., D., 1945-49. 
Fleager, C. E., V-P., 1929-31. 
*Foster, Horatio A., M., 1890-93. 
*Fowle, F. F., M., 1919-23. 
*Fowler, A. C., M., 1887. 
‘ Fowler, M. M., D., 1925-29. 
*Freeman, W. E., V-P., 1931-33. 
Funk, N. E., D., 1984-38; P., 1943-44. 


Gamble, Lester R., V-P., 1938-40; D., 1941-45. 

Gaylord, J. M., V-P., 1943-45. 

Gear, H. B., D., 1934-38. 

*Geyer, Wm. E., M., 1888-92. 

*Gherardi, Bancroft, M., 1905-08, 1914-17; V-P., 
1908-10; P., 1927-28. 

Gilson, Walter J., V-P., 1943-45. 

reise ep W. E., M., 1901-04; V-P., 1904— 


*Gray, Elisha, M., 1884-86. 
*Green, Norvin, P., 1884-86; V-P., 1886-88. 
*Greene, S. Dana, M., 1899. 


Hall, Walter A., M., 1917-21; V-P., 1921-22. 
*Hamblet, Jas., M., 1891-94; V-P., 1894-96. 
*Hamilton, George A., V-P., 1884-86; Natl. Treas., 

1895-1930. 

Hamilton, J. L., V-P., 1940-42. 

*Hammer, William J., V-P., 1891-93; M., 1893-96. 

Hanker, F. C., D., 1927-31. 

Hansen, K. L., V-P., 1940-42; D., 1942-46. 
*Harding, C. F., V-P., 1936-38. 

*Harisberger, John, V-P., 1924-26. 

Harrison, W. H., V-P., 1935-37; P., 1937-38. 
*Haskins, Chas. H., V-P., 1884-86. 

*Hasson, W. F. C., V-P., 1895-97; M., 1897-1900. 

*Hazard,. Rowland R., Treas., 1884-86; V-P., 
1887-89. : 

*Hellings, M. L., M., 1884-85. 

*Hellmund, R. E., D., 1939-42. 

*Henderson, S. E. M., V-P., 1923-25. 

eeenline ae H., Act. Natl. Secy., 1932; Natl. Secy., 

Henry, R. T., V-P., 1944-46; D., 1946-50. 
“Hering, Carl, V-P., 1891-98, 1895-98; P., 1900- 

Ve 
*Herzog, F. Benedict, M., 1887-92. 
+Hewitt, Chas., M., 1893-96. 
{Hibbard, Angus S., M., 1892-95; V-P., 1895-97. 
Hibshman, N. S., V-P., 1941-43. 
*Higson, C. R., V-P., 1932-34. | 

Hinson, N. B., V-P., 1935-37. 

Hitchcock, H. W., V-P., 1939-41. 

*Hobart, H. M., M., 1922-26; V-P., 1926-28. 

Housley, J. E., V-P., 1941-43; P., 1946-47. 
*Houston, Edwin J., M@., 1884-87; P., 1893-95. 
*Howell, John W., M., 1888-90. 

Hull, A. H., V-P., 1933-35. 

Hull, B. D., V-P., 1928-30; D., 1931-35. 

Humphrey, H. H., V-P., 1906-08. 

Hunting, F. S., M., 1911-14; V-P., 1914-16. 
ee Cary T., M., 1895-98; V-P., 1898- 
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1900. 
*Hutchinson, F. L., Nath. Secy., 1912-32. 
¥*Imlay, L. E., M., 1919-23. 


Jackson, Dugald C., V-P., 1897-99; P., 1910-11. 
*Jackson, W. B., M., 1912-15; V-P., 1918-19. 
tJames, Wm. F., V-P., 1923-25. 

Jamieson, B. G., V-P., 1926-28. 

Jewett, F. B., M., 1915-18; V-P., 1918-19; P., 

1922-23. 

Johnson, F. Ellis, D., 1936-39. 

*Johnson, J. Allen, D., 1928-32; V-P., 1932-34; 
P., 1934-35. 

Jollyman, J. P., V-P., 1937-39. 

Jones, A. L., V-P., 1941-43. 

Jones, C. R., D., 1935-39; V-P., 1942-44. 
*Jones, Francis W., M., 1884-85; V-P., 1885-87. 
*Jorgensen, L. R., V-P., 1919-20. 

Juhnke, P. B., D., 1933-37. 

*Junkersfeld, P., M., 1913-16; V-P., 1916-18. 


Kearns, J. E., D., 1929-33. 
*Keith, Nathaniel S., Secy., 1884-85. 
*Kelsch, Raymond S., V-P., 1918-19. 
*Kennelly, Arthur E., V-P., 1892-94; M., 1894- 
97; V-P., 1897-98; P., 1898-1900. 
Kidder, H. A., M., 1925-28; V-P., 1928-30. 
Knight, G. L., M., 1922-26; V-P., 1926-28. 
Knowlton, A. E., D., 1930-34. 
Kositzky, G. A., D., 1932-36. 
Kouwenhoven, W. B., V-P., 1931-33; D., 1935- 
39. 


Lacy, T. N., V-P., 1930-32. 
Laffoon, C. M., D., 1942-47. 
*Lamme, Benj. G., M., 1907-10. 
Lane, F. H., D., 1937-41. 
Lardner, H. A., M., 1913-16. 
Lawton, F. L., V-P., 1945-47. 
LeClair, T. G., D., 1941-45; V-P., 1946-48. 
Lee, Everett S., D., 1933-37; V-P., 1940-42. 
*Lee, William S., M., 1911-14; D., 1929-30; P., 
1930-31. 
*Leonard, H. Ward, M., 1890-93; V-P., 1893-95. 
*Lieb, John W., M., 1896-99; V-P., 1899-1901; 
M., 1901-03; V-P., 1903-04; P., 1904-05. 


Officers and Committees—1946-1947 


*Lighthipe, J. A., V-P., 1913-15. 
Lincoln, J. F., M., 1920-24. ‘ 
*Lincoln, Paul M., M., 1906-09; V-P., 1909-11; 
P., 1914-15. 
Liversidge, H. P. D., 1927-31. 
*Lloyd, Herbert, M., 1898-1901. ; 
*Lockwood, Thos. D., V-P., 1886-87; M., 1888- 
90; V-P., 1891-93. 
Lovell, A. H., D., 1932-36; V-P., 1938-40. 
*Lozier, R. T., M., 1902-04. 
tLunn, Ernest, M., 1922-26. 


MacCutcheon, A. M., D., 1928-32; P., 1936-87. 
Macdonald, J. E., V-P., 1923-25. 
*Macfarlane, Alexander, M., 1897-1900. 
Maclachlan, Wills, V-P., 1919-20. 
*Magnusson, C. E., V-P., 1920-21. 
Mahood, E. T., V-P., 1942-44. 
*Mailloux, C. O., M., 1886-89; V-P., 1898-99; 
M., 1899-1902; V-P., 1902-04; M., 1905- 
07; P., 1913-14. 
Mapes, L. R., D., 1938-42. 
*Martin, T. Commerford, Act. Secy., 1884-85; 
M., 1885-87; P., 1887-88; V-P., 1888-90. 
Martindale, E. H., M., 1917-20; V-P., 1920-21. 
*Maver, Wm., Jr., M., 1888-91. 
eres Fred R., Jr., V-P., 1939-41; D., 1941- 


45. 
*Maynard, Geo. C., V-P., 1886-88. 
McAllister, A. S., M., 1914-17; V-P., 1917-18. 
McClellan, L. N., V-P., 1937-39. 
McClellan, William, M., 1912-15; V-P., 1915-17; 
P., 1921-22. 
t+McConahey, W. M., M., 1923-27. 
McDowell, C. S., V-P., 1920-21. 
McEachron, K. B., D., 1936-40; V-P., 1942-44. 
McHenry, M. J., V-P., 1937-39; D., 1944-48. 
MeMillan, F. O., V-P., 1934-36. 
Merriam, E. B., M., 1924-28; V-P., 1928-30. 
Mershon, Ralph D., M., 1900-03; V-P., 1903-05; 
P., 1912-13. 
*Meyer, E. B., D., 1927-31; V-P., 1932-34; P., 
1935-36. 
Meyer, F. J., V-P., 1934-36; D., 1939-43. 
*Michaelis, O. E., M., 1886-89; V-P., 1889-90. 
Mier, C. W., D., 1943-47. 
Mills, G. A., V-P., Aug.—Oct. 1932. 
Mitchell, W. E., V-P., 1925-27. 
Morehouse, L. F., M., 1919-23; V-P., 1924-26. 
*Morrow, L .W. W., D., 1933-37. 
Mortensen, S. H., D., 1943-47. 
Morton, W. B., D., 1941-46. 
Moultrop, I. E., D., 1926-30; V-P., 1930-32. 
*Mullin, E. H., M., 1902-04. 
*Murray, Wm. S., M., 1908-09, 1909-12; V-P., 
1912-14. 


Newbury, F. D., M., 1918-22. 
*Nichols, E. L., V-P., 1889-91. 
*Norris, H. H., M., 1909-12. 

North, J. R., D., 1945-49. 

Northmore, E. R., V-P., 1927-29. 


Osborne, H. S., D., 1938-42; P., 1942-43. 

*Osgood, Farley, M., 1911-14; V-P., 1914-16; 
P., 1924-25. 

+Owens, R. B., V-P., 1898-1900. 


Parker, John Castlereagh, V-P., 1921=225 er 
1938-39. 

+Patton, P. H., V-P., 1931-33. 

*Peek, F. W., Jr., D., 1930-33. 

Pender, Harold, M., 1915-18; V-P., 1918-19. 

*Perrine, Frederick A. C., M., 1898-1900. 

*Phelps, Geo. M., Jr., M., 1885-87; Treas., 1886- 
95 


*Pickernell, F. A., M., 1896-99. 
Pierce, A. G., M., 1921-25; V-P., 1925-27. 
Plumb, H. T., V-P., 1922-24. 
*Pope, Franklin L., V-P., 1884-86; P., 1886-87; 
V-P., 1887-89. 
*Pope, Ralph W., Secy., 1885-1911; Hon. Secy., 
1911-29. 
Post, G. G., V-P., 1934-36. 
Powel, C. A., D., 1936-40; V-P., 1942-43; P., 
1944-45. - 
{Pratt, H. A., M., 1921-25. 
*Prescott, Geo. B., M., 1884. 
*Prescott, G. B., Jr., M., 1888-91. 
+Price, C. A., V-P., 1941-43. 
Prince, D. C., D., 1938-41; P., 1941-42. 
Puffer, Wm. L., M., 1896-99. 
*Pupin, Michael I., M., 1892-95; V-P., 1895-97, 
1901-03; P., 1925-26. 


Quarles, D. A., D., 1944-48. 
Quinan, G. E., V-P., 1928-30. 


*Reber, Samuel, M., 1901-04; V-P., 1904-06. 
*Rice, Calvin W., M., 1900-03; V-P., 1903-05. 
*Rice, E. W., Jr., P., 1917-18. 
Ricker, Claire W., V-P., 1943-45. 
tRobbins, Chas., M., 1916-20; V-P., 1920-21. 
Robertson, L. M., V-P., 1945-47. 
*Robinson, L. T., M., 1913-16; V-P., 1916-18, 
1920-21. 
Rodman, W. S., V-P., 1929-31. 
Rogers, C. E., V-P., 1936-38. 
*Rufiner, Chas. S., M., 1916-20; V-P., 1920-21. 
*Rugg, W. S., M@., 1910-13. 
*Rushmore, D. B., M., 1908-11: V-P., 1911-13. 
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*Ryan, Harris J., M., 1893-96; 
P., 1923-24. 
*Ryan, W. T., V-P., 1928-30. 


Sands, Herbert S., V-P., 1923-27. 
*Sargent, W. D., M., 1885-86. 
Schilling, E. W., V-P., 1942-44. 
*Schoen, A. M., M., 1906-09; V-P., 1919-20. 
Schoolfield, H. H., V-P., 1926-28. 
*Schuchardt, R.F., V-P., 1922-24; P., 1928-29. 
*Scott, Chas. F., M., 1895-98; V-P., 1899-1901; 
P., 1902-03. 
*Scribner, Chas. E., M., 1910-13; V-P., 1913-15, 
Sever, Geo. F., M., 1898-1901; V-P., 1901-03; 
M., 1903-06. 
*Shaad, G. C., V-P., 1930-32; D., 1935-36. 
*Shelbourne, Sidney F., M., 1886-87. 
*Sheldon, Samuel, M., 1898-1901; V-P., 1901-03 
M., 1903-06; P., 1906-07. 
Sibley R. V-P., 1921-23. 
Sinclair, C. T., V-P., 1939-41. 
Sisson, C. E., V-P., 1929-31. 
Skinner, C. E., M., 1915-19; V-P., 1919-20; P., 
1931-32. 
Slichter, Walter I., M., 1918-22; V-P., 1922-24; 
Natl. Treas., 1930-. 


V-P., 1996-98; 


*Smith, H. B., M., 1920-24; V-P., 1924-26; P., 
1929-30. 

Smith, Walter Charles, V-P., 1941-43; D., 
1945-49. 


Smith W.R., D., 1942-46. 

*Smith, W. W., M., 1884-85. 

Sorensen, R. W., V-P., 1933-35; D., 1936-40; P., 

1940- 41. 

*Spencer, Paul, M., 1906-09; V-P., 1909-11. 
*Sprague, Frank J., V-P., 1890-92; P., 1892-93. 
*Springer, F. W., V-P., 1921-23. 
*Sprong, S. D., M., 1909-12; V-P., 1912-14. 
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to Flash Welders. Deffenbaugh.......... 686-9 
Electrical Accuracy of Selsyn Generator-Control Trans- 
former System. Chestnut....... 570-6; disc, 1118 
Electrical Analogy, Dimensionless Analysis of Servo- 
mechanisms by. Herwald, McCann........-.-- 
Pee PAGER ODT RON Gono AEVe ROSE 636-9; disc. 1132 
Electrical Analogy Methods Applied to Servomechanism 
Problems. McCann, Herwald, Kirschbaum..... . 


ES SRO MOTO RTTC OC COL Cone 91-6; disc. 515 
Electrical and Hydraulic Testing of Hydroelectric Units, 
Technique of. Floyd, Traill...... 163-9; disc. 493 


Electrical and Mechanical Design, Tennessee Valley 


Authority Hydroelectric Stations—. Hopkins, 
PETERSEN ie ictaiey sa) 6.0.0 etd ol Precentio hens 920-31; disc. 1132 
Electrical Anti-Icing of Aircraft | Windshields. 
IM KlOntsbednes taoour Giukoo TAO obo Hybond 786-91 
Electrical Engineering, A New Approach to Probability 
Problems in. Adler, Miller..... 630-2; disc. 1118 
Electrical Means, Stress Measurement by. Kern, Wil- 
Mikooiatisng claw ae beni ory Lac Loa UE OD eT oyc 100-07 
Electrical Measurements on Aircraft-Engine Ignition 
Circuits. Berkey.......+-----+--+seseee2: 49-53 
@lectrical Performance of Ceramic Dielectrics at Ele- 
vated Temperatures, The. Frey, Jesatko.......- 
Bie shel Siels ae Se ee ee oil 20 ndisc-41d 26 


Electricity and Magnetism, Teaching. Hessler. .828-33 
Electroagriculture, Specific Engineering Problems in 
Rural Electrification and. Samuels.....-.------ 
St MTT ROO Op Ls acs Fond 1065-73; disc. 1182 
Electrochemical Installations, Maintenance of Rectifiers 
on Electrochemical. Housley, Hughes....------- 
436-41; disc. 1115 


FD VEN Ee: depenapers totes eae svekcraman i ete 97-9; disc. 511 
Electromagnetic Drive for a Resonant Fatigue Machine, 
Self-Excited. Willson.....-....+-+-+--+-- 1073-8 
Electromechanical Transient Performance of Induction 
Motors. Weygandt, Charp..... 1000-09; disc. 1167 
Electronic Control of Frequency Converter Sets for Test- 
ing Aircraft Models. Heumann, Strong. . .931-9 
Electronic Drive for Windup Reels, An. Puchlowski.. . 
585-91; disc. 1155 


tion and Performance of. Langstaff, Vaughan, 


Wa WEENCC vicwters ee ciere oes . 246-53; disc. 515 
Electronic Frequency Meter and Speed Regulator, An. 
LF nb AO ine Gero pe Deo 779-86; disc. 1181 
Electronic Regeneration of Teleprinter Signals. Wilder. 
Se AE Ret Caen orn ete OBO 34-40 
Electronic Register Control for Multicolor Printing. 
Cockrell: Arn a sete eaters es 617-22; disc. 1117 
Electronic Timing Relay for Reducing Outages on Power 
Circuits, A New. Dlouhy....----------- 407-11 


Electronically Balanced Recorder for Flight Testing and 
Spectroscopy. Williams, Clark, Tarpley. .205-08 
(Electronics) A 400-Ampere Sealed Ignitron. Steiner, 
Priceyi.o seer tee ein eek 680-5; disc. 1161 
(Electronics) Application of the Betatron to Practical 
Radiography. Girard, Adams... .241—6; disc. 489 
(Electronics) Circuit Cushioning of Gas-Filled Grid- 
Controlled Rectifiers. Edwards, Smith.........- 
RUA neon nian Pouce Aan VoD 640-3; disc. 1131 
tron Tubes. Herskind, Remscheid......--- 632-5 
(Electronics) Frequency Performance of Thyratrons. 
Wittenberg asi Jem. stems spite saeco en 843-8 
(Electronics) Fundamental Properties of the Vacuum 
Switch -w EO Lletactai lie aieictets lak 597-604; disc. 1141 
(Electronics) High Voltage Ignitron Rectifiers and In- 
verters for Railroad Service. Boyer, Hagensick. . 
463-70 


Rectifiers: Schmidt! ..... 2.0.08 62 nek foe os 654-6 
(Electronics) Rectifier Capacity. Herskind, Steiner... 
667-70 


Ceramic Dielectrics at. Frey, Jesatko.........--- 
Boalt bhp eed an any 4 ee ea Scorer ice. Ro eenh 911-20; disc. 1126 
Engine Ignition Circuits, Electrical Measurements on 


Aircraft-. Berkey:....-.--2.+++s800. 02253 49-53 
Engine-Synchronism Indicator for Aircraft, A Unique. 
PEArsOn hid cons nici sles re coed Talelelsipte teen 650-3 


Engineering Problems in Rural Electrification and 
Electroagriculture, Specific. Samuels......----- 


Be Meee OO TIO Rae eas 91-7; disc. 1152 
Equipment, Field Tests on Power-Line Carrier-Current. 
Miller, Prud’?Homme........--. 824-7; dise. 1177 
Equipment for Cornell Variable Density Wind Tunnel. 
Clymer, de Ferranti.......---.+s0+eeeees 554-63 
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Equipment, Modern Diesel-Electric Drilling Rig. 
JES didiniton Se anos ogous aude dadineg Gdie 447-53 
Equipment, Moisture Equilibrium Between Gas Space 
and Fibrous Materials in Enclosed Electric. Piper. 
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Excitation, Control, and Cooling of Ignitron Tubes. 
Flerskind.,Remscheid jeiseieia ste ss stare epee tale 632-5 


Excitation, Performance Calculations on Polyphase 
Reluctance Motors—Synchronous Motors Without 
ISOC Nel os oadee adaomancagouoneeees 191-3 

Excitation Systems for Large Synchronous Machines, 
Modern, McClure, Whittlesey, Hartman........ 
fcindiadbe commodore 939-45; disc. 1148 

Excitation Systems for Synchronous Condensers and Gen- 
erators, The Development of Modern. Porter, 
Rom ghornraei. ajsiehe eres cre sciences 1020-7; disc. 1156 

Excitation Systems, Long-Distance Power Transmission 
as Influenced by. Concordia, Crary, Maginniss.. . 
Jot nds CORR RUM Peo RE oC ar boSen 974-87; disc. 1175 

Exciters for Large A-C Generators, Application and Per- 
formance of Electronic. Langstaff, Vaughan, 


AWVENCE.s Aide oinithe a tetat ee 246-53; disc. 515 
Exciters for Turbine Alternators, Motor-Driven. 
Bodine, Crary, Rankin........... 290-7; disc. 515 
Experience With Distance Ground Relays. Wolfe..... 
SLPS 3 BIG C6 OG RE OIC eres 458-62; disc. 1185 
Experience With Factory-Built Unit-Type Substations, 
Six Years’, Miller, Miller...... 751-6; disc. 1150 


Extension of Magnetic Air Circuit Breakers up to 500,000 
Kva, 15 Kv, Size Reduction and Rating. Dickin- 
SOME PINKS, char asks overs he Seleke aaa eee 220-3; disc. 510 
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F-3 Lead Alloy—An Improved Cable Sheathing. 


tickernell) Snydergy. shel. oat 563-9; disc. 1136 
Facilities for Microwave Radar Testing, Techniques and. 
Green, Fisher, Ferguson...) . 33.2228. 245 274-90 


Factors Affecting Insulation Resistance of Large D-C 
Machines. Johnson, Weil... ...705-10; disc. 1194 
Factors Affecting the Range of Radar Sets. Quarles, 
Breazeale 3.32. Arh fates ete MORI te oe ee 546-8 
Factory-Built Unit-Type Substations, Six Years’? Ex- 
perience With. Miller, Miller. . .751—6; disc. 1150 
Fatigue Machine, Self-Excited Electromagnetic Drive 
fora Resonant. Willson... 4...... 4.0... 1073-8 
Fault-Current Measuring Device. 
Fault Location and Relay Performance Analysis by 
Automatic Oscillographs. Dupuis, Jacobs....... 
DOA riha.t MOCO DIRE Sabre ese a 442-6; disc. 1125 
Fibrous Materials in Enclosed Electric Equipment, Mois- 
ture Equilibrium Between Gas Space and. Piper. . 
piste t SRP rNsisrere inte ty aoe reet oi Nevers aye TOA—O discs dil 52 
Field Excitation, Performance Calculations on Poly- 
phase Reluctance Motors—Synchronous Motors 
Without-) (Lrickey so csiemcd ces cinte siem io eatin 191-3 
Field Tests and Experience at York and Middletown, 
Pa., Linear Couplers—. Harder, Klemmer, 
INCL CLs 51 Boo al Cees Cre ores cere 107-13 
Field Tests of Interrupting Capacity of 138-Kv Oil Cir- 
cuit Breakers. Buchanan, Floyd.............. 

Cm nicer hehe Os STA. NPR ae a 199-204; disc. 503 
Field Tests on Power-Line Carrier-Current Equipment. 
Miller, Prud? Homme.......... 824-7; disc. 1177 
Filter, A Tunable Rejection., Taylor. .263-7; disc. 490 
Filter for Broad Band Carrier Systems, A New Crystal 
@hannel’) ‘Willis.iao. oh ct tales 134-8; disc. 490 
Flash Welders, The Application of Series Capacitors to. 
Deffenbaugh mepscctis sttacererstatelns erantaue es ates 686-7 
Flexible Cable for Induction Heating, Low Reactance. 
ZRICK ON Ne aie steals «she ore ete ete eae e 848-52 
Flight Testing and Spectroscopy, Electronically Bal- 
anced Recorder for. Williams, Clark, Tarpley. ; 

St ASO tea A POS Gi we vs Araceae 205-08 
Flux Reversal in Reactor Cores Operating Above 
Saturation Density, Peak Voltages Induced by Ac- 
celerated= (Specht, Wentz: .), stevie oeictear 254-63 
Formulas for Calculating the Inductance of Channels 
Located Back to Back. Schwantz, Higgins. .893-9 
Formulas for Conductor Size According to Cost of Re- 
sistance Loss. Dwight............ 22-5; disc. 497 
Formulas for the Inductance of Coaxial Busses Com- 
prised of Square Tubular Conductors. Messinger, 
FAIS BINS NR ejar ewan ene alate seek 328-36; disc. 501 
400-Ampere Sealed Ignitron, A. Steiner, Price....... 
bie SABO ODECOM AAT OMA BO OL BOs Oe 680-5; disc. 1161 
400-Mile 230-Kv Series-Capacitor-Compensated Trans- 
mission System, Characteristics of a. Hoard...... 
EOI SORT ANG taMiebs hace 1102-14; disc. 1178 
Fractional-Slot Winding, Differential Leakage of a. 
TAWEEHIEZ A. cracls eke Rinse iets ae 314-20 
Fractional Termination for Ladder Networks, A. 
Me Rare tenre cer ones tasaleleale cel asaictens Tinto bee 530-6 
Freezing, Investigation of Arc Starting Characteristics of 
D-C Welders With Reference to Electrode. Tyrner. 
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Frequency Compensated A-C Ammeters and Volt- 
meters, Whittenton, Wilkinson............ 761-4 


Frequency Converter Sets for Testing Aircraft Models, 
Electronic Control of. Heumann, Strong. ..931-9 
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Frequency Meter and Speed Regulator, An Electronic. 
Bevin ovate st tesa RpBoOoc 779-86; disc. 1181 
Wittenberg. . . 


AAP ete) abun eeorh owes OC Den otamo ete 843-8 
Frequency Response of Automatic Control Systems. 
Flarris) oi.u.'e er tie ne 539-46; disc. 1131 
Functional Analysis of Measurements. Kinnard... 
die dai oahtle ler analla HORROR Tat evar emp key oOtaRs Peekaets 987-95 
Fundamental Properties of the Vacuum Switch. Kol- 
Let esc ate coat Poet 597-604; disc. 1141 
Fuses—I, Performance Criteria for Current-Limiting 
Powers Schuck iy ote yards ton: 1028-34; disc, 1191 
Fuses—II, Performance Criteria for Current-Limiting 
Power; | ‘Bochne marr ui. 1034-45; disc, 1191 


Gas-Filled Grid-Controlled Rectifiers, Circuit Cushion- 
ing of. Edwards, Smith....... 640-3; disc, 1131 
Gas Space and Fibrous Materials in Enclosed Electric 
Equipment, Moisture Equilibrium Between. Piper. 
Bee irirucah ctoitan ¢.0 Ate oeauencd 6 a 791-7; dise. 1152 
Generating Units on the 2,000,000-Horsepower Saguenay 
System, Improvements in Performance of Hydro- 


electric’. Lawton: sr. tdinci 6s 900-10; disc. 1187 
Generator-Control Transformer System, Electrical Ac- 
curacy of Selsyn. Chestnut...... 570-6; disc. 1118 


Generators, Application and Performance of Electronic 
Exciters for Large A-C. Langstaff, Vaughan, 
WsawFerice 1. io rans ory ad eerie 246-53; disc. 515 

Generators on Load Analysis, Effects of Thermal Char- 
acteristics of Aircraft, Rogers............ 819-24 

Generators. The Development of Modern Excitation 
Systems for Synchronous Condensers and. Porter, 
Kinghornw.,,cnretinnase eee ee 1020-7; disc. 1156 
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Governor, A Carbon-Pile Speed. Button.......... 4-7 
Governor for Variable-Ratio Transmission Used in De- 

velopmental 400-Cycle Electric System for Large 

Aircraft. “Desch, Garr, Hutton’) ss oss. « «2 2 194-8 
Grand Coulee 230-Kv Bus, 4,370,000-Kva Short-Cir- 

cuit Tests on. Clagett, Leeds...729-35; disc. 1119 
Grid-Controlled Rectifiers, Circuit Cushioning of Gas- 

Filled. Edwards, Smith......... 640-3; disc. 1131 
Ground Relay Protection for Complex Distribution Cir- 

cultsySensitive. Hunt...) ....0 5. 765-8; disc. 1180 
Ground Relays, Operating Experience With Distance. 

Nell Omid Aare eG eemat. > Gomis 458-62; disc. 1185 
Ground Tests on a Normally Ungrounded 13-Kv 3- 

Phase Bus, Arcing. Allen, Waldorf............. 

SEE Sty SoHE ets cnn, crea ity cn P 298-306; disc. 498 
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Hanford Plutonium Plant, Power System Development 
for Service to.» Hoard, Curtin............. 773-8 
Head Design, A New Wire Recorder. Long.......... 
FSO aa oi Pee idee RES AS Ao 216-20; disc. 495 
Heating Coils for Cylindrical Magnetic Loads, Design 
of Induction. Vaughan, Williamson............ 
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Heating, Low Reactance Flexible Cable for Induction. 


UACKET RS Jose 5 Sata nce ee a olor ct toner one ate 848-52 
Heating of Long Cylindrical Charges, Induction 
Stora cee em eins eit Ul tesehipes rel nacre Mires 369-77 
High Altitudes, Investigation of Porcelain Insulators at. 
Bields; Cadwell: .-sy.cis srenistcites «ster erecta os 656-60 


High Vacuum Leak Testing With the Mass Spectrome- 
ter. Worcester, Doughty. ..946-55; disc. 1170 
High Voltage D-C Testing of Rubber-Insulated Wire. 
Hddy;; Bemiaiy svete, she feta erase suet ets 576-8; disc. 1126 
High Voltage Ignitron Rectifiers and Inverters for Rail- 
road Service. Boyer, Hagensick.......... 463-70 
High-Voltage Outdoor Tank-Type Oil Circuit Breakers, 
A New Line of. Skeats, Rietz..224—-31; disc. 502 
High-Voltage Secondary Winding, Oscillations of a. 
Boyajiati vines slits Meee inne ete 1010-20 


WW te 23-2 Sie me yaa eel el SIS ea aoe eee at eerste 833-9 
Hot-Spot Temperatures in Polyphase Induction Motors, 
Shutdown Versus. Potter, Frohardt............ 
ara. bellelale (ena cubeheren hare al arstNcroyatels Pees 56-8; disc. 483 
Hydraulic Testing of Hydroelectric Units, Technique 
of Electrical and. Floyd, Traill 163-9; disc. 
Hydroelectric Generating Units on the 2,000,000-Horse- 
power Saguenay System, Improvements in Perform- 


ance of.p4 Wawtonk taecemee ete 900-10; disc. 1187 
Hydroelectric Plant, Supervisory Control of 30,000-Kva. 
Bohner, Manessitea.- cece usenet rae 337-42 


Hydroelectric Stations—Electrical and Mechanical De- 
sign, Tennessee Valley Authority. Hopkins, Peter- 
SOM vie oh Whee ae meee hee ie ee 920-31; disc. 1132 
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Hydroelectric Units, Technique of Electrical and Hy- 
draulic Testing of. Floyd, Traill..163-9; disc. 493 
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Ignition Circuits, Electrical Measurements on Aircraft- 
Engine. Berkey.......---eeesseccrereces 49-53 
Ignitron, A 400-Ampere Sealed. Steiner, Price...... 
sdstionet aistoe aie) ininetele ects, eaewer tae 680-5; disc. 1161 
Ignitron Rectifiers and Inverters for Railroad Service, 
High Voltage. Boyer, Hagensick......... 463-70 
Ignitron Tubes, Excitation, Control, and Cooling of. 
Herskind, Remscheid..........c00+cs+e0e: 632-5 
Improved Azimuth Indicating System for Aircraft, An. 
Lynch, Pfuntner. .....,0.-000esseesseeee 806-12 
Improved Cable Sheathing, F-3 Lead Alloy—An. 
Hickernell, Snyder. .........-:+ 563-9; disc. 1136 
Improvements in Performance of Hydroelectric Generat- 
ing Units on the 2,000,000-Horsepower Saguenay 
System. Lawton.......-.2-.: 900-10; disc. 1187 
Indicating System for Aircraft, An Improved Azimuth. 
Lynch, Pfuntner,. 3:5 20. oe --1ale aller 806-12 
Indicator for Aircraft, A Unique Engine-Synchronism. 
PEALSOM sjerersfaleie si Oe olete) one etre eae tee eet omar 650-3 
Indoor Power Circuit Breakers, Application Ratings of. 
Wikorenin. detects ele eee 768-73; disc. 1168 
Induced Potentials, Pracceon of Pilot Wires From. 
Killen, Law sis « sess een cktvonit ote cect 267-70 
Inductance of Channels Located Back to Back, Formulas 
for Calculating the. Schwantz, Higgins..... 893-9 
Inductance of Coaxial Busses Comprised of Square 
Tubular Conductors, Formulas for the. Messinger, 
oily ip t Gan Go Sn p Ao 328-36; disc. 501 
Induction Heating Coils for Cylindrical Magnetic Loads, 
Design of. Vaughan, Williamson.............. 
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Induction Heating of Long Cylindrical Charges. 
Stormas. 2, paciete a iehe tere tent ears ae 369-77 
Induction Motors, Electromechanical Transient Per- 
formance of. Weygandt, Charp................ 
Saray SG a ee el a eam ae weeretann antraiarara 1000-09; disc. 1167 
Induction Motors, Shutdown Versus Hot-Spot Tempera- 
tures in Polyphase. Potter, Frohardt........... 
each): cr fae oe dete tia erento 56-8; disc. 483 
Inductive Co-ordination Aspects of Rectifier Installa- 
tions. (Committee Report)... .417—36; disc. 1115 
Industrial Application of Rototrol Regulators. Harris. . 
TSE OO OS EL oc a Doh ce pigs sshd O—2a 
(Industrial Control Devices) An Electronic Drive for 
Windup Reels. Puchlowski. ...585—-91; disc. 1155 
(Industrial Control Devices) Dynamic Braking Control 
of D-C Series Motors—Calculation of Stability 
Limit. Heumann, Smith....... 454-7; disc. 1130 
(Industrial Control Devices) Electrical Accuracy of 
Selsyn Generator-Control Transformer System. 
Chiesthutsy.; asap scietise sees eee 570-6; disc. 1118 
(Industrial Control Devices) Electronic Control of Fre- 
quency Converter Sets for Testing Aircraft Models. 


Freumann, Stionge2. cis omrardetess ae weiner 931-9 
(Industrial Control Devices) Electronic Register Control 
for Multicolor Printing. Cockrell.............. 
S's GeAe SN gtleveles ornitshenagein steve oteets 617-22; disc. 1117 


(Industrial Control Devices) Fundamental Properties of 
the Vacuum Switch. Koller. . .597—604; disc. 1141 
(Industrial Control Devices) Silicone-Resin-Treated 
Magnet Coils. Moses, Torok. .412—-16; disc. 1184 
Industrial Plants Against Insulation Breakdown and 
Consequential Damages, Protection of. Vaughan. 


aie) hele eucte tov aleteaetaret st cmiete ete steve atte 592-6; disc. 1166 
Industrial Plants, Combined Light and Power Systems 
for.) (Beeman. ss cr «munities te tre arene 76-83 


(Industrial Power Applications) Self-Excited’ Electro- 
magnetic Drive for a Resonant Fatigue Machine. 
Willson. sdeg cso the male sche abi ore eee 1073-8 

Inertia Throat Microphones. Greibach, Pacent. .187—91 

Influence of Magnetic Materials on the Welding Char- 
acteristics of Resistance Welding Machines. Riley, 
Sinilthr oss sosciasth schist eee 852-60; disc. 1160 

Influence of the Concentration and Mobility of Ions on 
Dielectric Loss of Insulating Oils, The. Kang.... 
Sapa’ disco ree paaper state re eee atte ate 403-07; disc. 1132 

Installations, Inductive Co-ordination Aspects of Recti- 
fier. (Committee Report)..... 417-36; disc. 1115 

Installations, Maintenance of Rectifiers on Electro- 


chemical. Housley, Hughes... .435—41; disc. 1115 
(Instruments) A New Design for the A-C Network 
Analyzer. Ryder, Boast....... 674-80; disc. 1162 
(Instruments) An Automatic Oscillograph With a 
Memory, “Zaremingeci. eens 150-4; disc. 514 
(Instruments) An Electronic Frequency Meter and 
Speed Regulator. Levin....... 779-86; disc. 1181 


(Instruments) An Oscillograph for Recording Transient 
Recovery Voltages. Hoover... .1086-91; disc. 1174 
(Instruments) Electrical Analogy Methods Applied to 
Servomechanism Problems. McCann, Herwald, 
Kirschbaum... snneaee noe 91-6; disc. 515 
(Instruments) Electronically Balanced -Recorder for 
Flight Testing and Spectroscopy. Williams, 
Glark; Tarpley <i... Ge ee eee 205-08 
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(Instruments) Frequency Compensated A-C Ammeters 
and Voltmeters. Whittendon, Wilkinson. ..761-4 
(Instruments) High Vacuum Leak Testing With The 
Mass Spectrometer. Worcester, Doughty 


sone eL teresa Tal ese el e! » ernie Srajeraifee 946-55; disc. 1170 
(Instruments) Parallel Circuits in Servomechanisms. 
Man Cy Ae tneteittrasicts cuseialniit aie atta ts 521-9; disc. 1128 


(Instruments) Peak Voltages Induced by Accelerated 
Flux Reversal in Reactor Cores Operating Above 
Saturation Density. Specht, Wentz...... 254-63 

(Instruments) Radio Telemetering for Testing Aircraft 
AO Steg) HTCGAELICK wi), tere siete ays ae ene Mes 861-70 

(Instruments) The Frequency Response of Automatic 
Control Systems. Harris...... 539-46; disc. 1131 

(Instruments) Thermal-Demand-Meter Testing Tech- 
niques. Lynch, Douglass........ 124-8; disc. 514 

Insulated Wire, High Voltage D-C Testing of Rubber-. 
BAG y SPERM ae. ret s. ceys/tyeisio wee 576-8; disc. 1126 

Insulating Oils, The Influence of the Concentration and 
Mobility of Ions on Dielectric Loss of. Kang...... 
is S.Sig Cisne eed Es Colgate Rome rerteks 403-07; disc. 1132 

Insulation and Spacing of Transmission Line Conduc- 
tors, Co-ordination of. Lewis. .690—-4; disc. 1142 

Insulation Breakdown and Consequential Damages, Pro- 
tection of Industrial Plants Against. Vaughan. . 
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Teouiiacs Resistance of Large D-C Machines, Factors 
Affecting. Johnson, Weil...... 705-10; disc. 1194 


Insulation to Switching Surges, Dielectric Strength of 
Station and Line. Bellaschi, Rademacher....... 


Insulators at High Altitudes, Investigation of Porcelain. 
RieldsUCad wellicmmsiey Nas sewas ce temre ha 656-60 
Interrupting Capacity of 138-Kv Oil Circuit Breakers, 
Field Tests of. Buchanan, Floyd............. 
COS SAO OU OO ea ED SOTO ESRI 199-204; disc. 503 
Interruption Circuit Breakers for 400-Cycle Aircraft 
Electric-Power System, Pressure-Arc-. Austin.... 
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Inverters for Railroad Service, High Voltage Ignitron 
Rectifiers and. Boyer, Hagensick........ 463-70 


Investigation of Arc Starting Characteristics of D-C 
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Ions on Dielectric Loss of Insulating Oils, The Influence 
of the Concentration and Mobility of. Kang... . 
6 Feiss 49 GODOT Oo deed ad 403-07; disc. 1132 


Laboratory Method for Objective Testing of Bone Re- 
ceivers and Throat Microphones. Greibach... 
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Ladder Networks, A Fractional Termination for 
LUG Lee rth. cS ROH Oo aoe goa 530-6 
Lead Alloy—An Improved Cable Sheathing, F-3. 
Hiekernell) Snyder... e005 06s 563-9; disc. 1136 
Leakage of a Fractional-Slot Winding, Differential. 
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Leak Testing With the Mass Spectrometer, High 
Vacuum. Worcester, Doughty. .946-55; disc. 1170 
Light and Power Systems for Industrial Plants, Com- 
[Seeeel USA ag omcin bupO Oe Ot 76-83 
Lightning Performance of 220-Kv Transmission Lines. 
Part II. (Committee Report)...70-6; disc. 499 
Line Conductors, Co-ordination of Insulation and Spac- 
ing of Transmission. Lewis... .690-4; disc. 1142 
Line Insulation to Switching Surges, Dielectric Strength 
of Station and. Bellaschi, Rademacher.......... 
ot Se Bai act tO eS Oe 1047-54; disc. 1173 
Line Problems in the Case of Attenuating Transmission 
Line, The Solution of Transmission-. Glinski.. 


Linear Couplers—Field Tests and Experience at York 
and Middletown, Pa. Harder, Klemmer, Neidig. . 
9 290 CuO OCIA CSS OOO HOOD Cac en Ieee 107-13 
Lines, Lightning Performance of 220-Kv Transmission. 
Part II. (Committee Report)....70—-6; disc. 499 
Load Analysis, Effects of Thermal Characteristics of Air- 
craft Generators on. Rogers...........-- 819-24 
Load and Reactive Components in Power Line Networks, 
The Use of Business Machines in Determining the 
Distribution of. Jennings, Quinan........ 1045-6 


. Loads, Design of Induction Heating Coils for Cylindrical 
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